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Abstract

The Cam DynamigTest Machine (CDTM) was made to demonstrate cam operation
and to test the dynamics ofdiastrial carAfollower systems. Recent modificatiotwsthe
CDTM made it inoperable in a classroom setting and revealed dasaagmg flaws in the
initial design. Tis project encompassed the redesifjithe follower train assemblies in the
machine to eliminate interference between the follower arms amdthe This was
accomplishedby straddlemounting the follower roller within a well in the new follower arm.
The newly designed follower train and accompanying parts were analyzed using dynamic
modeling and finite elememinalysis and the follower arm witi was optimizedor minimal
deflection athe maximum rotational speed of the cam sHdfts project also added the
capability of poweringhe machine in a classroom, improved the safety and fidelity of the
electrical wiring configuration, and added stgpe space. Finally, the sensing equipment was
connected to a data acquisition board, aNatual Instrument was written to interpret the
out put signals of each of the machineds

sens
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1. Introduction

Students can learn a great deal from academic theory, but their understantting
trainingis incomplete without expencein realization and practical experimentatidfany
of the projects carried out at Worcester Polytechnic Institytie students and faculty
embody a dedication to both theory and practoel they do so through bateir methods
of completion andhrough the intended use of the products of their laboe such project
was the design and consttion of the Cam Dynamics Tebtachine (CDTM) which was
madeto demonstrate what cams are and how they function in indasitiwas also intended
to serveas a platform for cam experimentation and data gathering.
Several changes have been made to the machine since it was first built, most notably
the exchange of the old motor for a new, more powerful one. Due thamgeshat were
made the machine is mo capable of maintaining higher torques ahdftspeeds. It was
these changes however, along with some initial dékagrs, whichleft the machine in a
state of disordelAt the outset of this projecthe cantilever design of the follower arimed
led to serious wear on trems and cams becausetw unwanteadontact between them
during use. The wires underneathreecattered and open, and theresw protective
housing for the power supply tbaésensorsThe new motor require2R0V, three phasaC
power and beteen 12 and 17 amp$ currenf more powethan ould be provided by typical
120V wall power outlets, removing the usefulness of the device as a teachimgrmsit
classrooms. The control panel for the new motor was very large and coblkel mounted on
the front panel in place of the old one, so it was placed haphazardly on a plastic sheet in the
base of the machine along with its long powaa&leand connector.
The issues caused by the modifications during recent project work exadd¢hesate
flaws that were present in the initial design, such as the lack of mounting for electronic parts
or storage space, as well as the cantilever design of the cam follower trains, reveating

for improvement of the CDTMThe goal of this project wae addresshose shortcomings



by a redesign of its major components in order to make the machine more functional, more

useful, and safezlectronically

Three main objective®r this major qualifying project were developed based on this
goalof redesign

1. Design a neviollower train to significantly reduce moments on the follower arm
and topreventcontact between the moving elements and the base plate.

2. Modify the power inputs to make tldevice operable in the classroom and make its
data readostmore readily accessible for demonstration and experimentation.

3. Make the electronic configuration safer and better orgamizdddd storage
compartments so that tools amcktessories to the device damkept onboard.



2. Background

This sedbn of the report details the specific information relevant to this project,
including information regardingth@DTM6 s physi cal structure, i

and the broader topics touched on by this work.

2.1 Converting between Rotational and Other Forms of Motion

In many industrial situations, it is useful to transform pure rotational motion into a
more useful or specific type afotion. Electric motors which are commonly used to actuate
an industrial assembly or assembly line can rotatergd/apeeds, but that is the limit of
their ability. To convert the rotation of the shaft output of a motor, linkages and cams are
most commonly used. A linkage is a system of rigid links joined at joints, and can have four
or more links and many differetypes of joints. An example of linkage use is thesarlift,
where a shaft turned by a motirthe baseauses a platform to rise due to the changing

angles of the links connected to it, as showhigurel:

Figure 1

Sometimes, an approach that uses cams is more useful or practical than a complicated
linkage fortransforming rotational motioto translationabr oscillatorymotion. A cam is

essentially a nowircular discwhose surface geometrydgtated by its function. Cams are

t



alsouseful in mechanical timg and they can be used to gain significant mechanical

advantage (Munyon}igure2 shows some examples of cam geometries.

Figure 2 (Wiki Media)

The cams shown are disc cams, and the follower trains shown are direct translating followers.
The wheels of the followers are called rollers, and they are held against the cam surface by a
spring and forced to follow the changing surface of the. @ra cams are designed in such a
way so that they cause the follower train to
Aifall o (move towards the center of the cam),
they prevent any translation of thdléever train). As is illustrated, complex translations can
be achieved from a constant rotation of a cam.

Follower trains are often more complex than the translating followers shown above.
In some cases, the follower train is a linkage that uses osmilldittated by the geometry of
the cam to perform a useful task elsewhere in a madhigere3 illustrates the distinction

between oscillating and translating follower trains (in a simple case):

Follower —
3 Follower

Cam

Oscillating Translating

Figure 3 (Norton)



A cam can be as simple as an offset (eccentric) circle, butesijned cams
consider the effect of the surface geometry on accelerations and the rates of accelerations to
minimize the potential for neamooth motion and follower jump (whettee roller loses

contact with the cam).

2.2 The Cam Dynamics Test Machine

The CDTM was first designed and built by Mathew Munyamd completedh
December of 2006. It was designed to be capable of turning its main shaft at variable speeds
to drive two @am-follower assemblies, with one cam designated as the primary cam and the
other designetb bea torquecompensating cam. A CAD representation of the machine in its

state at the start of the project is showfrigure4 below.

Figure 4

The upper half of the CDTM is where the moving parts function, and those parts were
mounted to one large rectangular base plate at thdewadl The front of the machine had a
panel with BNC outputs connected to the datgput lines of each of th@nesensors. The



lower part of the machine, behind its opaque doors, housed the motor and the motor
controller along with many of the myriad wires and power supplies needed to run the
machine Figure5 details the many elements connected to the main shaft that runs the full

length of the upper assembly.

Compensating
i h /Follower Train

Primary Follower Train

‘ | ) :

Ll
/ | ""-%u e /;;m

Torque Transducer

L

Flywheel

Optlcal Encoders

Figure 5
The flywheelweighs about 170 Ib, andi# connectedby beltto a puley attached to the
motor (which is mounteth the lower half of the fram)eThe speed of thehaft isreduced by
the belt byafactor of five, increasinghe torque ornhe shafby the same factoirhe
resulting maximum speed at which the shaft can rotate, irrespective of the maximum speeds
that the follower trains can support, is 285 rotations per mi(REM). The flywheel is

shown inFigure6 below.

Figure 6



The threeshaft couplingensure transmission of power along the three shaft seetimhthe
torque transducer, and the thrust bearings in the frame pieces along the main assembly keep
theshafts horizontal and in line.

Though the profiles of the two cams are different ftlewer trains attached to them

were identicabnd oscillatingFigure7 shows the configuration dhe follower trains.

UpperArm-___\

Connecting Rod—-~...___.I Foll A
ollower Arm

S A/

Follower Roller\_/——;. ®

Transducers —_|

Pivot Block

Spring——___|

Figure 7

This train was designed so that the follower arm would pivot about aashmefint Ain the
pivot block as the camotated andorced tte follower roller to move up and down along its
exterior profile. The follower roller was held against the ¢gna spring pretensioned by

thetwo screwsshown in orange the assemblin Figure8 (which straddled the follower

arm).
Screw Screw
\- A -
|| E— | |
|| ||
Figure 8



The connecting rod was used to transmit the motion of the follower arm to the upper arm,
which in a real industrial assembly would bedlgputo r A b u s | Thheetmrsduces n d .
were connected to the follower agimy a small screuo measure position and velocity.

Though the maximum shaft speed and torque were increased by the addition of the
current motor, the ftdwer train wasunable to support the higheam forces present at those
higher speeds for two mareasonskFirst of all, as shown iRigure9, the follower rollers

were cantileverd fromthe follower arms.

—_—

Ideal Actual

Figure 9

The forces between the roller and the cam were offset from the central planerai,the a
causing dorsionalmoment that in extreme cadesced the cam to céact and cut awathe
follower arm The damage to the cam profile was minimal, but the damage to the follower

arm was considerable; that damage is illustratddgare 10:

Figure 10



A second flaw in the use of the more powerful motor was Wtate a new spring
was chosen to hold the follower train against the cam surface, it was not capable of
preventing jump at high speeds. Tresult was that the follower arm would crash into the
base plate when the roller jumped off the cam.

The main frame of the machine sveomposed of extruded aluminum bars fi@B/20

Inc, as shown ifFigure1l.

Figure 11

There wee casters and retractable stabilizers for mobility and stability, respectively, attached
at the base of the framéhe lower half of the machine w&nclosed by opaquexkn panels
and doors, and hous#te motormotor controlle, wiring, belt, and the power supplies

The wires for power and for sensing were haphazardly attached, many joined chiefly
by electrical tape, and one of the power supplies had recently been replaced; it required
replacement because the supplies werd@emounted nor enclosed, and someone had
dropped a wrench across the terminals while modifying the machine, shorting the Tireuit.

other power supply was left connected and unenclosed, as shévwguial2.



Figure 12

No schematics existed for the wiring, nor was there an explanation of the model
numbers and voltage requirements of the sensors or the figiare 13 shows the mounting

of the motor and the contents of thevéy half of the machine:

Figure 13

Between the lower half and the functional upper half was the front panel, a large and thin
rectangular metal plate with BNC outputs for each of the data lines from the s&hsors.

motor contrdeer for the newly added motor was much larger than the previous one because

of the heat sink on its backside, and could not be mounted in place of the old one on the front
panel.As a result, the old controller was left in place in the panel, and its reiresned

inside the CDTMAII of the parts in the machine, as well as a full assembly, accompany this
reportdigitally as CAD filesfiever yt hi ng_wi th_drawer sl. asmo i
shaft, and Adm_jt -bliower&skermdhlyges AppendixsC for dlist ofc a m

purchased parts and their manufacturers.

10



2.2.1 The Cams

Figurel4 shows the two Cams used in the CDTM.

Figure 14

Both are disc cams, am@dchhas eighsegmerg and fourdwells. One of them is the primary

cam, and is defined as follows:

Initial Cam blank:7.874n (200mm)
Prime Radius: 4.0625in
Base Circle: 3.4375in

Follower Radius0.625in

Table 1: Defining the Primary Cam Profile

Cam Surface Rise, Fall, or St?m ng Racial Er.]dl LRt

. Type of Curve Distance from Distance from
Fraction Dwell i i

Base Circle Base Circle

50° Rise 4-5-6-7 Polynomial 0in 5in
40° Dwell Circular Arc 5in 5in
50° Fall 3-4-5 Polynomial 5in 0in
40° Dwell Circular Arc Oin Oin
50° Rise Modified Trapezoid 0in 5in
40° Dwell Circular Arc 5in 5in
50° Fall Modified Sine 5in 0in
400 Dwell Circular Arc Oin 0in

11




The four different curve types ustat the rises and falls of this cam are commonly used in
cam deggn, but they are not typically used in creating the same cam priifiés. were used
in this case becaaghe machine was meant to be used as a teaching tool, and the output data
would illustrate the different qualities of the varicusve types

Theseondi s a A Tor gue amng designedicscesdte opmpsing rque
loading on theeamshaft that drives the two simultaneously during operation, significantly
decreasing the torque needed to run the CDTé. profile for the torque compensating cam
wasgenerated based on thegimal cam using DynaCam,design software explained in

more detail in the Software portion of this background chapter.

2.2.2 The Motor and the Frequency Inverter
The CDTMcamshatt is driveby an AC electric motor. Thecently nstalled motor
is a Baldor Industrial M321-T50 3HP thregohase motqrshown inFigure15.

Figure 15

Threephase electricity is usead power the motobecause it is the most efficient way to
deliver paver to an electric motor. Thrgghase power is split into three synchronizee sin
waves separated by 120 degreeghase This is so that at any point, the motor will receive
power that is close (if not equal) to its peak pogrmwstuffworks)i seeFigurel6 for an

illustration of the three phases of AC power.

A4 YAV ATAVAY EVATYAY AT AVAN ATAYAY AT VAN
AN AP AR AN A A NN A A AT
ALY VA VALY VA VARVARYA VAR VALV VARVARVA VARV IR
WAV AVAVAN SVAVAN AVAVIN AVAVAN AV VAN

Figure 16
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The maximum speed of an AC motor is dependent on the input frequency, voltage per pole,
and number of poles.
V3 f
p

RPM =

The result from this equation yields an ideal RPM speed. Comparing this number to what the
full load motor RPM is, gives a slip rating. The slip rating is the shaft speed compared to the
electremagnetic lag. For torque generation, this lag is necesshaig/niotor is capable of
1425RPM and require®0Hz power at annput voltage of thre@hase 220V

An importantaspect of usinghe Baldor motor, along with many other AC motass
theinability to control its speed without an outside control uFfie frequency inverter
equipped in the CDTM is a Lenze AC TdEBV222N02YXC which is used as a motor
speed controller (sdeigurel?).

Figure 17

This frequency drive accepts single or three phase utilityepatn60Hz This inverter

changsthe frequency of the poweiherebyaltering the RPM output of the electric motor. A

benefit of usinga frequency inverter is that it controls the amount of current being pulled

when starting uphethreephase electric nor. AC electric notors are known to take more

than full speed current draw at startup, which can impose a problem on overloading the

buil dingds breakers or fuses. Wi th a frequen

frequency is very low, and thetowly increases to full power.

13



In order to provide threphase power to the motor, a cable with a hedwy four
pin connector was attached to the motor controller. The connector, shown in Figure dsd, was
used so that the CDTM could be plugged into thiegphase power ports in the
Experimentation Lab which put out enough current (10.8A) for the machine.

Figure 18

The issue with this type of connector as well as tplesse power is that they are not widely
available in typicatlassrooms, which effectively limited the operation of the CDTM to the

experimentation lab.

14



2.2.3 Instrumentation

The Cam Dynamics Test Machine relies on integrated sensors to record various
characteristics while testing a cam. These sensors included dransducers,
Accelerometers, Optic&incodersLinear Velocity Transducers, and Linearly Variable
Differential TransformersThe variousnstruments in the CDTM output position, velocity,
and acceleration for both the primary and seconftdligwver trans. There is also shaft data
that can be recorded such as the driveshaft position, camshaft position, and torque.

There were ten BNC female connectors mounted on the front panel of the CDTM to

allow users access to the data put out by each of the seberfront panel is shown below

in Figurel9:

Figure 19

2.2.3.1TheTorque Transducer
The torque transducer mountedliime with the shafts on the CDTM is an LXT 971

from Cooper Instruments, and is shoin Figure20:

Figure 20

15



Non-contact sensors within the transducer detect the magnetic field as it changes due to the
torque applied to the shaft, and gensors output voltage signals that vary whitorque
(Cooper Instruments).

This transducer requires between 9V and 12V DC power to oparate@utputs

voltagesignals betweef.5 and 4.5 V DC corresponding to the torque.

2.2.3.2TheAccelerometers

Accelerometers are sensors that measure théeaaitens on an object.
Accelerometers can be made to measure 1, 2are8They also come in two different
types, ondeinghigh pass and the other low pass. High pass accelerometers output directly
to the measurement instruments, making them veryaiechligh pass accelerometers are
useful for high temperature environments where low pass accelerometers would not be able
to function (in excess of 150 degrees Celsius due to electrical circuit temperature limit in low
pass accelerometers). Low pass Broeeters are made with a charge exciting
accelerometer and use an FET (fieftkct transistor) to convert the charge to a more usable
voltage. This method is easier to interface with more mainstream testing equipment
(OMEGA). Low pass accelerometers amere common budre notable to clearly read high
frequencies. This makes them useful for low acceleration applications. The common
sensitivity ratings for low passccelerometers are 10 mV/g ar@5nV/g, where sensitivity
is higher as the number goes lips also important to note when these sensors are to be
mounted on a spongier surface can act as a dampener and reduce the sensitivity of the
accelerometer (OMEGA).

TheDytran 314A accelerometergsed in the CDTMiIo notrequire voltage inputs,
but they do require a current source; theyraveonnected to the Dytran 4114 Current Squrce
which put out BNC to data cables that then ran to the front panel. These particular

accelerometers outplil®0 mV/g(g refers to gravitational acceleration).

2.2.3.3TheOptical Encoders

OpticalEncodersare necesary for finding the position of the shaft near both the
flywheelandthe cams to measure ttwesional deflectioralongthe shaft. Optical encoders
work by shining a light through a disk with gaps (also knowmaaks) to let the light

16



through while having a photo sensor on the other end that reads these patterns at a very fast
rate(seeFigure21).

Bit 1
Bit 2
Bit3
Bit4

Figure 21

When two encoders are used in conjunction, a tirmysiem can be setup to measure the
relative change in position (Northeastern). An encoder is rated in lines per revolution. The
greater the lines per revolution, the more accurate the device is.

The encoders of the CDTM are from BEI Technologaes,incemental (relative to
start position) encoderand are shown iRigure22 below:

Figure 22

These encoders require between 5V &M DC, and their output signal alternates between
the input voltage andezo in square wave form. These encoders produce 4096 scpae

per rotation of the shaft, aswellasacpeer evol uti on Atriggero pul s

2.2.3.4TheLinear Velocity Transducers

Linear Velocity Transducers$-{gure23) work byacting as a simple generator. These

sensors do not require anyir voltage; instead they creatgoltagethat is linearly

17



proportional to the speed of theoving partthey areattached to. A magnetic rgghown on
the left of the figure) on the insiad the LVT is surroundedya coil of wire, and it creates

this current naturally as it moves up and down.

N

Figure 23

The two LVTs that move along with the follower trains on the CDTM are made by
TransTech{Model 0112 000Q)and hey producé50 mV/in/sec

2.2.3.5 TheLinearly Variable Differential Transformers

Linearly Variable Differential Transformers (LV3Yaresimilar toLinear Velocity
Transduces in that they involve a rod moving up and down inside a hollow shaft. They
measire position rather than velocity, and they do require a voltage input in order to
function. LVDTs work by splitting up a hollow cylinder into three sections of electrical coil.
The voltagenput powess the centecoil as the roanoves up ath down, and rgsonds to the
changingatio of contact between all three caalsd the rodFigure 13 shows eut-away

view of anLVDT, as well as a picture of the LVDTs in use in the CDTM

Stainless Steel Housing ond End Cops

High Permeability High Density Glass Filled
Maognetic Shell Polymer Coil Form

Coil Assembly

Primary Winding

Secondary Windings Epoxy
Encapsulation

Figure 24

These LVDTs, made by Macro Sensors, requirs\=DC power, and put out 20V/in.
18



2.2.3.6The Power Supplies
Power supplies were included in the original design in order to convert wall AC
power into the various voltage needs of the sensors, as described previbegiyo power

supplies in the CDTMtahe outset of this project are showrFigure?25:

Standard Power

Meanwell

Figure 25

Both accepmdandwere powered by 120V AC power (typical of any residential wall socket).
The blue supply, made by Standard Power, outp®1BC and 5VDC. The silver supply,
made by Meanwell, outptivo isolatedcircuits of 12V DC.

2.3 Theory

2.3.1 Electrical Interferenc e
Managing output data from sensors requires that attention be put towards avoiding

electrical interference and losingsal because of excessive cable length. While signal
degradation is minimal over short distances (less than three feet) for carrying analogue
signals, proximity to voltage sources can create electrical interference and engender false
readings from measung equipment.

To minimize these occurrences, shielding
conductor grounded wihunt electrical interferencetanthe ground. When dealing with
digital signals such as USB, interference and cable length differfelr@ece is normally
el iminated because of USBDOdimitedtol6 fead. idscana b | e .
be extended by a factor of five by adding five USB hubs, which boost the signal.

19



2.3.2 Finite Element Analysis
In order to analyze and charegte the ability of a part or system that is more

complex than a simple extruded shape to maintain form and function under the expected

loading and conditions of its ud@ite element analysis (FEA) can be perform€&de main

idea ofFEAisto breakdow t he part or system into small el
easily defined characteristics such as elasticity or thermal cownityatiepending on the

analysis. Tie part or systens then rebuilusing these small parts through a process called

mehhi ng, connecting the 0Ae Mpicadynthesnore elemensoi nt s
that a part is broken into, the more accurate the resulting solution daBAean be applied

to models in two or three dimensions, and can also be applied td¢ijgardent problems.

Originally, FEA had limited applications because of the great number of calculations
required to complete it with a significaehough number of elements. With the eatvof
modern computing, FEAas become not only more feasible but at&we reliable and
accurate. While computers have solved the problem of carrying out complex and lengthy
calculations quickt, anyFEA is only as powerful or correct as the creator makes it; the
proper seup of an FEA is critical to its utility.

A typical FEA can be broken into five steps. The first step is discretization, where the
types of elements, number of elements, and number of nodes is chosen and the model is
meshed into elementEhe second step is the construction of the element equations, lgypical
relating the deformation of the elements to their stiffness. The third step is to combine those
individual equations into one large system equation matrix; in the case of deformation
analysis, the matrix is referred to as the stiffness matrix. The d@cwohthird steps are often
behindthe-scenes in commercial software. The fourth step, arguably the most critical, is the
application of boundary conditions and loading. These can include point loads, distributed
loads (pressures), and displacement comssrd he fifth and final step is to evaluate the
unknown parameters of the system equation with the loading and boundary conditions
applied, and then to find other parameters based on the original parameters. For example, in
the case of a stiffness matrthe unknownsire deformations, and once the deformations are

solved, they can be used to find the stress.
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2 .4 Software

2.4.1 ProEngineer
In order to understand the individual parts of the machine and how they fit together,

and then to design and analyraw parts and check how they would fit and function within
the machine, CAD models were built of every piece of the CDTM. This was accomplished
using ProEngineer Wildfire 4.0. It is the newest version of ProEngiagbreedimensional
solid modeling sdfvare. After the models were built, they were assembled into sub
assemblies as well as a tgyel assembly of the entire device, and design drawings for the
parts were made. ProEngineer facilitated robust 3D modeling and dimensioning the

drawings.

2.4.2 ANSYS
One of the finite element analysis packages used to assess the new parts, ANSYS 11

has both the tools to model parts and systems as well as the ability to import wireframe and
solid models. It is capable of generating mesh, and has a thorough datbblsnent types

for all manner of engineering analysbeaporting solid models is more complex in ANSYS
than building them nodby-node or elemenrby-element, and it is quick to use for simple

analyses.

2.4.3 ANSYS Workbench
ANSYS Workbench is a moreAD and stressinalysis based version of ANSYS that

makes the development of thrdienensional constraints and the importing of CAD models

more streamlined and user friendly. Workbench includes preset boundary conditions to
choose from and apply. Workbenishimited in the number of elements and the amount of
control the user has over the meshing, so the original version of ANSYS is better suited to
advanced designs, but Workbench was capable of handling the types of analysis performed in

this project.

2.4.4 DYNACAM
A tool for designing and outputting cam profiles, as well as for analyzing the
dynamics of canfollower systems, i®YNACAM. It can be used to define each segment of a

cam, and to then investigate graphically and mathematically the positiooityel
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acceleration, and jerk functions associated with the profiles generated. It can generate the
profile of a torquecompensating cam to match the designed cam, and the user can output
either profile in a format readable by CAD and CAM software pack@gsst ofpoints
describing the profile).

Another distinguishing feature 8fyNACAM is the ability to desigifollower trains
and roller dimensions in order to fully characterize a system. Start angles, speeds, and
eccentricities can all be definddyNAcAM determines when and if jump will occur, and can

estimate the effect of vibrations on the forces transmitted.

2.4.5 LabVIEW
LabVIEW isa software packaggeatedoy National Instruments. It is used in

industry to read data from sensdrsyrite datao spreadsheets, amaldisplay reaitime

graphical illustrations of the instruments it reads. It is often used as an aid to
experimentationLabVIEW files are called Virtual Instruments, and are composed of both a
Front Panel and a Block Diagram. The Blodld@am is a graphical programming tool,

allowing the user to select input and output instruments and program their functionality.
Some items on the block diagram asedito link to the front panel, the primary display and
functional control of a VI duringse. The front panelan showgraphical displayof thedata

being collected, andanalsoh ave fion/ of f 0 s,.samdiother thpessof corttrasx t  f i e
Instrumentghat are used in experimentation but not directly connected to the computer that a
VI is hosted orreoften connected to itia Data Acquisition devices (DAQs), which can

have both inputs and outpufhe VIs created and tested in this project were programmed
using LabVIEW Version 8.0.

2.5 Restrictions of Digitally Acquiring Data

Data Acqusition devices (DAQs) provide a useful interface between a computer and
the sensorased in experimentatioAQsare normally characterized by the number of
inputs and outputs (I/Osyailable, the varietyf thel/Os (such as analog and digital), and
the sampling rate they are able to maintain.

WPIl 6s dat aecknalagwis nsainlfNati@nal Instrumersthardware and the
equipment in Higgins Labs Experimentation baéis investigated first. The DAQSs installed

22



in the b consisdof a National Insiments SCXI1122 paired with a SCX1322 and both

are shown irFigure26:
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Figure 26

The SCX}1322 wa a termination card that allows sensotpuoits to be screwed in, which
was then plugged into theCXI-1122. While the maximum input voltages were well within
the desiredange {250V/250V), the sampling speedf these devices were low (1Ghles
per second). Acquiring data abdespeed would be adequate for one sensor at a low RPM
of the camshafbut this rate would be too slow to read semsors at camshaft speeds of 260
RPM. Using these DAQs would also hauaited data acquisition ttaking place irHL0O31,
andthe initial setup ofdata communication from the CDTM to the SEXR2 would be
cumbersome due to the need to screw in each lead

An alternative also present in Higgins Laboratories wadtigNC-212Q shown in
Figure2T:
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Figure 27

The BNG2120 is an adapter block that allows BNGigection to its analog inputs. The
sample speed relied on the speed of the interface card that it would connect to a desktop PC.
Unfortunately there were three issues with this device. Currently none of the M series PCI
DAQ cards were installed in the lab that the BNC 2120 could operate correctly. The
second problem was that there were only eight analog inputs for this adapter block. The third
was that the data collection would be limited to desktop PCs.

A further restriction was that portable PCI candse expensive and atypical for
laptops, making it difficult to use the existing equipment in a classroom setting outside the
lab with any computer availablgsing lab computers would have caused additional issues
besides nomobility; the equipment in #lab is occasionally upgraded and it is likely that
future upgrades wouldot have been compatible with a solution for the CDTM based on the
current equipment in the lab. For example, if the communication to the computer was by PClI,
but after a few yearsf upgraded computers, only RElinterfaces could be utilized, a new
DAQ would have to be purchased that would be accepted metheommunication
standard.

Therestrictionsanherent in using the lab equipmesitectively prevented data
collection outsié of the experimentation lab, limitingh e ma ¢ hThendesresto u s e .
expand the machineds potential for data coll
DAQ that could be dedicated to the CDTM, and that search is described in greater detail in
Section 3.3.
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3. Design

The findings of research into the fundamental conagfgtsh e devi ceds oper .

computeraided modeling of all ats individual parts, and an investigation of the needs and
outputs ofits many sensors teto a more fully deveped plan for the compiien of thethree

major design objective3hose objectives were to redesign the follower trains, to improve

data collection and classroom use, and to reorganize the electrical and storage configurations
of the CDTM.

3.1 Specific Rquirements
In order to constrain the redesign of the CDTM, guidelines were developed in the

form of product specifications and design goals. piteeluct specifications were rigid
guidelines based on research and client requirements, and the desigmegealspirations

which, if achieved, would expand or improve the machine.

3.1.1 Product Specifications

- The material used to create the new follower arm should be consistent with existing
parts (Aluminum 606T6)

- The CDTM mustontainall of the necessy tools to service it, as well as spare
pats

- The power supplies must be enclosed and mounted such that shock to users and
damagedo the suppliesrebothprevented

- Theoriginal cam slaft and cams must be maintained

- The new follower trains musiot allow contact between the follewarms and the
cams

- The new followemarmsshouldinclude a well for the roller such that the arm
straddlemounts the roller

- The primary follower arm must not deflect more tftlan0 0 5 6 arodendh e c o n

ECritical stress levels typically engender larger part deflections. Limiting the deformation to a small value is a
means of ensuring that the stresses developed in the part are not damaging.
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3.1.2 Design Goals
- The CDTM must be made capable of operatingétaasroom environment

- Themotorcontrolsshould be madeasily accessible and safe for the operator

- Readouts for demand experimentatiopurposeshould be made visibkarough
thedevelopment of a Virtual Instrument capable of running on amwitpcLabVIEW

- An improvedmethod of attachingndtensoning the springs in the follower tran
should be developed, making changing springs safer and less prone.to error

- Drawers tocontain tools, spare paremdaddons for CDTM should be built

3.2 Redesigning the Follower Train

The aim in redesigning the oscillating follower tsione of which followe@ach
cam, was toeducefriction and damaging contact between all moving pdsnarrow the
number of variables in the design of the new pa#gseral of the old ones were maintained,
such as the upper arms and pivots, thercoinconnector, and the part that connected the
upper arm and the ceod and allowed them to pivot at a pinned joint. The two transducers
attached to each train and thé-sssemblies that mounted them were alsonpemented in
the new desigmalong with the brackets that mount the springs to the top of each enclosure
Originally, as shown ifrigure28, the parts connecting the springs and thercals to the

arms were also to be used.

Arm

Figure 28
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Several factors prohibited the-use of these connectors to the arAsignificant issue was
that the arms needed to be both wide enough to house the roller and narrow eramegiptt
the connectors, and this was not as manufacturalalestrong as a rectangular prism of
constantvidth. Also, the plan to put the rollers (and thereby the armBhéwith the cams
meanta narrower gapetween the arms, making it difficult firese parts to fit sidey-side
unless they werenodified.

In addition tousing existingpartswhere possiblemany dimensions were also
preserved where possible in the ngavt designsFor example, the distance from the pivot to
the roller, to the spropattach point, and to the coad pivot were all consistent with the old
trains. Almost every part of the two trains, including the structural parts, was based in some
way on the shape and size of the follower arms, placing the priority of redesignasmghe
themselvesThe arms were dependent upon the selection of new roller bearings to replace the

cantilevered ones used in the old trains.

3.2.1 Bearing Selection
In cam design, a critical concern is the size of the roller radius relative to the

curvaure of the cam profiléThe radius of the roller bearing needs to be small enough to
completely follow the cam surface, but large enough to withstand théotlamer forces.

This meant that, assuming the original design of the system was careful, tiseofetiie
cantilevered roller bearings was a calculated value and important to be carried into the new
design.

The roller radius was 1.25 inches. The bearings initially selected were specialty
bearings that did not require lubrication. Between the inméoater races of the bearing, a
layer of Teflon limited the friction as they rolled against each other. These bearings, though
moreexpensive, were desirable because the vibrational noise oflegtebearings is
significantly less. This reduced levdlrmisegivescleaner data output for the machine.

TheTeflonroller bearingnitially chosenis shown inFigure29:
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Figure 29

Note that the inner race wider than the outer race. This is intentiondibne so that the

inner race can be clamped when the part is yoke (straddle) mokméetilition, in order to

ensure one instantaneous point of contact between the cam and follower rather than planar
(surface) contact, the roller bearing needed to havevaned outer race. In other words, it

must have a slight curve so that the center of the roller outer surface has a greater radius than
the sidesThe bearings initially chosen and showrFigure29 are known at McGill

Bearingsas BCCYR and have a shaft diamete®.@75 inches.

Ultimately, these bearings wenet usegas speed of rotation increases, the ability of
Teflon to withstand forces decreas€ke size of the roller relative to the average radius of
the cam meant th#the speed of the roller was about six times that of the cam sh#fie
desired camshaft speed of 260 RPM, the roller would be spinning at approximately 1560
RPM, and at this speed the roller would only be able to withstand forces of about 20 Ib. The
anicipated forces at the roller were on the order of 70lb, so these Teflon bearings could not
be used. Needle bearings of similar size were found to be capable of withstanding hundreds
of pounds of force, which meant they could withstand the forces antidipathe system
with a factor of safety.

The dimensions and specifications of bearings are standard among bearing
manufacturers and suppliers, so replacing the Teflon bearings with needle roller bearings was
not difficult. The equivalent roller bearingeve McGill CCYR.These needle bearings were
the same size and shape as the Teflon bearings, except that the surface of their outer race was
crownedThe di ameter of the inner race, also kno
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inches.The nominal widthdictating the width of the corresponding well in the follower arm,
was0.8125 inches.

3.2.2 The New Follower Arms
The design of the arms was restricted by the product specifications, the design goa

the roller bearing dimensionand the need for pombf connection to various other parts of
the trairs. Figure30 showsthe rough concept desidgor these partfollowing the rejection of
the design in the beginning of Section:3.2

Top View

Transducer Spring Con-Rod
Pivot Joint Roller Shaft Attach Point Shaft Connect Point

Front View

Figure 30

This concepfollowed the specificatiorthat the arms should straddteount their rollerand
helpedprevent thecams from contacting the arms. The arm height, similar to the original

follower arm, was 1.5 inche$o ensure that the bearing would fit in the followesll, width

ibo Figuedwas desi gned to be at mieianfu M WDa 8WaBD
therefore 0.8140, according to the assumpti o
Appendix C for specific information regangj the tolerances involved in axial spacing and

the resulting nominal dimensions.

Distance fAco is half the dif ftkewalnce bet we
thickness on one side ofthewdllh e i ni ti al value for Acodo was
existed with this design. One critical issue was that of attaching the springs amdisdo
the arm. As mentioned previously, the overall width of the arm being much greater than the
original arm prohibited using connectors that would straddle theTdrenother issue was
that of weight. The weight of the follower arm is correlated to the maxirmure £xerted in
the system, so reducing the weight was another goal in the further development of the arm

design.
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Another concern was that, in addition to mycontact between the cams and the
arms in the original design, there was also harsh contact in jump between the arms and the
base plate. During a normal cycle, when the cams forced either arm into its lowest position,
the distance between that arm anellase plate was01 inches. When the roller left the
surface of the cam at high camshatft speeds (jump), this clearance was not enough for the arm
to return to the cam without crashing into the base. Though the system would eventually be
desgned with enogh spring pretengn to cover the possibility of jump at the expected
operating speeds, it was desirable to soften or eliminate the blow if jump occurred. The
design solution was to remove a wedd@ped piece at the back of the arm so that, when

attachedo the pivot, the angled surface would be level with the base.

Figure 31

With this wedge shaped cut added todlesign shown ifrigure30, the new concept
was usedisa starting point for an iterativenfte element analysis geared to determine
stiffness and deformation at the emd end.The process was complex because the mass, the
center of gravity, and the second moments of inertia for the part needed to be determined,
then a spring constant and famsion for the spring entereddyNACAM, and then the
maximum force calculated DYNACAM and translated by moment equivalence to the end of
the arm. Finally, the arm was constrained and had this maximum load applied to it in ANSYS
Workbench. Finally, tb deformations and stresses were calculated.

To analyze the affect that weighgducing cuts had on the stiffness of the arm,
various types of cuts were applied to the base model and the resulting deformations and

stress concentrations were investigated.

3.2.2.1 lterative Finite Element Analysis Procedure
The initial setup of the finite element analysis performed on the arm design concepts

was done byhand in order to validate software values. The calculations and thp aet
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explained in detail in Appwlix B. This section details the procedure by which the parts were
analyzed in ANSYS Workbench during each iteration:

Upon exporting the ProEngineer solid model into ANSYS Workbench, the first step
was to set the unit system to mathhbstudy (English inb-Ib-second). The second step was
to apply a material to the part. The material applied was-8@8GAluminum. The material
library entry for this Aluminum alloy was used, which has valueseptered such as the
youngo6s modulus and the poissondés ratio.

The next step was to select a style of mesh and apply it to the geometry. The method
of meshing chosen was fAtetrahedronso, which
elements.

The following step was the establishment of boundary conditions through the
restriction of the degrees of freedom of motion of the part. In the simpledadéndation
model, it was easy to lock the displacement at the pivots because the beam was treated
essentially as a 2D system. The 3D model of the part has holes for thpipsy@nd those
locations were more difficult to lock down without modifying the result. In the case of the
follower arm, the pivot location needed to be restricted from rotating about the x or y axis,
and from translating in the x or y direction, and ithiéer location needed to be restricted
from rotating about the x or y axis and from translating in the y direction. These restrictions

on motion were achieved using remote displac

internal cylindrical surfacesf t he hol es in the foll ower arm
|l ocationso were set to the central symmetric
holes.

3.2.22 Weight Reduction
Creating more extruded cuts through the top face of the part, simttae follower
well, caused little change to tleerall stiffness of the part and greatly reduced the weight of

the arm. These new wells are showirigure32.
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Making similar pockets throughe horizontal faces of the part, however,

Figure 32

significantly reduced the armés ability to
to the part, the deflections were twice as great andtthseses concentrated at the edge of the
horizontal pocketsThis is because the loading of the arm is much like a cantilever beam,

fixed at one end, and pulled upward at the other. Removing material in the horizontal face
was equivalent to shrinking the thickness of the beam, which in turn reduced its stifthess an
increased deflection at the end where the force was applied.

The vertical wells mimicking the roller well were added to the design, and the
horizontal ones were not. One full pocket the length of the part was not added because the
part would have lost ststance to torsion. The horizontal ribs that held the two walls together
and separated the pockets were spaced so that the cam would not be able to hit them while in
contact with the rolletwith the addition of the new wells, the design of the shapieeof t

follower arm was complete.

3.2.2.3 Design of the ther FollowerTrain Elements
The other elements of the original follower trains werejpinted to the follower
arms using shoulder bolts, which are essentially shafts with small threaded tipssfuntast
All of the parts of the new train were initially designed to be attached usingubiese
which meant that parts of the arms were threaded to accept them. This initial concept was
eventually forgone in favor of using shafts with snap ring grodtiessnap rings on either
end of each shaft lock the shafts axially to the arms. This route entailed less threading and
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complex machining of the arms, and provided a more even distribution of forces across the
arms as well.

With the follower arm wells deded on, a part was needed to connect therodrat a
pivoting joint with the arm. The new wells had the added advantage of the arm being able to
straddle the connector, rather than the connector needing to straddle the arm. While the
height of the partrad the central top threaded hole to accept theradimemained true to the
original part, the new connector was rounded at the base and was designed to house a bronze
bushing. This way, the interaction with the shediuld be lowwear. Two Teflon washers
locatethe part in the welxially and reducéhe friction of the connector agst the internal

walls of the armThe assembly of theonnectorand the bushing is shown kigure33:

Figure 33

See Appadix C for a discussion of the width of the part according to machining tolerances.
Since the nature of the arms changed from cantilevered rollers to stnaolgiteed

rollers, the trains needed to be locatetine with the cams and the transducers ndeddée

offset. This necessitated the design of a new top block for the cam encidsepart

remained mostly unchanged in terms of overall shape and the threads of the individual holes.

The greatest deviation from the original part was that holes deditathe mounting of the

transducers were added, as opposed to attaching them directly beneath the spring brackets.

The new part is shown fRigure34:

33



Figure 34

The change in width of the follower arfinom the original design meant that a new pivot

block was needed. A challenge to the design of such a part was the base plate; it is a large
solid block of metal, unable to be removed from the machine, making it desirable to reuse the
holes for the previas pivots, but those holes did not line up with the new arms. This
mismatching of dimensions was solved by using only two of the four holes and making the

pivot block one part. The holes are illustratedFigure 35:

With the block hidden, the interference between the center two hole locations and the arms

Figure 35

can be seerkigure36 shows the new pivot block.
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Figure 36

A critical and norobvious apect of the pivot block veathat the holes in the block used to
mount itwere not symmetric about the plane that is at the center of the two Tasisneant
that the distance from the left edge of the part to thehotletneeded to bkess than the
distance from the hole on the right to the rightmost edge of theTgeetcentering of the
block relative to the cams rather than the holes in the bearing block was critical because the
pivot block locates the arms-ime with the cams and the other movipayts of the follower
trains.
Research was performed on commercial devices that could replace the dangerous and
torgueinducing spring preéensioning assembly, and the most promising result of the

research was the industrial turnbuckle. An example is showigure37:

Figure 37

Turnbuckles are relatively easy to tension, predisposed to the type of attachment and use
needed, and they can twist to account for the angfedtaif the top and bottom hook of

each spring. The selection of the proper turnbuckles for the follower trains of the CDTM was
as iterative as the choice of the arm width; the turnbuckle needed to be able to be long
enough to connect at first to the-sinetched spring and the follower arm, then tighten
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enough to provide the right level of pretension. The turnbuckle also needed to withstand the

same tension forces experienced by the springs.
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3.2.2.4 Width Optimization

To match theproductspecification tat the deflection of one end of them must not
exceed).005 inches, and to determine a system where a real commercially available spring
would match the spring constant and pretension used to daWsicAM, further andmore
detailed iterations werespformed.

To perform a dynamic vibrational analysis and output the most accurate value for the
maximum forceDYNACAM, required that the masses of the links and the stiffnesses of the
parts be entered. It used those values to produce an effective mastobbwher train at the
roller. The mass properties and mass moments of inertia at the centers of gravity calculated

using ProE helpedeterminethe effective mss and check it against tBeNACAM value.

o L]
- w1 &)

I M1 + M2

M1+ M2+ M3
Figure 38

The width ultimately chosen for each wall of the follower arm was 0.4 inches. The maximum
forces in the primary and compensating trains differed, so different spring constants and
springs were chosen to complete the two trains.
An important determination was that noypttal springsvere availablevith a
significant enough safety factor in tension to operate the trains properly at 285 RPM (the
maxi mum shaft speed resulting from tinite motor
the speed of experimentation to Z8BM so that a real solution could be obtained. The

details of the final solution, including turnbuckle selection, are showalite?2:

37



Table 2: The Final Design

Property Primary Compensating
Arm Wall Width 4" 4"
Maximum Force Experienced at Spring/Turnbuckle 71.31b 122.251b
Limitting Load Boundary 108.11b 161.21b
Resulting Safety Factor 1.52 1.32
Turnbuckle 303157611 303157611
Spring LE177NO1 S LE177L 02 M
Spring Initial Length 5" 5"
Prelcad Total 22.131b 41.491b
Initial Preload 8.259 Ib 10.97 Ib
Resulting Extension for Remaining Preload 436" .65"
Deflection .005" .010"
Outside Diameter 1.75" 1.5"
Spring "K" 31.82 Ib/in 46.9 Ib/in
Spring Extension Limit 2.623" 2.345"

Extension Sadty Factor

1.963323353

1.512903226

shown without the turnbuckles and spring&igure 39:

Figure 39

The various parts and s@ssemblies that make up and mount the two follower trains are

38



3.3 Improvi ng Experimentation and Classroom -Readiness

To expand the possibilities of data collection using the CDTM to include classroom
use, recording all sets of data simultaneously, and connecting with almost any computer that
can use LabVIEW, research was cared to find a DAQ or other means of data transfer
that could be installed onboard

LabVIEW is programmed to cooperate and communicate well with National
Instruments equipment, making NI DAQs logical choices for use in conjunction with VIs.
An original cancept was to have a desktop computer installed in the lower section of the
CDTM. A desktop computer would have taken up too much space, however, and would have
been less easy to mount.order to ensure that the sensors could be read with a typical
exterral computer running LabVIEW, the solution was required to operate over USB when
communicating with a computer; USB is a universal and very common data transfer protocol.
A PClto USBcard adapter (MAGMACB1H) that would allow a PCI card to be used on a
laptop, shown inFigure40, was investigated. The concept was that the adapter would allow
DAQs with PCI outputs to connect more universally with laptops and other computers.

41

Figure 40
An issue with this dation was that laptopanufactures are in a transitioperiod switching

from PCMCIA to PC Express cards. Some manufacsuaee removing the standard

completely from their laptop lirseas there are fewer and fewer peripherals that require a
highspeeddt a pi peline that candt already be accc
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National Ingrumentsstrongly recommended against usM§GMA converting
devices as they have had situations where LabVIEWdvaot correctly recognizZBAQs or
they would inexplicably sip sending information to@mputer. NI also mentioned that they
do rot provide any technical support to troubleshoot any communication problems when
connected with the MAGMA CB1H. The finpfoblem with this approach wahe$1000
cost.

Two more expensi Nl devices had USB outputs, avoiding the need for a MAGMA
adapterNI USB-6210is shown inFigure41 and the USB5229 BNCis shown inFigure41l:

s~

Figure 41
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Figure 42

In addition to being the most common data transfer protocol (next to Ethernet ¢eble), t
USB standed is also backwards compatible. B .0 devices will still be able to run at full
speedn USB 3.0 when that is the standard

Both theUSB-6210 and the USIB229 BNC wee capable of sampling at 250,000
samples per second, and o#fédigital inpus andoutputs (48 on the 6229 and 4 on the
6210)which would allow connection tofeequeng inverter. The 6229 ha#l analog oytuts
that could otput or amplify dataThe USB6210 was almost a fourth of the cost of the USB
6229 BNC. The 622%howeverhadBNC inputs so that all cablesuld maintain signal
integrity while allowing toolless replacement of cables and connecticauafliary sensors
to the DAQ.The benefits of utilizing the 6229 and the potential to expand its use outweighed
the difference in cost, and that was the DAQ chosen to be dedicated to the CDTM.

3.3.1 Creating the Virtual Instrument
The Virtual Instrument was designed todedl 10 output channels of the CDTM

simultaneously, to write data to spreadsheet, and to provide graphical displays of the data
collected.

The front panel, serving as the control and display part of the VI, is shdviguire
43

41



Primary Postion Companeating Fostion
121
10-]

STOP 12+

Ampitude

R

Ampltude

P

2

R0 d “n d
7:00.00000 PM 7:00:05.000 PM 7:00:00.000 PM 70005000 PM

o d
7:00:00.000 PM 7.00:05.000 PM

12/31/1903 12/31/1903 12/31/1903 12/31/1303 12/31/1303 12/31/1903
Time Time
Display Postion Graph Display Position Graph Display Toraue Graph
- > s
Primary Velocty Compensating Velocty

15-4

Viite Datato Fie

10|

H
;
~15-7 o ~10-7 o
7:00:00.000 PM 7:00:05.000 PM 7:00:00.000 PM 7:00:05.000 PM
12/31/1503 12/31/1503 12/31/1503 12/31/1303

Display Velosty Graph Display Velozty Graph

») - [T -

Primary Accelerstion Compensating Acceleration

2 o
70000000PM 7:00:05.000 P 70000000 PM 70005000 PM
12/311503 12/31/1502 12/31/1503 12/311903
Time Tme
Display Acceleraiion Graph Display Accsleration Gragh

5 =

Figure 43
The seven chart regions display data-temaé as it is collected. They correspond to all the
sensors except the encoders (because their data is binary and uninteresting for display
purposes.

The block diagram of th¥l, which is the graphicalhcoded definition of the function
of the VI, is shown irFigure44:
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The block diagrams first element, on the upper iefthe DAQ Assistant, which was

programmedo recognize the DAQ from the USB signal connected to the computer. The

DAQ Assistant recognized the specific lines of data coming from each of the sensors. The

centr dlalfsteroud oop was designed to split the |
individual elements, and to display that data on the charts of the front panel. The combined
data stream was-falseoruoopoonhehétrawer righ
loop, used in conjunction, allow the data to be recorded while streamehgermit

meaningful and fast writing of the data to spreadsheet.

The VI accompanies this repatectronically and is open to further development.

3.3.2 Operability in Classrooms
The originalmotor of theCDTM could be run from 420V ACwall outlet,and could

thus bedemonstrated in lecture halSince this important capability wésst when the
current motor and power cable were installedpal was to find a way to power the new
motor in classrooms.

The possibility of connecting two separatelealio 110V power outlets on separate
circuit breakers, each capable of putting out 20A, was investigated. For this to power the
motor, a stequp voltage transformer would effectively give 220V single phase at 20A which
could then be converted to thrpkase power by the inverter. This design was contingent on
such power outlets existy in the same room, which was difficult to determine and generally
rare.

A meeting with one of the Campus Electricians revealed that this type of
configuration, while possibl is generally unsafe and is strictly a violation of electrical code.
The electrician revealed the location of spare tpfegse power lines that could be used for
the project, and mentioned the possibility of running lines to specific classrooms.

Fortunaely, a source of threghase power existed already in one of the large lecture halls.

The caveat to using that power outlet was that the connector did not match the one on
the machine. The plan was to remove the current connector, replace it with @nmaetor
matching the wall outlet, and to also build a cable with a female end matching the wall and a

male end matching the lab power outlets, so that the machineaperiatan both locations.
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3.4 Improving the Electrical and Storage Configurations

As describedn Section 2.2, there was room for improvement in terms of both the
wiring and the use of space within the frame of the CDTM. Long wires were strewn about
and connections were either wrapped in electrical tape or left exposed. The front panel BNC
connectors were weakly connected to the data cables, and the power supplies were
inadequate and unprotectddhe large new motor controller was left on the low plastic shelf
in the base of the machine because it could not be more conveniently mounéee iof phe
old one in the front panel, making it difficult to access andTise.aim was to maximize the
utility of the space within the lower half of the machine, mount all the parts that were lying in
the bottom at the outset, and rewire power andtdatannect to the DAQ and to organize

the wire mounting within the frame.

3.4.1 The New Mounting and Storage Plan
In addition to the parts dedicated to the functioning of the machine, such as the motor

controller, the power supplies, the motor, and tiresythere are margtherparts thatre
related to the machinsuch as alternative follower trains and spare screwan effort to
organize the underside of the machine, to mount all of the necessary parts, and to provide on
board space to store aswed parts and tools, brainstormivgs carried out on a new layout
for the space.

The layout plan was restricted by the location of the motor and the moving belt, and
by the screwdown bolts that connect to the four jack feet of the mackigere45 shows

the original shelf and the space available.
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Figure 45

The design concept for the redesign of the space called for shelves, drawers, and mounting

for the major component$he feasibility of the rea@ation of the design was the primary
concern, and using 80/ 2006s proprietary bars

of connecting to the frame. The basic concept of connecting to 80/20 bars is illustrated in

Figure46:

Figure 46

The green exterior part is held to the surface of the 80/20 by putting a screw through it which
then grabs the threads of a diitting connectorblue)t hat si ts i nside the ¢
Two types of threadedd-fitting connectors are sold; the less expensive ones can be slid
into the grooves prior to a bards installatd.i
into the groove even if the bar is already installed. The more expensive connectors were
neededso that the existing frame bars could be used to support thEareeelements.
The original frame was assembled by drilling and tapping holes in the bars, then
inserting screws through one bar and into another. The drilling and tapping were
accomplishd while the pieces were separate. In the case of adding more frame elements to

support drawers, shelves, and mounting of equipment, the luxury of drilling new holes in the
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original frame was restricted by the difficulty of disassembling the machine. thsraid
method of attachment would involve either taking apart theevmalchine or using a hand
drill; neither coursavasparticularlydesirable.

An alternative to those methods was to use proprietary brackets and plates in
conjunction with the slefitting connectors described above to attach new pieces to the

existing frame. Some of these brackets and plates are shéwgune47:

Figure 47

Another benefit to framing the new layout with 80/20 was titvate were different extruded
profiles that could be used togethtire type most typical of the existing frame was twice as
long as it was wide, but there were also square profiles andvitdlf profiles in the same
family to work with.

To add a shelthat would run almost the whole length of the machine, the horizontal
bar on the front at the base of the front panel was mimicked at the backside with two square

bars at the same height, as showRigure48:
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Figure 48

Also shown are the cross members added to form the ends of the shelf. In the figure, the

rightmost (on the flywheel side of the machine) was inset from the edge of the frame to allow
room for the belt.
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Theshelismade of 1/a8q¢ watheoat M@HOHO by 360, and
the grooves of the two end pieces. To support the shelhagght 80/20 bars with one flat
side were added intermittently and attached with plates to the outer bars, as shgunein

Figure 49

Note that in the center of the frame, rather than using a flat bar to support the shelf, a larger
crosssectioned bar was used; this was to make it useful in the next steps of the design,
adding drawers anghounting the equipment.

To add sliding drawers, slide rails were researc8@(20 reported that while they did
not fabricate drawer slides, McMaster Carr offered slide rails that were frequently used in
conjunction with 80/ 20rChrrdeamer slides vefe @ gopccnatehs e d )
to fit within the length of one side of the CDTM franiéwe original concept for adding
drawers involved t he -aided0/20 baosnfouowfere tolweused® 2 0 0

frame each drawer and four more tounbthe rails. Thiglesign is illustrated ifigure50:
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Front

Top
Figure 50
The outermost bars were to be mounted to the frame. This original concept, however,
overused the doubleide 80/20 bars, making the drawdneavier and the mounting of the
rails more cumbersome. The crdsx's in the frame of the drawers were modified to be half

width, and the rail mounting bars were changed to be square bars. These changes are shown
in Figure51:

Front

Top

Figure 51
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To complete the design of the drawers, a way to fasten thefawerframing bars of each

drawer was researched, as well as a way to support the sheet metal at the base. Originally, the
sheet metal was to be put irethottom groove of the 80/20 framing bars, butwasted

some of the height of the bars that could have been used as drawer depth. Also, the plan was
to support the sheet metal in a similar fashion to the shelf, witthbaght bars fastened with
platesto the bottom side of each drawer. These cross bars added weight, however; in this
case, trying to make use of the 80/20 grooves to attach and secure the drawer bottoms was
not the most effective route. Instead, the sheet metal was planned to have fimleagh

drilled in it, and then tapped holes would be added to the bottom of the drawer frame, so that
the drawer bottoms could be attached by screws.

Since the drawers were planned to span the space between the center bars and the side
of the CDTM away fom the motor, the motor side was reserved for mounting the DAQ, the
power supplies, an AC power block, and the motor controller. Earlier troubles with the
exposure of the power supplies led to the conclusion that they should be enclosed within the
CDTM. Raher than construct an enclosure, typical electrical enclosures were researched.

The chosen power supply enclosure is shaith the front cover removeid Figure52:

Figure 52

The three circular shapes the top were removable and intended to pass cables into and out
of the box. The four holes in the back were for mounting using screws and washers. To avoid
connecting the box to the frame electrically, the design called for nylon screws and rubber
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gromnets to be used to connect the box to the frame. The supplies would be mounted with
standoffs to the walls of the box.

Similar to the enclosure, the DAQ had a fsgrew mounting strateg$ince the data
cables that needed to run to the DAQ came fronTte®ps on the front panel (described in
Section 3.4.2), the design located the DAQ towadhea front of the machine. The power
enclosure was planned to be mounted next to the DAQ but in the back of the machine. The
original plan for theattachment of th®AQ and the aclosure involved putting two cross
bars in the center of the frame, one at the height of the top set of screws for each, and one at
the height of the bottom set of screws. The lower bar would Heeeearved as the height of
one of the draws. This design restricted the bars to be at the exact heights of the screws and
the drawer placement did not permit an optimal use of the space. The design was modified to
include four vertical bars that would be located in line with the screw holeg aletices.

The two cross bars could then be placed to optimize the drawer placement so that the lower
drawer had the most height while still allowing room for a shallower upper driaigare53

andFigure54 showthe layout of the DAQ, the enclosure, and the bars meant to hold them.

Figure 53
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Figure 54
To completely mount the drawers, matching bars were added to the design opposite the two
shown inFigure54.

The motor controller, in this case a frequency inverter from AC Technology, was
difficult to mount due to its size and the location of its screw holes at the four corners of the
heat sink that extrudes from the backeTinst step towards mounting it was to build a frame
of 80/20 bars that it could attach to. This frame could then be attached to the frame of the
machine. There was just enough space next to the motor to mount the controller and allow

the cables to exits bottom. The mounting design is showrrigure55:

Figure 55
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With this mounting concept complete, the design of the new additions to the lower half of the
machine was complete. The complete modehe$¢ parts all installed is shown below, with

the front panel and the opaque doors and sides hidden:

Figure 56

The new frame elements and drawers were very near the front edge of the machine. When
the doors on the CDTM were firststalled, the hinges were mounted flush with the frame,
preventing them from being closed fully. This problem was exacerbated by the proximity of
the new frame elements; to allow the doors to close flush without interference péastay

part was desiged to match the hinge in color shape and dimensions in order to stand it out
the same width as the doors from the frame. The new part, made of black acrylic, is shown in
Figure57.

Figure 57

Using theselastic shims required new, longer screws be purchased to fit through both the

hinge and the shim and into the 80/20 groove.

3.4.2 The New Wiring Configuration Plan
While researchingh power needs of the machineds s

determined tht thepower supplies in use were inadequate and that the power wiring
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configuration was incorrectable3 shows which devices were connected to which power

supply, andndicatesin bold those connections that did not match aideve 6 s need s .

Table 3: The Original Power Configuration

Sandard Power Meanwell
Device Need(s) Power Supply Power Supply
(SPS 30DA 5/12) (S-150-12)
Optical Encoder 1| 5V - 15V DC 5V DC -
Optical Encoder 2| 5V - 15V DC 5V DC -
LVDT 1 +15V DC - 12v DC
LVDT 2 +15V DC - 12v DC
Torque Transduce| 9V - 12V DC 13.6VDC -

In this initial power configuration, three of the five sengbeg required power to function

were wired to receive the wrong voltages. The options forpmwer suppkes and

combinations of power supplies were then investigated; the limiting factor in the search was
the need for positive and negative 15V in tandem to properly operate the LVDTs. The

Meanwell F40C, shown irFigure58, was capadle of providing this power.

Figure 58

In addition, the T40C was also able put out 5V, making it a candidate for the solithen.
T-40C would replace the Standard Power supply in the power cifalite4 shows the
connections of the devices to the old and new Meanwell power supplies, accounting for the

needs of all of the sensors.
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Table 4: The New Power Configuration

Meanwell Meanwell
Device Need(s) Power Supply Power Supply
(S-150-12) (T-40Ca)
Optical Encoder 1| 5V - 15V DC - 5V
Optical Encoder 2| 5V - 15V DC - 5V
LVDT 1 15V DC - 15V DC
LVDT 2 +15V DC - +15V DC
Torque Transduce| 9V - 12V DC 12v -

Once the power requirements for the sensors were accounted for, the wired

connections between the sensors, power supplies, and DAQ were desigeredwvére three

parts to this design challenge: researching the best suited cables for data and power

transmission, determining the most applicable terminating connectors for contgatiiii

the DAQ and the front panel, and developingiang layout to optimize organization and

minimize interference from the frequency inverter and motor.

Two types of cable were decided on. THables chosen tacarry power wer@&elden

8762 shielded tigted pair audio calde These wergleal for power as the two conductors

were twisted together to reduce AC interference before being shidldeddxposed wires

within this cable are shown Figure59. The voltagdimit for the wire was 300V, which is

greater thatit would supply in use in the CDTM

The selection of the data cable was more restricted by the specifitormegazport BNC

Figure 59

connectors. R&58, RG59, RG6 were all considered at $ir but the outer diameter of these

cables arabout0.2-0.27 inches. With tedata lines to run, theolume of cable would have

54



been difficult to run and organize within the frarBelden 8216 R&74 (abo known as

micro coax) was chosen instead becatsseuter diameter i6. 1 (Figure60).

Figure 60
These cables are much more flexjl@edtheir narrow profilesallow more cablgeto be used

in the same space as the former RG Coaxial calslesd The @nter conductor carrighe

output voltage while the shield could be used as the output corfiomiie sensorAn

output common is necessary for a BNC to function correctly. When testitage with a

digital multimeter, there are two probes to readvbiéage difference. In a BNC cable, the

shield acts as the common while the +V output is run down the center conductor. This allows
for a voltage difference to be read with one cable, and is standard on all BNC reading
devices. To avoid this shield actinag an antenna of interference, the power supplies have
their DC VO earth grounded. This means that whatever interference is picked up will be
brought out of the machine and transferred through the buiidesagth ground.

The nextconsideation was conraing the wires to one another as well as their
respective device®reviouslythe BNC connectors installed on the front panel (except for
the accelerometer ports) were solderednections where regular wire was used and the
conductors wee soldered oriWhile this s common practice, it openeag possibilities for
shorting the ensosdoutpus. Therefore all BNC port holes weredrilled on the fronpanel
to 0. Srodiameteto accommodate new maie-male BNC panel mounted couplings,

shown inFigure61.

Figure 61

Instead of soldering, a physical connecttambe madeavith these connector$he
connections werdesigned to benade through &Male-FemaleMale T coupler Figure62)
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that took an input from one side, connedtethe front panel in the middle, antlowed an
output that couldbe directed to the DAQ.

From Sensor

To Front Panel
Figure 62

These connectors allowed for the front panel to be accessible while stilamigigtfull
functionality with the DAQ. Another added benefit to these T connectors wabelyavere
capable of being rotated; traiowedthe cables toun parallel with the front paneistead of
extending into the shelf area.

RG 174 BNC(Figure63) crimped female connectors warleosena terminate the
other end of the sensor cali@t connected to the Ts. They were alsedfor both ends of
the cables used for connectiting front panel to the DAQ

Figure 63

The data cablayout was designed tminimize the length of cable to keep signal loss

and reduce unnecessatgctrical interferencexposureAs soon as the wisdrom each of

the sensors dropped below the base plate, power and desaneire split ofird sent in
opposite directions. Power cables wereto the rear of the machine and then run from left
to right (facing the front), dropped below the shelf and then sent from right to left right into
the power supply housing. All datalidles were run towards the front of the CDTM, where
they ran from right to left and then down to the DAQ. The greatest lengths of these cables
were run above the top shelf to minimize close exposure to the frequency inverter and

electric motor.
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3.4.3 The New Motor Control and Input -Output Panel
Mounting the motor controller within the frame and running the data cables to the

DAQ helped organize the CDTM and make it more useful. However, there was still no easy
way to access the USB data line coming ouhefDAQ or to reach the controller in order to
turn the motor on or offThere was also no simpleay to add extra sensors in the future to
expand the data collection with the machifiso, the front panel still had a largectangular
spacdn it which was meant to house the original motor controllersolve these issues,
methods of controlling the motor without using the buttons on the frequency drive were
researched, along with a USB panabunting connectohe solutions could then be
mounted in th@ap in the front panel on a new plate.

It was found that AC Technology, the company that producenhéter controller,
of fered a pr opr i ewhiahringitatédrthe Inutiohseon theoinvdrter aself. e r o
This remote contr8l5anby @WaSopnmgkBRngoi byabl
front panel with room to spare. The remote was not wireless, but the wire that connected it to
the inverter was small and extended from the backside of the remote, which camewith t

mounting screws. Theemote isshown inFigure64.

Figure 64

Another important find was a USB B female to USB A female adapter. This device
can accept either USB A or B as an input, and output the dthercccompanying pamade
by Neutrik is a special dust cover which the adapter fits into. The cover has holes for
mounting the adapter to a panel. This way, the side that is theutrte a computer is

protected by the dust cover, and the other side extends freely ttadwad in the panel it
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can be mounted to so that the wire from the internal device can be connected to it. The

adapter and dust cover are showFigure65:

Figure 65

To make the USB lineut of the DAQ, the remote controller, and the unused inputs
on the DAQ accessible despite their locations within the underside of the CDTM, a
specialized plate was designed. This plate concept had holes drilled in it for mounting BNC
connectors similar to those oretfront panel, along with the USB adapter and the remote
control. The plate design witand witloutthe components attached to it is showFigure
66:

Figure 66
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