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Executive Summary

Companies are often interested in reducing thédriand extending the lifetime of their produatstisat
their products are viewed as more reliable, highedity, and more efficient than competing products
This is often done by studying the friction and weahavior of materials under different conditions
through the use of tribometers and using the inftion gathered to determine the materials, lubiooat
and/or the conditions needed to optimize the dedige tribometers available today are expensive and
often only perform tests under one type of motiba ime. The goal of this project is to develdpss
expensive tribometer that will not only performretard test motions but will also give the user the
ability to program a more complex path that thieameter will follow so that the expected wear and
friction in a design can be more accurately predict

In order to better understand the task at handgmup has researched tribometers in depth. We have
looked at current designs, relevant patents angicurechnology, and we have conducted interviews
with various experts. From this research, we vabte to determine corresponding specifications and
requirements that we should meet. Once specifitaticere determined, we performed analyses to
determine what functions are most important todixgign of a tribometer and how the specificatiamt a
functions interact with one another. This was dem¢hat the team could acquire a better understgndi
of the task at hand.

We then began generating different concepts thatiqmtentially perform the required tasks. These
concepts were directed only to one specific tasktahe. Once our team knew the entire design space
had been explored for each function, we picked soitlee solutions most likely to work and compared
them. Through the use of Pugh carts, the solutizaisbest met the sponsor’s needs were determined.
After examining how some concepts could impactmstia@d what concepts would not work well with
each other, the team created many complete tritmraencepts and evaluated them. Through the use of
another Pugh chart, we selected a design that lievée to be the best. After numerous reiteratioins
getting feedback on this design, redesigning, amtbpming substantial engineering analysis, thentea
believes they have developed the design that bestsithe sponsor’s requirements.

The final design includes two stepper motors thaterthe pin and disk. One motor spins a gear which
spins the disk while another motor drives a bedteay that moves the pin along linear slides. Cvoessr
testing can be done though the use of both mottkesnormal load is applied through the use of mlthi
motor which pushes the pin against the disk usisgrew-drive and springs to accommodate small disk
vibrations. This tribometer monitors the forcestlo& pin with strain gages and turns the screw drive
accordingly to maintain a constant normal forcee Tibometer keeps track of how far the pin moves i
order to keep this force constant —allowing thieameter to track the total wear of the pin and désk
time.

The team has manufactured a prototype that casdubto validate that the design works. The team had
planned to validate their design but ran out oktithoie to a lot of circumstances that were outsidieeir
control. The team recommends that the prototypeabidated and improved upon in areas that are found
to not work as predicted. We also recommend thanaironmental system be design and built so that
the tribometer can meet the ASTM standards required



Abstract

Wear and friction reduce product lifetimes and éase the energy required in many processes. A
tribometer is a device that tests the wear antdriddehavior of components and materials. Twdef t
most common types of tribometers are the pin-oR;dibich places a pin on a rotating plate, and the
linear reciprocating, which oscillates the pin backl forth. Current tribometers are expensive and
limited to a single type of experiment. The goalto$ project is to develop a cheap, compact tribigm
that can perform a wide variety of tests in a régigla and reliable fashion.

History and Background

Tribology deals with friction, lubrication, and weassociated with the interaction of moving surface
Humanity has been interested in these propertie girehistoric times. Friction, in fact, gave titd
civilization when someone realized that rubbing stioks together could yield fire. The discoveryttus
wheel and the axle as well as the use of animarfdtplant-based lubricants followed, but frictitself
wasn’t studied until Leonardo da Vinci conceived tivo basic laws in 1495. These laws were
rediscovered by Guillaume Amontons in 1699 [1]. @@August Coulomb would go on to refine
Amontons’s ideas and established the second ldrictbn in 1785. The Amontons-Coulomb Law states
that frictional force is proportional to compressiorce [2]. Isaac Newton would add the third ldw o
friction when he stated that kinetic friction waslépendent of speed. But the understanding of et
laws are true did not occur until 1950 when Phillipwvden and David Tabor determined that the area of
contact between materials is limited to asperitieshe surfaces [3].The contact area between #igges
only a small percentage of the total surface akeahe normal force increases, more asperities éotoe
contact with each other which leads to an incréa#ige true contact area. The frictional force basn
shown to be dependent on the increase of contagebe asperities. Bowden and Tabor would go on to
add that the adhesive interactions between ageedtso affect the friction force. Today, the staly
friction, lubrication and wear is an important astpef countless professions and industries.

The devices which are used to perform many testh@surface interactions between materials atectal
tribometers. Currently, the two most common typiesilbometers are the pin-on-disk tribometer and
linear reciprocation tribometer. Both of thesdgésvolve moving a rounded pin with respect to a
stationary flat plate or disk with which the pinitisperpendicular contact with. By applying a camst
normal force to the pin and measuring the forcetherpin throughout the test, experimenters can
determine how the coefficient of friction changegimtime. By measuring the pin and disk, the wdar o
the materials as a function of time can also berd@hed. The difference in the two common tests
mentioned come from the type of motion. The pindisk device places a pin on a rotating plate while
the linear reciprocation device has a pin whichillases back and forth in a straight line. By viagythe
applied force, test speed, distance, and ambiewtitions, along with the addition of lubrication,
experimenters can evaluate their designs and nieges to their design in order to get better
performance and longer life times.

Motivation

When testing on a material or component is perfdrbwth the linear and pin-on-disk tribometers are
frequently used. This is because the wear anddnidtehavior of a material can differ dependingloa
path of the pin on these devices. Tests in whielpath of the pin crosses in different directigiesd



further wear behavior. Today, thorough research sfecific material’'s wear behavior requires midtip
test devices. A single tribometer with the abitiyperform all of the necessary tests will sasseaechers
time and money and will broaden and enhance ouwerstahding of friction and wear behavior of
materials. Our sponsor, Professor Gordon KrausiseofJniversity of Michigan, performs research ia th
field of tribometry and has tasked us with desigrand manufacturing a low-cost, multi-test triboenet
to be used in his research.

Research

In depth research of both tribometry and tribonmgeteas required because no member of our project
group had any personal experience with how tribemsetorked or why they were used. As part of our
research, we sought out a wide range of resourcéghometers including several meetings with the
project sponsor, patents, past and current dediigtsrical test data, and various test standards.

Interviews

In order to gain a better understanding of theirequents and to help develop specifications fomtbe
tribometer, various face-to-face interviews weradited. The interviews were used as one of the ma
sources of design requirements.

The first interview was conducted with the sporafdhe project, Gordon Krauss[4]. At this intemvie
our group discussed what we had found in the variiberature searches we conducted and how they
compared to what Krauss wanted to see in a neantiéber design. Krauss listed of several
specifications, and requirements of what was needbi$ ideal tribometer. He also recommended that
we determine several specifications based on dymed old designs. The interview was a goodistart
point for the project, and communication will conté to ensure we stay on budget and task.

A second interview was conducted on September@® 2t the Ford Dearborn Proving Grounds with
Dr. Arup Gangopadhyay, the technical leader ofititiion science for Ford’s Chemical Engineering
Department [14]. Gangopadhyay is responsible fterd@ning ways to reduce friction and wear in cars,
and has a laboratory with many tribometers to midi$ research. At this interview we were ableg® s
working tribometers, including one that Ford customit. We discussed what types of information
Gangopadhyay is interested in acquiring when hfapas tests and what type of conditions he usually
tests under. He did not express any difficulties tie had had with the tribometers.

A third interview was conducted with John Bakethat University of Michigan [15]. Baker offered his
help to ME 450 teams that would be using mechatsoini their projects. This interview was conducted
to get Baker’s advice on how to perform the motontrol and collect the data that is required in ou
tribometer. He informed us of several different s&y control the motion ranging from stepper motors
DC motors with encoders. He also gave us advideoanto build our own force measuring device using
strain gauges. Lastly, Baker advised us to splihepgasks required of our tribometer amongst dvese
and have one person become an expert on each part.

The most recent interview our team completed wals 8&an Hickman, the Pinckney Community High
School Robotics Teacher [16]. Hickman teaches ssdlawhich his students often have to complete
projects which require building a low cost devibattcan follow a reprogrammable path. He showed us
several devices that used gantry type systemshieacthis variability. Some of these devices were



with rack and pinion while others were run withall lscrew type set up. These systems were
controlled in different manners, some used mototrediers that came with the motors being usede
other systems were monitargith an encoder and controlled by a program lagiatroller (PLC).

Patents

The team also investigated previous designs arifieadly patents of various applicable designs
subsystems. Using the webgitetentstorm.L [18], several patents wereund that discussed technolc
which is related to the scope of this proj

Patentl534014(5] is the first wear testing device thadagsumented in the patents that we could fi
Figure 1, page 5, shows the disk system, and spadtyfthe spring ad mechanical measurement syst
used to measure the frictional foli

Figure 1: Patent 1534014 showing mechanical measunent device[5

20

—4 A9
-£23

Another interesting patent found is a pin on digbometer that illustrates a simple motor contrsihg
an encodetype device. The encoder motor control method beagomething that can be incorporate
our design. This device also meets the need ofjj@irtable, and has handles built into the defgrt
162). Patent 4051713 is illustrated in Figurbetpw.

Figure 2: Patent 4051713 Table Top and Encoder Degi [6]
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Current Designs

There are a few companies that currently manufadtitometers, and we decided to conduct research t
do benchmarking and reverse engineering. The taio companies researched were Nanovea and
CETR because they deal with the same measuremenitondes that our sponsor has requested. What
we found are very expensive, very specific testiagices, that are not user friendly.

The Nanovea tribometer[7], seen in Figure 3(Pgi6dws multiple test configurations that can besetu
and torn down, but cost on the order of 10’s olidands of dollars. Nanovea tribometers meet all th
standards by ASTM, and appear to have an excellatacquisition, but we have no customer reviews
on the tribometer to back up the statements on wedisites. Nanovea has other features which atid o
cost including extreme temperature, and vacuum bkesn We also tried to contact Nanovea via emalil
and phone but no one has returned communication.

Figure 3: Nanovea Tribometer Pin-On-Disk and LinearReciprocating Setup

Pin-On-Disk Tribometer Linear Reciprocating Tribometer

|

|
i

a;.f’h T

CETR[8] currently has two products; a nano/ micileameter and a heavy-duty tribometer. The micro
tribometer setup can be seen in Figure 4 andtiseofame measurement magnitudes that our sporsor ha
requested. Their device can conduct: Pin on diisk, on disk, ball on disk, plate on plate, recgating

and fretting, uni-directional and multi-directionabar, are some of the typical test setups[8]. The
problem is this device cost around $80,000 whiaksdwot meet our sponsors cost to function ratio.

While our sponsor believes this is the most flexifplobometer on the market, he also informed us of
some troubles he had switching out tooling and ranogning the machine to do what he wanted.

Figure 4: CETR Nano/Micro Tribometer Multi Test Station [8]

i
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Standards

When looking at the current tribometers on the regnke realized their specification sheets allestat
they met certain ASTM specifications for each té#e read each standard that was mentioned in these
specification sheets. We found that two of theaaddards were within the scope of the project. This
section outlines important information found withirese standards.

ASTM G 99

This standard outlines the pin-on-disk apparats,methods, procedure, and what needs to be eeport
in order to meet the standard. This section witlioe what we found to be relevant to the scopthisf
project.

This standard first describes the test method.plim@n-disk test involves two specimen, a pin veth
radius tip (typical r=1 to 10mm) and a flat cirauthsk (typical r= 15 mm to 50mm with thickness2oto
10mm and suface finish of .8um arithmetic averagess). The pin is held perpendicular to the disk
(x1°) and the machine causes one of the specinanste so that the sliding path is a circle ondis&
surface. The speed at which this happens is typitathe range of .3 to 3 rad/s and must be held
constant (1% of rated full load motor speed).

The pin is pressed onto the disk at a constantdogidg the test. This is typically done with atted
weights but can be done by other means such aaliicl or pneumatics. The standard states tliag if
pin is pressed against the disk by means of aroataver, that the pivot of the arm be “locatedha
plane of the wearing contact to avoid extraneoaditay forces due to the sliding friction. The poider
and arm must be of substantial construction togedibration during the test.”

The resulting wear from this is to be reported lBasuring the dimensions of both specimens befate an
after the test (2.5 um or better), or by measuttiegweight of both specimens before and afterdbe t
(.1mg or better). The standard advises againsttorany the continuous wear depth by using data from
position-sensing gages. The wear results mustpgmetesl with the corresponding speed, load, anihglid
distance.

ASTM G 133

This standard outlines the linearly reciprocatipgaratus, test method, procedure, and what nedmsis to
reported in order to meet the standard. This seetith outline what we found to be relevant to sepe
of this project.

This standard states that this test involves tvexispens, a flat specimen and a spherically ended
specimen. The two specimens must move relativach ether in a “linear, back and forth sliding
motion, under a prescribed set of conditions.” Bheanditions are outlined in Figure 5(pg.8) below.

This standard requires that the relative humidiB4), temperature in degrees Celsious, and the
statically applied loads (+2%) be measured. Thedstal also requires that a tension-compression load
cell or similar force-sensing device be used tosueathe friction forces during the test. This ban
recorded using a strip-chart-recorder or a comjagerdata acquisition system. This standard also
advises that the harmonic frequencies charactedéthe test machine be avoided.
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Figure 5: ASTM G 133 Procedures for Linear Reciproating Test

8.5.1 The two testing procedures are as follows.
B.5.1.1 Procedure A—Unlubricated wear testing al room
lemperature.
(1) Pin tip radius, 4.76 mm (316 in.),
2) MNormal force, 25.0 N,
(3) Stroke length, 10.0 mm,
(4} Oscillating frequency, 5.0 Hz,
(5) Test duration, 16 min 40 s (sliding distance 100 m),
(6) Ambient temperature, 22 + 3°C,
(7) Relative humidity, 40 to 60 %. and
(8) Lubrication, none applied.
8.5.1.2 Procedure B—Lubricated wear testing at elevaled
lemperature.
{1} Pin tip radius, 4.76 mm (¥s in.},
2} Normal force, 200.0 N,
3} Stroke length, 10.0 mm,
{4) Oscillating frequency, 10.0 Hz,
(5) Test duration, 33 min 20 s (sliding distance 400 m),
(6) Temperatore, 150 = 2°C,
(7} Relative humidity, 40 to 60 %, and
(8} Lubrication, full immersion under the selected lubri-
canl (see Note 2).
Nom: 2—This procedure requires full-immersion lubrication. If other
methods, such a controlled drip feeding system, are wsed to simulate
certain applications, the provisions of &6 will apply.

Test Performance/Results

Various procedures and sample results were stadigart of our literature review. This was done in
order to see what our design could incorporatedbaldease the task of the experimenter and to
determine what kind of consistency between testgpcted.

Prior to the test performance, certain measureslglpe taken to ensure accurate results will be
obtained. These measures include cleaning all padtest specimens with lab tissues and diffaygmts
of alcohol, the use of cotton gloves and tongs/tmdacontamination, and the calibration of the #orc
recorders with known weights. After the parts asembled, the lubricant is heated to the required
temperature. The temperature is measured by aeshl@#lded thermocouple which relays the
information to the heating system in order to naimthe desired temperature. Some tests proceeded t
break in the ball or pin by starting with small mai forces and incrementally increasing them. Was
done to prevent damage to the test specimens tinabotur at the onset of testing when high loads ar
used [11, 12].

Below are sample results from tests performed dimgito ASTM Standard G 133 — Test Method for
Linearly Reciprocating Ball-on-Flat Sliding Weaigkre 6 shows typical values of the friction
coefficient for Silicon Nitride while Figure 7 dilys wear volume results. Eight tests resultechin a
average coefficient of 0.81 with a standard desiatif 0.014 and an average wear volume of 0.543 mm
with a standard deviation of 0.189. These restulishelp give us a better idea of what to expeotrfrour
device. These figures indicate that the wear volaarebe more variable than the friction coefficiantl
also provide us with some values we can use ashber& comparisons if we were to test Silicon Nérid
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Fig. 6: ASTM Standard G 133 Sample Test Results &i 7: ASTM Standard G 133 Sample Test Results

Frictlon Coefficlent Results for Sllicon Nitride Wear Volume Results for Sllicon Nitride Speclmens
Speclmens Using Procedure A Using Procedure A
Note—Coefficient of variation=*1.8 %; 95 % confidence lim- Note—Coefficient of variation= +34.7 %: 95 % confidence lim-
its =0.04. its =0.53.
Laboratory A Laboratory B Laboratory A Laboratory B
] Deviation Friction ; jati
Test Num-  Friction Coef- . . Deviation from Test Num-  Wear Vol- Deviafion oot Volume, Deviation from
ber fcient from Aver Coeffi Average, 5 from Average, 3 3
, age, 1 cienty h ber ume, mim o’ mm Average, mm
1 0.800 -0.005 0.715 -0.075 1 0.746 0.203 0.304 0.020
2 0.800 -0.005 0.854 0.064 2 0611 0.068 0513 0.139
3 0.803 -0.002 0.800 0.010 3 0507 —0.096 0.276 —0.008
4 0.808 0.003 0.817 0.027 4 0.635 0.002 0.325 —0.049
5 0.800 -0.005 0.742 -0.048 5 0.203 ~0.250 0.427 0.053
6 0.781 -0.024 0.811 0.021 6 0.229 —0.844 0.388 0.014
7 0.820 0.015 0.716 -0.074 7 0.610 0.076 0.379 0.005
8 0.828 0.023 0.862 0.072 g 0.707 0.184 0.087 -0.087
Average 081 0.7 Average 0.543 0.374
Standard
Standard
deviation 0014 0.058 dev?at?c:n 0.189 0.078
Coefficient 1 0o/ +7 49 Coefficient
of varaion 1" 14% Sooffolent a7y, £20.8%
95% confi- o -
dence limit 0.04 016 32;;:Tir;:|it 053 022

It is important to note that the results shown @&dowicate that results from tribometer to triboeneto
not agree completely. These results indicate tlesured quantities may vary significantly from test
test. In order to understand why these values sanyften, it is imperative that the tribometer tieasts
are being run on is calibrated and characterizeg:ctly.

Control Systems and Data Acquisition

This research looked at different ways to contnel éntire system and ways to receive the data from
required tests the specifications ask for. Colgrsland data acquisition could be separate icdbe of
stepper motors, or could be integrated togethBCifmotors were used. Motors all need some sort of
amplification to take a given signal and turn tbia bigger power to drive the motor. Controlleesd
data to amplifiers via protocols such as pulse lwidodulation (PWM) or just pulses in the case of a
stepper motor. National Instruments sells systiéraiscan act as both a controller and a data atiquis
device, but we will need a nearly real time santphiaite to ensure we maintain certain specifications

The use of electronics is also common place whgunidong data. There are also old fashioned ways of
making measurements mechanical, like the pateatsqusly mentioned, but we believe these devices
will take up an unnecessary amount of table spadendl make it difficult for the user to analyzeet

data. Because the University of Michigan providesess to many National Instrument hardware and
software, National Instruments will be one of thietfchoices in data acquisition systems (DAQ).
Sampling sensors, then saving that data to congphter become the standard practice when making
measurements because of the flexibility of a modemputer according to John Baker. He also
recommended National Instruments because of Lab\VWiigh makes interfacing a user interface easy
with acquiring various data. [15]
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Stepper motors were also mentioned as a good werg#te the motion needed for this project. Steppe
motors have their own version of amplifiers, wiriagnd control systems. The motor hooks up to a
stepper amp, which then hooks up to a stepperatartr The controller interfaces with a computeatt
has software preprogrammed to import path filesi{sas a .DXF).

Project Requirements and Engineering Specifications

The main goal of the Multi-Test Tribometer is todige to perform rotational, linear reciprocatiaggd
custom combination movement patterns; howeverethe many more requirements which the device
must achieve in order to have successful teststrif@meter must maintain a constant normal force,
determine the coefficient of friction between the @nd disk, measure wear of the pin and disk, ta@in
constant temperature and humidity levels, meadetrigal contact resistance, and allow tests to be
conducted in a lubricant bath.

A big step in the design process is to translagtioducts requirements and customer needs to
engineering targets. Each product requirement treistnalyzed to determine how they can be expressed
in a quantifiable manner. In this manner enginegparameters can be formed to help us further
understand and attack the problem at hand. Thestegxtis deducing these engineering parameters into
specific target values. A couple of questions niestonsidered during this process. What is theivela
importance of each project requirement, and howitgiimportance affect the target value? How wilr
target values compare with those of competitivelpets? Dissecting these questions one can getea bet
look into how the target values can be determined.

Sponsor Requirements

Our sponsor, Gordon Krauss, outlined certain prodeguirements that he would like our product to
meet. First, the tribometer must take and storktirea data of the normal and frictional forcess th
electrical contact resistance of the ball bearamg] the amount of wear resulting on the ball beaaimd

test material. The amount of cycles and total disteof the test must also be determined. A constant
temperature and humidity of the testing atmospherst be maintained. Access to the testing areddhou
be provided and all tests should be performedsafa manner.

Engineering Specifications

Once we obtained some the basic requirements froramonsor, we were able to conduct some research
to evaluate more specific engineering targets. $howable 1 is the complete list of specificatiohat

were determined from demands of our sponsor, ASTEMdards, and competitor products.
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Table 1: Engineering Specifications

Specifications

Values

Linear Testing Speed m/s (ft/.

.01"-1* (.03-3.28)

*Rotational Testing Speed rad/s (RPM)

:3-20r (2.9-600)

*Measurement Resolution of distance and force

1

*Control Precision mm (in

1(.04

*Test Specimen Size Diameter mm (

25.2-254(1-10)

*Test Specimen diameter resolution mm (in.)

.025 (.001)

*VVolume cm (in.

60.96x60.96x91.44 (24x24x:

*Sponsor requested
*ASTM standard

°Competitor
specificatiol

*Normal Load Range N (lI .1-200 (.0:-45)
*Friction Coefficient Measurement .01-1
*Stroke Length cm (in 0-25.4 ((-10)
*Data Acquisition Frequency (kH 2C
*Operating Temperature Range °C | 0-150 (3:-302)
*Temperature Resolution °C (¢ 5(5)
*RelativeHumidity Range (% wate 0-10C
*Relative Humidity Resolution(%o) 3
°Electrical Contact Resistance Range (Ol 0-100¢
°Electrical Resistance Resolution(oh 1

*Ball Sizes mm (in.

1.59, 3.18, 6.35 (1/16, 1/8, 1/

*Wear range mm (in.)

0-3.18 (0-1/8)

*Wear resolution in (um) 9.8 x 10°(2.5)
*Total Cycles 0-1M
*Distance Measurement in (m +.04 (1
*Perpendicularity of the Disk to the pin (degrees) +1
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Quality Function Deployment (QFD):

To analyze the specifications determined for thmineter, our team used a Quality Function
Deployment (QFD) chart. This chart allowed us tsigrs weights to requirements and correlate how the
specifications related to these requirements. Bliptying the number weighted to a requirement &rel
number rating of how much a specification helpmt®t the said requirement, we are able to determine
what specifications are most critical to meeting dptimum design. We can use this chart later when
comparing designs. The completed QFD chart is ipefydix B.

We used the results from the QFD to determine spatifications we should focus most of our time on
while developing the alpha design. These incluéeathility to perform both test methods, minimizihg
cost wherever possible, the ability to measuralib&nce of wear accurately, measuring the forces
accurately, and the ability to control the speetheftribometer to within the specifications of 1sntl%.

The QFD chart also allows us to view tradeoffsp#dfications. For example, we can note on the QFD
that if the tribometer’s vibrations increase theasweement resolution of disk wear will decrease. By
seeing how certain designs to perform a functioy pwsitively or negatively interact with other
functions, we can get a better idea of how to seferbest design.

The QFD also compares current competitor’s spetifias to our prototype’s. The performance of many
of the functions on the prototype are either corapigrto or exceeding our competitors product. Sofme
the performance levels of our product do not compaell the competitors. However, considering that
our alpha design will be able to perform both testhods, we feel we have a large advantage over
current products.

Concept Generation

The first step we took towards generating concepisto develop a functional decomposition for the
Multi-Test Tribometer. The functional decompositicem be seen in Appendix D. Creating a functional
decomposition allowed us to establish and assesglgxvhat tasks and capabilities our device weibd
to be able to accomplish. The functional decomjmrsilso made clear that the tribometer’s functions
could be performed by separate components or madUlere would be a component for applying the
normal force, a component to perform rotationaliomta component to measure the wear, and so on.
The final assembly of all of these parts would thenstitute the Multi-Test Tribometer.

Instead of generating concepts for the finishdabtrieter assembly, we decided to initially focus on
generating multiple concepts for each componentlagad analyzing which designs would work well
together. Each member of our team came up withiphelconcepts for each module of the tribometer and
then presented their ideas to the group. Indivithuainstorming was done prior to group brainstogrin
prevent any single person’s ideas from dominatiegdiscussion or excessively influencing the greup’
train of thought. We then had a team brainstormvhich everyone’s ideas were written down and
discussed as a group. The team brainstorm ledditiauhl designs and concept generation. A complete
list of component designs can be found in Appemdix To outline the process used for concept
generation, we have included a detailed write uwatg how this was done for the function of apptyin
normal force. This is shown in the following seantio
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Concepts for the Application of a Normal Force
The tribometer must be able to apply a constanhabforce between the pin and the disk. The follai
ideas were generated to address this requirement.

Dead Weight .

The pin will be set against the disk using a learen and will be (- -_‘Q _"‘_D:,
free to move in the vertical direction. Calibrateeights will then

be placed directly above the pin thus creatingrestzmt normal 8

force of the pin against the disk. The pull of gnawill constantly g

pull the weight down and the force will not charmlye to wear in

the pin or disk.

Cable with Crank
A cable will be positioned in a grooved slot ditg@bove the pin. The cable will be anchored at eme
and attached to a crank at the other. When thé ésaarned, the cable will be pulled taught and wi

> force the pin downwards. A motor can be
e attached to the crank to maintain a constant
; L NET Cuble o J <\ ap )< | normal force as wear occurs. This will
) ‘”;.i' O require feedback from the normal force
Archores Ssensor.
Screw

Similar to the cable with crank concept. The sttt contains the pin will be threaded on the iasithe
pin will screw into the shaft until it touches ttisk. From this point on, as the pin is screwerthore, it
is forced against the disk thus creating a norm@ef. A motor with a worm gear will be attachedhe
pin to perform the action and ensure that a cohsiamal force is obtained. This will require feadk
from the normal force sensor.

Magnets
A magnet placed under the disk will pull the piraagt the disk due to magnetic properties of time pi
This will create a normal force

against the disk.

e ta WMogpekte  Lolze

Hydraulic / Pneumatic
A hydraulic or pneumatic system will be used taéothe pin against the disk using liquid or airsgree.
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Spring

A spring will be placed under the disk, and willdmmpressed to a known length. The pin will be
positioned so it is just touching
e oL Foect the disk, with no normal force

" occurring between the two. The
spring will then be released and
will attempt to reach its
uncompressed length, thus

: forcing the disk against the pin
T S e and creating a normal force.

Concept Selection

Pugh charts were then made for each separate modedenpare the different designs we generated and
to aid us in selecting the best options. Thesebediound in Appendix E.2. We compiled a list of
selection criteria appropriate for our project #meh individually scored each design on how well it
satisfied the selection goals. If a design satisdieriterion very well it was given more pointadaf it
didn’t satisfy the criterion it was given less psinThrough this process we were able to assigmlato
each design. We then discussed our individual reyskas a group and talked about any noticeable
differences in points before settling on a finasige ranking for each component. This process was
performed for each module. After all the scoresIhaeh tallied we organized the design componetts in
a flow chart, located in Appendix F, which allowesito more easily view how the component designs
would work together and which would be more diffi¢o integrate into an assembled product. Some
designs could be eliminated immediately either tduefeasibility of the design (ex: if we would et
manufacture something on a small scale that woelienpossible in the shops available to us and we
could not just purchase a product on the markaa$t (ex: the cost of a concept was well over tidget
given to the team) , or for being too complex fug scope of our project. We generated concepthdor
assembled tribometer using different componentgtlesbmbinations that we thought would work well
together. Two base concepts - an inexpensive, siagdembly and a very expensive, highly accurate
assembly — were initially generated to give ustteb@lea of the range of finished products our
individual component designs would allow. Multiglssembled concepts were generated that sought to
balance cost against an effective device thatldfiall of the requirements. These assembly cascep
were then ranked using the Pugh chart found in AgpeG. Several concepts are displayed and
described below.
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Table 2: Application of Normal Force - Concepts

Concept C Concept E Concept F
Concept A Concept B ConceptC. , Alpha Des.” “Awesome” “Cheap’
Normal Force . Cable wi/ . Screw w/ .
o Dead Weight Dead Weight : P t D Weigh
Application cad vielg crank cad vielg Worm Drive neumatc ead Weight
Force Multi load . Multi load UL 6-axis load .
Strain Gauge Gauges / Strain gauge
Measuremen cells cells cell
Load Cell
Wear LVDT LVDT LVDT Worm Drive Whlte light None
Measuremen Encoder inferometer
Motion Pin all Pin all Pin Recip. Pin Recip. Pin Recip. Pin all
Control motion motion Disk Rotate | Disk Rotate Disk Rotate motion
Temperature TEC TEC TEC TEC TEC None
Control
Humidity . . - Humidifier/  Humidifier /
Control Silica Gel Silica Gel Humidifier SilicaGel  Dehumidifier None
Disk Holder Chuck Screws Screws Screws Chuck Screws
Pin Holder Screw / Screw / Screw / Screw / Screw Sizes Screw /
Washer Washer Washer Washer Washer
Electronic
PCI PCI PCI USB CRIO USB
Controls
Motors Stepper DC Stepper DC DC DC
Pugh Score 325 330 334 378 327 340
Concept A

This design does not use any of the more compleyooents and would therefore be easy to use and
manufacture. However, its simplicity also resuttdow reliability and accuracy. All-pin motion walil
make programming various motion paths easier, layt mot achieve the rotational speed requirements.
Using dead weights adds to the size and weighteossembly. Moving a pin with dead weight would be
unwieldy and potentially dangerous.
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Concept B

Concept B uses the cable with crank method wiliddger than using dead weights. Compared to the
screw and worm drive, this method is similar bufuiees an LVDT to measure the wear. This adds cost
and weight. The pin-all motion will again be moezsatile and using DC motors instead of steppdts wi
weigh more, but will be more capable of meetinggpeed requirements.

Concept C
Concept C is nearly identical to Concept A, butwgin-reciprocating and rotating disk motion rather
than all-pin. This results in a less versatile, $afer and more durable design.

Concept D

Our alpha design uses the screw system with ardencm a worm drive. This method will apply the
normal force and simultaneously measure wear.ntush lighter and easier to move the pin compaved t
using dead weights. Using pin-reciprocating andtiog disk motion will allow the device to meet the
speed requirements but will result in less flexiblevement compared to all-pin motion for moving the
pin in complex paths. A National Instruments USB@ill be used with a LabView GUI.

Concept E

If cost was not an issue, this is the device welevawake. The components would be mostly bought
already made, and our only task would be to assethblparts. It would be very reliable and highly
accurate as well as versatile. However the pricglavbe far too high for our budget and therefoneds
feasible.

Concept F

Concept F is the cheapest assembly of componessi® We would manufacture our own force
sensors using strain gauges and would control titemmusing a USB. This concept would not achieve
many of the requirements such as temperature améliy control, and wear measurement. It would also
not be very reliable or accurate.

Alpha Selection

The rankings obtained using the Pugh charts gagenusre detailed illustration of which components
would work well together, which wouldn'’t, and whigfould have no effect on one another. Several
trade-offs were looked at including the motionta# bverall system. Pin-all motion was originalie t
idea that was going to be focused on, but aftekitmpat the mass of the motors and the complexities
controlling such a system, we needed another apBoing back to the Pugh chart, we looked at theé ne
best option which was a pin reciprocating, ands& dpinning. We could accomplish this motion véth
simpler mechanism and control system utilizinglzadlinear slide system and the spinning disk.
Programming this system for the two standard teBtde very simple, but programming for a combined
test will be more difficult. The sponsor seemeéatmr this trade off, so the choice was made tibctw

to a pin reciprocating and disk spinning design.

Another trade off looked at was the strain gaugeduying force transducers. The force transducers
give us an easier way to measure force, but ateylauld expensive. On the other hand mountingrstrai
gauges to the pin will be cheap, but hard to acdisimpnd a lot of math is involved. Due to thelgafa
being extremely low budget, we selected usingrsgaiiges. This will be a difficult task and onespa,
Brian Kirby, will be in charge of force sensing the project.
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Further group discussion and brainstorming ledhéosielection of an alpha design that took into act
all of the previously established module rankingdinter-component relationships that had b
generated. This alpha design was selected bedamsets the highest priority requirements and t
relatively low cost compared to system performalitds.also optimized based on tri-offs between the
different options which were generated. This designalgschosen because we feel comfortable thi
can construct and program a working device basemlioteam’s current engineering capabilities
level of knowledge.

Alpha Design

After completing the aacept selection, talking to the project sponsod, performing some preliminal
calculations, we believe we have a good initiaigleso move forward with. The design attempt
incorporate all of what the sponsor has requesiaaever some of the ruests have required sot
relaxation in the specifications. The design aquhes the main goal of creating a variable |
tribometer, at a low cost, and which can measurarately and precisely. The final render of théhal
design can be seen in Big 8. The design was broken up into three matinessemblies: motic
generation, the pin gantry, and environmental @b

Figure 8: Alpha Design

Motion Control

In order to generate the motion needed for thedifferent “standard” tests, and tvariable tests the
sponsor wants we will be using two motors to geteen@o separate motions, a spinning motion a
reciprocating motion. The disk will be mountedabgiant bearing mounted to the base of the t
which will then be geared to an etric motor to create the spinning motion. Thislicgtes the standal
pin on disk spin test which has the disk spinnind #he pin loaded. The motor is mounted below
table, and drives the disk via a gearing systehme rbtational system can been in Figure ¢
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Figure 9: Rotational Drive Gearing Systen

The pin will be mounted on a linear bearing systdrove the disk to generate a reciprocating motfm
electric motor with a slider crank system will drithe reciprocating pin. Figure 10 ws how the
motion is driven and generated using the slidaniceystem. The system was selected beca
simplifies motor movement by incorporating a bank &rth motion while only spinning in ot
direction. A method utilizing a belt drive was atonsidered, but would require the motor to freque
change directions while also having to overcomeatiaged inertia due to the weight of the appliednad
force. In order to reach speeds of 1 m/s on thdleshgample size, accelerations of nearhg’s would
be required. To achieve constant linear veloditg,mhotor will have to actively change its rotatio
velocity throughout the test. To incorporate dif& sized samples, the user will have to manualjyst
the arm length with a nut a badt ensure they don’t have too long of a stroketls. Simply combining
the two different motions will be easier and cheapeontrol the system movement for the two staah
tests. The variable tests will be harder to progtaut it will still be posible to generate variable pa
for various testing.

Figure 10: The Linear Drive Crank Systen
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The sample is held down with an adjustable chupk tevice. Figure 11 shows how the sample wi
held down. This is a very easy to manufactureap and light weight system, but will be difficult
ensure who balanced the sample is on the samide liorder to ensure the sample is centert
centering pin will be placed in the middle of thaeick device and a small hole will be drilled at tanter
of the sample. Vibration damping feet for the begivill also be incorporate

Figure 11: Sample Clamping Method

Pin Gantry

The heart and soul of the wear system is the @teayon our variable machine which can be se
Figure 12.

Figure 12: The Pin Gantry Assembly
— — .
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The pin gantry will apply the normal load that edrange on the fly, and also be equipped with athe
measurement transducers to find the normal forpéea) the frictional force, and a simple wi
calculation. To apply the normal force to the sle a small motor will be mounted to a worm drive
the gantry turn a vertical screw which is the pirhis will force the pin down onto the sample, giy
feedback from the normal force transducer and atigws to adjust the normal force on the 1

As the pin wears the motor will have to automatjcliwer the pin more to keep the normal fo
constant, by measuring the number of turns the niet® moved will give us a good total wear estir
of the track. An encoder will be mounted diredtlym the motor to measure the wear. The sponsc
informed us that having a feedback loop may cduseystem to go crazy because the wear track yc
“bumpy”. To combat this problem we plan to adgdrg into the pin system to smooth out bumps,
also correct the normal force at a lower samplatg which will smooth out feedbac

The friction force will be measured by strain gasig@unted to the sides of the pin. When the pinas
and deflects causing strain theg forces can then be calabbd from the strain in the pin giving the fo
due to friction. Having all of those force tranedts will lead to the end goal of measuring thetifsn
coefficient between the pin and the disk. To séheesmall strains with higher accuracy, them will
amplify the signal using a wheatstone bridge. kxdtaf multiple resistors, the team will use idegit
strain gauges that will not be strained. By doimg,tthe team will not have to account for the ¢jeaim
the resistance of the strain gauwue to temperature changes.

Electrical resistance between the ball and the willbe measured by a resistance sensor in the
attached to the ball. This sensor will also becattd to the ground. By measuring the elect
resistance, data pertaigj to lubrication effectiveness and wear can beliaed

The pin is not consists of a shaft with a ball bepat the end. The sponsor has asked for varizil
diameter sizing (1/4”, 1/8”, 1/16"). To accommaglttis, the design will have a sci-on tip at the end
that can be interchanged depending on what batietier is desired. To change out the ball, theli
gantry moves to the far end of the limit wherelthé can be changed out without interference froe
sample. This feature can bees in Figure 1.

Figure 13: The ball holder mechanism
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Engineering Analysis

This section consists of detailed analyses andjdetianges that were performed after DR2. In the
following sections we will describe the processed equations we used to analyze and improve upon ou
Alpha Design, the rationale behind any design chatigat were made, and specific fabrication and
validation plans we will use to manufacture andfyaeyur device. This section is split into four
subsystems that each contains the processes mezhtibove. These subsystems are Motion Control, Pin
Gantry System, Force Measurement, and Environm@utadrol. Each team member was responsible for
the overall design and analysis of a subsystens Whs done to better utilize the team’s time and
resources. Team meetings were held to discusgatimg of the subsystems and an assembled CAD
model was made to verify that incorporation of shbsystems was possible and accurate. A segment
detailing the integration of these four subsystams$ an overall project plan is presented at theoéiiais
section. Figure 14 shows the final design.

Figure 14: Final Design
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Motion System

After more in depth analysis of the initial alphesiijn concept, a pin that performs all motion aithX-
Y gantry, we realized that there were several jquestegarding certain aspects of the design. ifse f
major problem was the control of the system. Wiaily thought that the use of linear motion intho
the X and Y directions would be a simple task. Heosvefinding a method to control where exactly the
pin would be located is proved difficult. Thererev@ff the self systems which used stepper mobus,
these would be extremely difficult to integrateaifeedback system needed to ensure that we weiregget
the correct speeds and accelerations. The grefesifall with the pin all-motion system is thaeth
leading edge of the ball bearing that touches énepge will have a constantly changing leading edge,
which is not traditionally how the tests are cortddc For all of these reasons we chose the next be
motion system which consists of a spinning diskl atinearly reciprocating pin.

The final design uses two motors to create thesspgarate motions of the disk spinning and the pin
reciprocating across the disk. Using this setup&eahke leading edge of the sample constant thraugho

the standard linear reciprocating tests, and apidisk test, but the leading edge will be varyahgng a
combined motion test. This will have to be addeddsy another team, because we do not have time to
study the effects of this. The sponsor has reqddbteleading edge to be constant at the stareadd

points. By using this motion selection we will &igle to perform the rotational test, and potertitile

linear test, much easier because no complex motiotrol is needed. The motor must simply be turned

on and set to the desired speed to perform the Td& rotational mechanism is a motor geared to a
sample clamp system which is mounted to a bearTige gear system was chosen because it can transfer
high loads and torques well at high speeds. Dasighe linear reciprocating motion was more difftc

Initially, we attempted to copy several linear pgocating tribometers seen during preliminary restea
and use a four bar linkage that utilizes a slideareate a linear motion. The control scheme wbeld
just as easy as the rotational system becausemplysurn on the motor, it rotates, and the linkag
creates the linear motion needed. While this smamed simple at first, we discovered that thexe ar
several downsides to this setup. One problem ifinkage creates an elliptical velocity profile dioethe
complex motion of the linkage. This would need ¢ocbrrected to be a constant velocity profile. The
linkage works by only allowing the x- velocity vectfrom an arm attached to a motor to be usedthét
edges where there is essentially no x-velocityorethe motor is very inefficient and could cause
problems if a variable test was run in the endamesgi After further discussion with the sponsor, we
decided that the negatives of a linkage far outhedgthe nice simplicity of a control system.

The linear motion system that was chosen will zgika timing belt that is attached to the motoravia
timing pulley. The control system will be somewhaire complex and will involve a calibration system
of limit switches to ensure that the linear sligdesl not run off the track. The pulley systembite @0
apply full torque anywhere along its velocity patid it is not constricted by a linkage for its roati

The velocity path is also easier to control becatus#l now begin linear and the user could moasiéy
program a variable speed test. Although this systieays from some of the traditional tribometees w
have seen in research, a pulley system is usetthém similar machines such as a laser cutter. ifgnithe
right size belt to transfer the heavy loads thditlve seen will be vital to the success of thisigies
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Motor Selection

After selecting which methods for motion generatieare the best, research on all of the differepesy

of motors was conducted to compare the benefitddamahfalls of each type of motor. The two types of
motors selected to be analyzed in full detail waepper motors and direct current (DC) motors bezau
of their wide use in similar applications, theiseaf control, and their relatively low cost congzhto
other types of motors. Concurrently, simple mathilet® were generated to look at the worst case
scenarios the motors would face to generate fugibecifications specifically for the motors in the
tribometer. Two different models were made, omeefich type of motion. After looking at all the
options a final selection for stepper motors fragtig technology inc was made.

Motion Models

Using basic static and dynamic physics equatidngle math models were generated for both the tinea
and rotational tests. These models were usedvielafethe specifications for the motors neededh s1sc
max torque, nominal torque, minimum speed, etc.

Linear Test Math Model: From the initial specifications we knew that amal force would be applied
and that this would translate to a longitudinatéobased on the coefficient of friction using eqFbr
the motor, the worst case scenario would consikawing to travel at the max load (200 N) with aywe
high coefficient of friction (1) at the max speeffi speed of 1 m/s. There are multiple factorsgmtes
including the constant force on the pin, the titmtakes to takes to accelerate up to speed, arfdrte
on the pin caused by the acceleration.

Frictional Force = u(Coef ficent of Friction) * Normal Force (N) Eqg. 1

After pluging into eg. 1, the maximum longitudifiaice will be 200 N. Plugging the force into Eq.
2combined with the radius of the pulley attachethtéomotor will give the motor torque required vaitt
a gearbox.

Torque = Force X radius Eqg. 2

A gearbox may not be needed, but it was factorixtire optimization. The gearbox is simply a réatiat
will require higher RPM’s and lower torque from tmetor. A gearbox is used to make sure the metor i
moving at the nominal speed and torque for contisugse. The equation used to determine the torque
from a given gear ratio is Eq. 3.

__gear radius;

T, (Input Torque) Eqg. 3

- gear radius,
After determining the nominal torque, the max t@rq start up needed to be found to ensure that the
motor would have enough torque to begin movinggeduetry system. The force needed for acceleration
comes from Newton’s second law of motion which ketleq. 4. The mass of the gantry was assumed to
be 3kg.

YF = mass * acceleration Eq. 4

Acceleration was assumed to be constant and waslatdd based off of the travel distance at comstan
speed required by the sponsor. The specificatbnw by the sponsor was for 80% of the wear ttack
be at a constant speed. So that would mean 10% bewsed for acceleration at each end, which is
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where the most force will be needed. The gantryld/bave to accelerate up to 1m/s and the smallest
diameter sample we would see is 2 inches, givitayed of .2inches to accelerate to 1 m/s. The
acceleration was found using eq. 5.

__ (Final Velocity)?

acceleration = ——————— Eqg.5
2xDistance

The force from acceleration and the force dueittidin combine to give the highest torque that seted
be provided by the motor, which, using eq. 5, egm&t a torque of 25Nm. After the gantry acceéerat
to the max speed, it will only be affected by thietion force and will require only the nominal ¢ie to

continue moving.

v =wr Eq. 6

The rotational calculations utilize many of the samguations and ideas from the linear reciprocating
motor selection study. The major roadblock fourdievcalculating the rotational motor requirements
was the 600 RPM requirement found in the specitioat After talking with the sponsor, and
reanalyzing the standards set forth by ASTM, wdd oot understand how they got to “600 r/min”.
After discussing this with the sponsor, he felvéts best to keep the specification, but to make that
we can hit 1m/s rotationally, and then discussirggupper limits of rotational testing.

For the worst case nominal torque needed, the §aatienal force on 200N could be applied at the
radius of the largest sample, which is five inch&he worst case nhominal torque the motor will
experience is 25Nm.

The highest torque seen will be due to accelerdktiagnertia of the sample disk and holding sysaemh
the friction force associated with a moment arrhe Totor must overcome this torque to reach the
correct speed and maintain it.

Torque = interia(l) * angular acceleration(o) Eqg. 6b

Designing for optimal torque is important becausmsures that the motor will work at its highestvpr
output. The manufacturer of the motor will giveoeque vs. rotational speed curve that will be etske

in making the correct motor selection. A motorwbddoe able to overcome the maximum torque required
and it should also operate constantly at or taitite of the maximum power output point. The

maximum power output is at half of the max rpm, hatf of the max torque. Figure 15 illustrates a
motor torque curve of the motor that we choose tithoptimal torque point shown.

Final Motor Selection

The same motor was selected for the two separaiemsan order to keep simplicity and uniformity
throughout. The motors we selected are essentialpiggest off-the-shelf stepper motors we cdwigl
The National Electrical Manufacturers AssociatioBWA) size 42 motors are made by Keling
Technology Inc. based out of Chicago, IL. The moteill be paired with a Keling-made KL-11078
Micro-stepping Driver to generate the motion. Tehemtor controllers can plug directly into the watd
can perform micro-stepping. Micro-stepping is aloetof increasing the resolution of a stepper miator
make it more smooth and precise by having moresgieprevolution.
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Figure 15 The torque curve for the motor with the optinaljue shown.
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To verify thatthese motors will wol, Keling provided a motor torque curve with half {t@plegrees’
which utilizes the same motor driver we plan toghase operating an assume 110 VAC. The
important aspect gdicking out motors ito make sure thdhe highest power that the motor can outpi
being used at the same timeiitcounter the highest loads. Based on the calculations fravipus
sections we were sure that these would be opeaatier or below the nominal loading. Fire 16
shows a picture of the proposed motor and contooh fKeling Technolog:

Figure 16 The motor and driver system.
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System Limitations

Although the motors we have chosen are the biggestible motors that anyone can buy that are not
custom, they still fall short in some aspects efdlesign. After doing the above calculations, ekele
that it is not possible to achieve certain speddstational testing depending on the sample sit@s is
due to the limited motor torque, at such speedsceSve are testing high frictional forces, theit e a
constant torque on the motor, on a pretty substlambment arm. Without going into too much detail
with the problem, Figure 17 shows the sample sizthe speed that we can test at maximum loading
conditions (200N normal force, with coefficientfattion of 1).

Figure 17: Sample Diamter is Inversly Proportional to Testd®onal Test
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Pulley System

As previously mentioned, a timing pulley systeml wé used to move the pin gantry back and fortls thu
creating the linear motion that is required for tifilgometer. We located a prominent belt supp{Bates,
who has developed custom belt design softwarehfar products. After talking with Chuck Wilsteah
applications engineer at Gates, he recommendedDbsign Flex Pro software which is free from their
website. After plugging in the torque, belt lengim, and other factors of our system, the DeBign
software recommended a 5mm pitch PowerGrip GT2savith a width of 25mm. Figure 17 shows the
summary from the Design Flex software program.nftioe math performed earlier, we found that we
needed a 2.75" diameter pulley which would themusearound to another pulley of the same size, and
finally clamped to the linear gantry. We found.@57 pitch diameter pulley from motion Industries
which will run along a 1300mm long Gates belt. Blgstem is 5mm pitch and will need to be tensioned
between 58 and 64 pounds to get the correct poamsrission it was designed for.
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Figure 18: Gates Design Flex Software
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The drive pulley will be manufactured to make ukthe already keyed drive shaft of the motor. A
bearing will be attached to the free side of theéantm ensure that the drive shaft does not obsznye
side loads from the movement or tension in the Helgure 19 shows how the drive pulley will be spt
and Appendix H and Appendix | show the final pand the manufacturing plan for the drive pulley,
respectively.

Figure 19 Drive Pulley Picture

On the opposite side, the same pulley will be wsedn idler pulley to keep the system tensioned and
working correctly. The pulley will be lathed ta 8 .75” bore ball bearings to keep the idler adigrand
spinning correctly. The shaft that the idler pulieles on will be mounted to the side wall oppositthe
motor. We will be required to keep tight toleramoa all parts to ensure correct alignment. Thal fi
print and manufacturing plan can be seen in AppasdH and 1.
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The belt will be clamped onto the linear bearingtegn using a system that sandwiches the belt batwee
two plates that mesh with the teeth of the behlie Tlamping system is what allows the gantry to enov
back and forth with the belt. It can be seen bedtimng with the complete pulley system in Figure 20.

Figure 20: The complete linear reciprocating system

Gear System

The rotational system is very different from theekr system, and it will see much higher loadstdube
10 inch sample size disk which will create highgstained torques on the system. To compensate for
this, the stepper motor will be geared. Accordimthe above math models, a 5:1 gear ratio woulithé&e
best option for torque and speed. The next steyptavfigure out the optimum pitch and size requfiad
the gears to achieve a 5:1 ratio with the torghesgjears would be subjected to. The biggest dyivin
factor for the gearing was to make sure that itabe purchased off the self. We could not find a
convenient gear design selection program like wiefati the belt system, so we had to perform our own
analysis and calculations.

The first selection to be made was the pressurieanbich comes in 3 choices (14.5°, 20°, 25°)2A
degree pressure angle was chosen because of ésawadlability when compared with 25, and its aili
to transmit higher torques then 14.5. The nexdcigin was to determine the strength of the gedtan
make sure that it can handle the loads it will ugdeAfter reading several books online and in the
library, one book, Gear Design and Production rezfeed the Lewis Equation for gears (Pg. 23). &7
the Lewis equation which relates bending strestherteeth to the load applied, speed and form ffacto
as well as the width of the gear.

Material St thxWidth+S ice Fact
W(Safe Tooth Load) _ Material Streng i ervice Factor (Eq 7)

Pitch

An online calculator was found that could provigiimum gear pitch, number of teeth and ratio. €hes
values were partnered closely with looking at wigelars were available off the self at various seppl
including: Motion Industries, McMaster Carr, Browgi and Boston Gear. Based on what is available
commercially and the Lewis equation, a set of safley gears from Browning will create a 3.33 gear
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ratio. The 16 pitch, .75 inch width gears wereghmllest gears that could handle the loads seemtfre
motor.

Predicted Performance

The current system, even with the best off thefstoghponents, will not be able to meet all speaifizns
all the time. This downfall will only be seen imetrotational aspect in which the bigger samplessare
used. This is because the torque on the motottieragly high due to the large moment caused by
friction far from the center of rotation.

Chassis

After the motors were selected and the sample dlampethod system was finalized, the chassis system
could be designed to hold everything together éencirrect alignment. The main skeleton of the
tribometer will be a professional looking coffeblafrom IKEA on which the main test bed will restl

of the support electronics will rest on the shelioliv. The chassis is made up of a base plate amd tw
vertical sides that are reinforced by four sidepsufs. All of the pieces interlock with slots aaue then
screwed into place. The slots ensure precisiorsardgth of the entire system. Figure 21 shows th
interlocking chassis system on the coffee tabliee frint of the table can be seen in Appendix i ik
depth description of the material selection prodesthe chassis sides can be found in AppendiT. [

Figure 21 The chassis system on the IKEA coffee table.
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Bearing Selection

Bearings are mechanisms that constrain a motiomdeet two moving parts. Several bearings are
required in our design to constrain linear andtiotal motion. Bearings are needed to reducedrict
and keep parts in precise alignment. They werd tskeep the sample in a rotational configuratind
to keep the linear pulley system aligned properly.

Linear Bearing

The linear bearing system will come from Igus, tenufacturer of DryLin® products which uses an
anodized aluminum and special plastic to produteali bearings. The max speed it can attain ipg9 f
(15 m/s) which is much greater than our 1 m/s digation. The two gantry system will only weigbB.
Ibs (32 g) and it will arrive pre-built, ready tsaiout of the box. Igus also has the Young Engineer
Support (YES) program in which they give studente samples for engineering projects, so their
materials are free.

We also had to make sure the loading could be bdruf the bearing rails and the carriage systehe T
gantry system will utilize 2 parallel linear beaginto split the loads and minimize moments. THa\20
normal force will act on all 6 axes which will caumoments around 2 axes because the frictionat ferc
acting on a .5 inch moment arm. This will resnlai22.5 inch-pound moment acting on the carridge.
is rated to 50 pounds, so we have a safety faét@baut 2 on this design. We would like to thagkd

for their support with the tribometer prototype jeat. Figure 22 shows an FEA analysis of the linea
bearing system with a max loading of 200 N appditd single point at the center. This was use as
quick check to make sure the linear bearing systenid hold up under max loading.

Figure 22: Safety Factor of 22 for the linear bedng system yield
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The linear bearing will have to be slightly moddfito fit into the puzzle chassis. The ends ofgiven
length of slide material will be milled into a bahich will fit into designated slots on the verfisides
of the tribometer. The moving bearing part of shide will also have holes drilled into it for thelt
clamp and pin gantry system, which will be mourttethe slide cars that ride on the slide materidle
final prints and manufacturing plan for the linbaiaring system can be seen in appendix H and |
respectively.
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Rotational Bearing

The specimen restraint will be mounted with ¥4"-28esvs to the rotational bearing, a large-diameter
bearing purchased from McMaster Carr. The bedsiag wide as possible in order to spread out loads
and help dampen vibrations caused by the samplengear being off balance. The ball bearing idat
to a 175 pound load capacity, well above the 4sgsuhat it will see due to the normal force frdma t

pin on the sample. The bearing does not haveatianal speed specification, so it will requiretires to
determine if it can reach high rotational spedfl&. cannot reach high rotational speeds at the
specifications level, we will have to replace tle&ating. The technical drawing provided by McMaster
Carr can be seen in appendix |. Figure 23 showsdfational bearing mounted to the base platediid
the specimen restraint on top of it.

Figure 23: Large Diameter Turntable mounted into the trib@nassembly

The idler pulley also needed a bearing to consttairotational motion and to reduce as much frictas
possible. The bearing will see side loads occgrtiom the constant tension in the belt systemthad
acceleration and deceleration of the pin gantriesyon the linear slide system. These forceseailial
a maximum of about 300 pounds. There will be moghloads seen by the bearings as long as théesbelt
lined up properly. The bearings chosen for theridre rated to 7500 RPM and a load of 1500 for the
maximum specifications, so they are a good chaicée system. The technical drawing of these
bearings can be seen in Appendix H and the beacengbe seen in the idler pulley below in Figure 24
Figure 24: The idler bearings inside the idler pulley
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Specimen Restraint

We did not foresee any problems with the specinestraint system from the alpha design, so it has be
finalized. The main piece will be made out 60@inghum, and will be made using a CNC mill due to
the complexity and numerous tapped 10-32 hole® Ih32 holes are spaced %2” apart and extend out to
the radius of the main mount at which they are epa® degrees apart. The top is now one solicEec
that lubricant cannot leak through, but the backlteen pocketed to reduce weight to aid angular
acceleration. In the middle is a pin, which widkiespond to a hole drilled into the direct cewtfathe
sample to aid in balancing the sample. The san®iebe directly clamped down using the 10-32 holes
with screws, or the user can use an adjustablekaimechanism. The chuck parts screw down into the
10-32 holes, then additional 10-32 will come ottally to clamp the sample in place. This israpier
and much more lightweight design than a full chsggtem. A lubricant bath tub can also be bolted on
the specimen restraint. The restraint can holdsé@e/or shape sample up to about a 10” diameter.
Figure 25 shows the system holding a 10” diameied,a 2” diameter sample.

Figure 25: Sample Clamping System Holding a 10” and a 2"Sampl

Sensing Systems-
Stepper motors are open loop control systems oerify that they are operating properly we have
decided to install sensors as a secondary backupalfidation, and as a safety precaution.

Light Encoder — Originally the idea presented in the alpha desigs to use a rotational encoder
mounted to a gear system to help measure rotatipegld. An easier method we discovered is to hook
up a light sensor which acts like an encoder basdtie level of reflection it sees. A reflectivghit

sensor will be mounted on the underside of thesibasd will look up at the rotational bearing whic
will have a simple black and white pattern pairdedt. When the light sensor sees the white, litnead
high, and when it sees black it will read low. §tiill send pulses to the DAQ system to let us krtiogv
distance we have traveled, and to ensure the steppers have not skipped a step.

37



Potentiometer- A 10K ohm, three turn potentiometer from Vishaylw# purchased through Digikey to
offer an absolute position for the linear slideay given time. Potentiometers beat out most dtirens
of position sensing because they do not reset pdiger is cycled. The potentiometer will be modnte
directly to the drive pulley and will theoreticalbyly turn about 1.5 times. It will be used toidate
speed of the linear system, but also as a safefpnthe limits of the linear system. The potenieter
will ensure the linear system stays on the sanpddél ime, even if the stepper system skips a.step

Programming

The programming for the linear and rotational tegtkbe fairly straight forward. The main reasfom

the selection of a stepper system is that whenend the stepper drivers a correctly shaped pulteeof
correct amplitude, the motor will move one stegn@ng more pulses results in the motor moving more
Needed programming will consist of writing a fuloctithat sends out pulses based on the user input fo
speed and distance that was entered before thieegists. The linear system will also require addl
user input which tells the width of the samplelsat the computer can calculate limits for the stopise
computer will also utilize the potentiometer asfes/ device to ensure that the pin is in the abriimits

in case the stepper system skips a step.

We will use LabView 2009 from National Instrumeptatnered with a borrowed USB DAQ 6008 card
for testing purposes. We will then buy a USB 6086 to get the correct analog input rates. Usiag
drivers from NI, DAQ express VI's, we will be &itio easily read in the analog signals and sawe the
into a spreadsheet.

In order to conduct variable and custom tests wiehave to develop a new form of control most likel
based on a polar coordinate system. Within theeatitime frame, we will probably not have time to
create such a system, so we will try to programirthour glass” shape which could be used to dssero
wear pattern testing. The custom shape will @iizpects from both the linear and rotational obtdr
create the test profiles needed.

Validation

After the system is completed, it will need to ladidated to ensure that it has met the specifinatibat
we have set for it. The first step will be to loatkthe feedback given to us using the encoder and
potentiometer that will be mounted to the systdrhe sensors will output raw data that we can toto i
speed and acceleration of both the linear systaetratational system that we can then compare to the
numbers given in the specifications.

Another way to validate the system that is compjedgternal from the tribometer system is to use a
video camera with a high speed film to create awidf the system as it operates. If a mark iopuhe
disk or linear gantry and a set distance is madfeh the background, you can directly view how tlae
mark moved over a time frame in the video. This gime speed and acceleration completely separate
from the system. Both ways of validation will b&ed to compare to the specifications for speed and
acceleration.
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Manufacturing Plan

All of the materials that require shipping wereenetion November 192009, and will bereceived
sometime within the next week. In the mean timewill go out ancpurchasdhe materials to make tl
chassis system locallgnd start machining and buildiit. We have beeto the undergraduate shop
discss capabilities and times that are available, amdnay take up the opportunity to use other sl
for increased machining capabilitisuch as CNC.

After the other materials are received we can bfigishing the chassis plates with the proper ming
holes. We will wait to put in the mounting holin order to veify that the CAD models onlinmatch the
actual physical part that we receive from the sieppWe will do this for the motors, tllarge rotational
bearing, and themaller bearings id pulleys.The sample clamp piece will have to be CNCed ¢
outside shop to acquireraund shape olof a square piece of stock. After the main chassitesyis ir
place with the motors mounted down, we can finiglthe mounting of the gearnd pulleys. This will
includeboring and keying the hole to mate the drive coneptgwith the motorsFinally, everything can
be test fitand mounted. Once it all fits, we can test theiomasystem with first the linear control, th
the rotational controlyist to see if it moves. After vare certain that works, we can finish installing ¢
the other tribometer systems. All of the printsl ananufacturing steps for each part are identifigd
prints and charts in appendiand H respective.

Pin Gantry System

The purpose of this section is to outline how timegantry system will apply a fixed normal for
between the pin and disk, determine the amounteafrwand measure electrical resistance.
integration of the pin gantry system with tlorce measurement and motion control systems sitl b
covered. The main function of the pin gantry sysietho force the pin against the disk by means
spring and screwrive mechanism attached to a stepper motor. Aedld®op control system corcting
the motor to the force sensors will allow the syste maintain a constant normal force despite ffeeis
of wear on the pin and disBelow is a picture showing the forces acting ongimeshaft. The norm:
force between the pin and the diFy, is set by the user while the bending force duedton, Fg, is a
result of the normal force and coefficient of fiact between the ball bearing and the disk mat

Figure 26: Forces acting on pin shaft
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Material Selection and Geometry Analysis

Before we could determine the specific parametgtiseopin shaft, we had to first select what maideti
would be made out of. The material selection preeess driven by the environmental conditions the
shaft will be required to perform under as welttses specification that the pin cannot deflect nthex
1° from vertical during any test. The deflectionlwie greatest when a test is performed with tlghdst
normal force applied, 200N, and a coefficient @ftfon of 1. Due to the high temperatures seerhby t
shaft only metals were analyzed as possible options

The engineering material selection program CES|2 used to select various materials that could be
used in our application. Steel was the first mitat was analyzed due to its high availability,hhig
strength, and machinability. However, the shaft laél exposed to a relative humidity of up to 1009d a
steel is not corrosion resistant, so it was elit@daStainless steel was evaluated next becaissa it
corrosion resistant alloy of steel. Various allaygl grades of stainless steel were analyzed aimleSt
Steel 303 was initially selected for the pin shidfton further inspection, it was realized that oryd
drawn 303 would be able to withstand the stresses at the highest loads. This variant was notilsead
available to purchase so additional alloys weratifled as alternatives. However, the stainlessistthat
were available to purchase and strong enough testaind the stresses in our application were eitigr
difficult or impossible to machine. Threading, augt and drilling holes in the pin shaft would réagu
special carbide bits and would be a highly tedias&. The difficulties of machining these stainlsteels
led us to search for other possibilities. Bronze w&estigated, and eventually a high-strength eon
alloy that is corrosion resistant and easily maabii@ was selected. This alloy is known as Bronze 54
The material selection process for the shaft isrilesd in detail in Appendix C.

After we selected Bronze 544 we could determineggrmmetry of the pin shaft. The geometry was driven
by the conditions that the shaft cannot deflectertban 1° from vertical and that the shaft shoeden
yield due to stresses induced by the normal antdnal forces applied at the tip. A rod of cirautaoss-
section was chosen over a rectangular or squass-sextion to eliminate stress concentrations that
would be present in the corners of the beam. Aofadrcular cross-section will also be easier tedd at
one end in order to attach the ball mount. Indiadlysis of the shaft led us to change the dedigimeqin
gantry system in DR2. Instead of having the spattie bottom near the ball, we moved the sprirth¢o
top, closer to the motor. This eliminated the nekldaving a long hollow shaft to hold the springldhe
threaded rod, which allows us to use a solid rduk flew design also greatly decreases the lengtte of
threaded rod. We feel that this new design is nmote robust because it involves fewer parts withemo
simple geometries. These simpler geometries candve accurately modeled using beam bending
equations to predict what the resultant stresseésimsplacements of the shaft will be.

The deflection of the shaft was analyzed firstafesy factor of two was placed on the deflectionduese
we cannot assume that the pin will be completetpgrdicular to the disk to begin with. The shafswa
then simulated as a cantilevered beam with a uniftiameter and the maximum normal force and
frictional coefficient applied. The constraint shoim equation 8was derived. In this equatiots the
length of the shafD) is the diameter and is the Young’s modulus of the shaft (E of 544 is
approximately 15 MPSI).

_12877.55L2

tan
3EmD*

<.5° (Eq. 8)
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If we take the length to be the 4 in., as in thsigte currently, and plug into Equation 8, we catedaine
the minimum allowed diameter of 0.44 in. Other dastsuch as spring diameters led us to selectfa sha
diameter of 0.5 in. When 0.5 in. is plugged into&dprD, and 4 in. is used fdr, a deflection of .3° is
observed. This results in a safety factor of ovag&inst deflecting more that 1° from vertical vihiill

be sufficient to compensate for preliminary aligminerrors. Because bronze becomes less stiff as
temperature increases, we also analyzed the defiemttthe maximum temperature of 150°C. At this
temperature the Young's modulus for Bronze 544ig MPSI, and the deflection increases slightly to
.31°. Therefore, we are confident that the shdftrwit deflect more than 1°, even at the most exgre
temperature.

Using these dimensions, the maximum stress frenm¢inmal force (Equation 9 whesgis the stress
due to the normal forc&,) and the maximum bending stress (Equation 10 where the bending stress
due to the frictional forcésrandr is the radius of the shaft) from the lateral fantforce, can be
determined. The maximum stress that will be seethéyin is 15 KPSI. This gives a safety factoB of
versus the vyield stress of bronze 544 (60 KPSI).

F

oy ==X (Eq. 9)
4LF,

Op = _TIT?’F (Eq 10)

The chassis that holds all of the Pin Gantry Sygiarts and interfaces with the Linear Motion Cohtro
system will be made out of Aluminum 661. Aluminurasiselected because it is a strong, lightweight
material that is easily machinable. Initial faltion plans and methods for all machined parts are
discussed on Pg. 44.

Spring Selection

In our design, the spring transmits the force fthmscrew-drive onto the pin shaft in the following
manner: as the motor spins the threaded rod,etnscdownward and compresses the spring. The
compressed spring applies a force against thehaift according to the following equation in whicis
the spring constant ands the distance the spring has been compressed.

F, = kx (Eq. 11)

Since we know the spring constant from the manufect information, we can compress the spring a
known amount using the screw-drive and thus achaekeown normal force on the pin shaft.

Not only does the spring transmit the force agatmsipin shaft, it also must absorb minor deflaim
disk flatness and smoothness. Small irregularitiethe surface of the disk are likely to occur, drese
will force the pin up and down as the pin move®sstthe disk’s surface. The maximum deflection that
the spring must compensate for can be calculated fhe specification that the disk must be flahinit

1° of horizontal. The calculation is shown below.

y = Rsin (0) (Eq. 12)
The maximum vertical deflectiog, is found using the maximum radius of the dislgdhes, and the

maximum horizontal offset of the disk, 1°. Thisuks in a deflection of 0.087 inches. Therefore, th
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spring must be able to compensate for both a pegiti negative deflection of 0.inches at any time.
Based on these assumptions regarding the diskiefla, the smallest force a spring can transrfouisd
by inserting 0.09 inches forin Eqg.12. If the spring is initially compressed 0.09 inchiesan
compensate for the maximureftections in both the positive and negative dicetd The spring will also
be able to compensate for surface asperities greadahe disk. If the material on the disk is routite
spring will be able to move up and down over thengfes in the surfe, thus preventing the motor frc
attempting to constantly correct the height ofgihedue to surface roughne

Different types of springs were looked at for apgiion in our device. Initially, wave springs wi
investigated as a possible choice to a recommendation from our sponsor. Wave spigagstransmi
the same forces as conventional compression spbogsre more compact and require less compre
to do so. Using wave springs instead of compressoimgs will minimize the space, atherefore the
amount of material required for the pin gantry egst Springs were chosen based on their abilitit-
within the %2 inch bore of the pin gantry systend #re minimum and maximum forces they could a|
based on their spring constants. found that multiple springs would have to be usechlise one sprir
can not apply all loads from 0:1200N based on our assumption that the spring neustitially
compressed 0.09 inches. A table of the chosengspand their respective load range¢ found below.

Table 3: Spring Selection

Load (Ibs) Manufacturer Part Number Spring Force Constant {Ibs/in}
14.5-60 Smalley (5050-M9 stacked) 145
43-15 Smalley (S050-H9 15
12-5 Smalley (5050-19 12
J183-1.28 McMaster Carr 1986K11 1.83

To perform a test at a certain load, the appropsgating should be chosen and inserted into thieele
The springs will be able to be interchanged fadgdgily by removing the pin shaft from the chassi$
placing the desired spring within the b

Motor

The motor assembly consists of a stepper motoravithiver and an encoder connected to a threadk
to form a screvdrive system. A stepper motor was chosen over arld@r because a stepper motor v
a microstepping driver would give us the necey control we require and would be easier to prog!
Stepper motors are programmed to travel a certairber of pulses input by the user, while a DC m
would require additional math be performed basethergeometry of the motor and the rotationaed.
A %2 inch diameter steel threaded rod with 20 thsgaet inch was initially chosen for the screw bsei
it fit within the dimensions of the bore hole aralild comfortably transmit a force of 200N. Based!lu
screw geometry, the minimum mated cot length needed between the screw and the chaas
calculated. The tensile stress area of the sA;, was found based on the following equation in WwID
is the diameter of the screw apds the thread pitch.

- (Eq. 13)
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With D = 0.5 andp = 1/20.A; was found to be 0.1614nThis could then be used to find the required
length of thread engagemeht,

24;

Le= 5m(D—.64952p) (Eq. 14)

The minimum thread length required is 0.44 inches.

The next step was determining how much torquegsired to screw the threaded rod down onto a
maximum force of 200N. This torque value would tlhhenused to select an appropriate stepper motor. A
simplified equation to find the torqu€, based on the diamet&, and maximum forcd;, is shown

below.

T = 2DF (Eq. 15)

The value .2 is a coefficient for the thread cdondibf the steel. At ¥2 inch diameter and 200N o6
the torque required is 72 oz-in. We have therefetected a stepper motor with a holding torqueOéf 1
oz-in for a factor of safety of 1.39.

Our device is required to be able to control the@amh of linear translation of the screw to 1 micrdn
micron is equivalent to 39.37 x #@nches. To achieve this amount of control, thepte motor needs a
driver capable of 1270 pulses/revolution. This nemias found based on the fact that one revolaion
the motor, and therefore screw, would yield .0%hewxof vertical translation. This is found from the
knowledge that there are 20 threads per inch, edum is 1/20 of an inch vertical translation. dahieve

1 micron of translation, the screw must be turn&¥ % 10" revolutions. Therefore, one pulse per 7.87 x
10* revolutions equals 1270 pulses/rev. The drivermantbr we have selected are capable of up to 1600
pulses/rev which satisfies this requirement.

To measure the wear of the ball and disk, an emamdéhe motor will keep track of how far the motor
has rotated. As the ball wears, the normal for¢e/den the pin and disk will decrease. In order to
maintain the force, the motor will turn the screnkeep the spring compressed a fixed amount. By
measuring how much the motor rotates, we can fiedsertical distance the screw has travelled which
will equal the amount of wear that has occurred.

Electrical Resistance

Our device is required to be able to measure &attesistance from 0.1 — 1000 ohms between the pi
and the disk. This will be achieved by attaching @iire to the pin and one to the disk, applyingiaent
between the two, and measuring the voltage dropdwsst the two. The resistance can then be found usin
Ohm'’s Law, seen below.

rR=Y
1

(Eq. 16)

The electrical resistance will be measured througttee test and can be used to observe when lulsica
or coated metals wear out or change. When a lulir@mracoating is present, the resistivity betwesn t
pin and the disk will be very high. As the coatimgars down, the resistance between the ball akd dis
will decrease. If the resistance is measured througthe test, the moment the coating or lubrieadrs
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out can be found and used to see how much timestande travelled the coating or lubricant can be
used.

Initial Fabrication Plan

This section details the fabrication plans for epatt in the Pin Gantry System. Detailed drawingthe
parts can be found in Appendix H while step-by-stegmufacturing plans including tool choice and
machine feeds and speeds can be found in Appendix |

Bronze Shaft

The shaft will be a 12 inch long circular rod ofbBee 544 purchased from McMaster Carr. Initialhyg t
shaft will be cut to the required length of 6 inshEloles for the shoulder bolts will then be ddi&125
inches from the bottom. Finally, the bottom .25hes of the shaft will be threaded at 5/16" diamweiién

18 threads per inch. The drawing and manufactigiags for the shaft can be found in AppendicesdH an
I, respectively.

Ball Holder

Three ball holders, one for each size ball wilhtenufactured from Bronze 544. Each ball holder béll
.406 inches long and will have a threaded bore18 5 18. Holes will be drilled into the bottomtbg

ball holder. The hole for the %" diameter ball vidé .24 inches in diameter, the hole for the li8hbter
ball will be .115 inches in diameter, and the Holethe 1/16” ball will be .0525 inches in diamet&he
drawing and manufacturing steps for the ball hald=m be found in Appendices H and I, respectively.

Aluminum Chassis

The chassis will be made from Aluminum 6061. Ttast wvill be complicated and special care will be
taken to get it right on the first try. All machig will be done on the mill. The drawing and
manufacturing steps for the chassis can be foudgpendices H and |, respectively..

Threaded Rod

The threaded rod will be made from Grade B-8 18an&ss Steel and will have holes drilled along on
side and down the center. The drawing and manufagtsteps for the threaded rod can be Appendices H
and I, respectively.

Cost of Subsystem
The total cost of the Pin Gantry System is estich&ebe $300.00. The part by part cost breakdown ca
be seen in Table 4 below. The cost of the wavengpiis $0.00 because Smalley will samples at nb cos
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Table 4 : Cost of Pin Gantry System

G-1

G-2

-3

G4
G-5
G-6
G-7

G-3

G-10
G-11
G-12

G-14
G-15

Normal Force Keling Techmology,
Motor NEMA 17 Bipolar Stepper Motor Imc KL17H247-168-4B 1 $20.00 $20.00
Microstepping Keling Technology,
Driver Microstcpping Driver Imc KIL- 4020 1 $39.95  $39.95
Kehing Technology, KL-320-36 9.6A
Power Supply Stepper Motor Power Supply Inc 110V/220V 1 5995  $59.95
Hi-Strength Bearing-Grade Bronze (Alloy 5443} 5" Dia, 17
Bronze Shaft lenpth Mcmaster Carr 8971K711 1 $16.32 $16.82
‘Wavc Spring 1 Spring Loads4.3 -151bs Smallcy CS050-119 1 $0.00 $0.00
Wave Spring 2 SpringLoads 1.2 - 51bs Smalley CS050-1.9 1 3000 3000
Wave Spring 3 Spring Loads 14.5- 60 Ihs Smalley cusiom 1 $0.00 $0.00|
Spring Spring Loads 183-1.261bs Mcmaster Carr 1986K11 1 ¥$10.15 $10.15
Rall Rearing 1 1/16" Sieel Rall Rearing Mcmasier Carr 96155K71 1 35434 $4. 34
Ball Bearing 2 1/8" Stecl Ball Bearing Mcmaster Carr 96455K49 1 35198 51.98
Ball Bearmg 3 1/1" Steel Ball Bearg Mcmaster Carr 96155K52 1 $3.11 $3.11
E4P-360-197-1-10-
Incodcr T:4P OI'M Mini Optical Kit Encoder US Digital D-3 1 $32.25  $32.25
CA-MICA-WA-NC-
EncoderCable  A-PinMicro / Tinterminated 4-Wire T)iscrete Cahle IS Dyigital 2 1 %730 $7.30
shoulder bolis 3/16 Shouldcr bokt Mcmastcr Carr 93996A718 2 $399% $7.98
G-16 _ Stee] Threaded rod Grade B-8 18-8 Staimless Steel 1/27-20 Thread, 17 th Mcmaster Carr 91187A560 1 3862 3862
TOTAL  $203.83

Validation Approach

Before our device is ready to be used each varthbles being controlled must be validated
accuracy. For the pin gantry system, the variaiblasrequire validation include the wear measuret
system and the electricgsistance system. The alignment of the shaft mige be verified. The applit
force will be verified using the force sensing systwhich is described in detail in the next sectibthis
report.

The wear measurement system will be validated lsgiding exactly how much the screw tra
vertically when the stepper motor rotates 1 pulée observation of this distance will be done usi
microscope and a micrometer. Theoretically, siheee ire 1600 pulses/rev and one revolution resul
0.05 inches of vertical translation, 1 pulse wéult in 0.05/1600 inches of translatior3.125 x 10
inches. However, in a real world application thadue is likely to be different due to eneriost
throughout the process of turning the motor toihgihe screw to compressing the spring to applgi
force to the shaft. Therefore, multiple tests Wwélperformed to find the average vertical transie
output by various pulse amoul

The eledtical resistance system can be validated usingipleiltesistors of known resistance. 1
resistors will range in value from C— 1000 ohms because that is the specification rahgkectrical
resistance that our device must be able to meaBheeresstors will be placed between the wi
attached to the pin and disk and the resistanceumned by the ohmmeter will be observed. The med:
resistance will be compared to the actual valub®ftesistors and the accuracy of our elect
resistance stem can be verifie

The vertical alignment of the pin shaft is requitedbe perpendicular to the horizontal disk withi?.
To verify that the shaft meets this specificatior, will use an inclinometer to accurately meashe
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angle the pin shaft makes with the horizontalhéf pin shaft does not meet the alignment spediicst
adjustments will be made until the shaft is withfnof vertical.

Force Measurement

The purpose of this section is to outline in ddtailv the normal and lateral forces exerted on the p
shaft will be measured. The basic idea is to mesihdr strain at different locations using straigega
Strain gages are resistors that are attachedgecnsen, and when the specimen is strained, thimstr
gages are strained and change their resistancdsdying the location of the strain gages and the
material and geometrical properties of the shadifit the loads applied to the shaft can be detexchi

Geometrical and Material Selection
The geometry and material selection of the shafdascribed in detail in the previous Pin Gantrgt&y
section starting on Pg. 40.

Strain Gage Configuration

To measure the normal force and the frictionaldpgix strain gauges will be placed on the shdfese
strain gauges will be placed in pairs at threetlona on the outside of the shaft. These locatiilide

90° apart from each other and as far up the skafbasible (just below the threads for the screwejir

so that they will experience maximum strain, tmeéasing the precision of our measurement. The set
up just described is pictured below in Figure 27.

Figure 27: Strain Gage locations

These strain gage pairs will each be arranged at igtknown as a half Wheatstone bridge, shown in
Figure 28. In this figur&/sis the excitation voltagd/, is the measured voltagR,is a resistor, anGc and
Grdenote gages in compression and tensidre strain gages that are 180° from each othebwilised
to measure both the normal force and the comparfehe frictional force along the axis of which slee
gages are aligned (this is explained later).Theamaimg strain gage will be used to measure the
remaining component of the frictional force. Theselges amplify the output voltage by two times the
output voltage that would be seen if only one gags used, thus increasing the accuracy of the
measurements. The use of multiple gages also terelsninate noise, as we will measure the mean
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between the gages. Finally, by putting resistais fine half bridge that change resistance as aifumof
temperature in the same way the strain gages daethperature effects will be accounted for
automatically. Each strain gage pair in the halide will be in a tee rosette configuration (alkown in
figure 21), in which strain gages are placed petjmetar to one another so that one is strainedlgxia
and the other is strained in the opposite sighéRoisson direction.

Figure 28: Half Bridge Circuit [22] and Tee RosetteConfiguration [24]

+
>
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Equations 17, 18, 19, 20, 21 and 22 show how tlaénsteadings of the two half bridges that are 180°
from each other can be used to determine the ndored and lateral force exerted on the shaft. The
forces and strain gages referred to in these emsatire depicted in Figure 27. Equations 17 arehd8/
that the strain measured is the sum of the stram the normal force compression and the bendnainst
from the lateral force. The strain from the norfioate is equal on all strain gages in both sign and
magnitude. The strain from the lateral force, hosveis equal in magnitude and opposite in sign besa

this force will put one side of the shaft into tiemsand the other into compression. These diffexerace
shown in equations 17 and 18.

51 = gN + EB (Eq 17)
SZ = EN - SB (Eq 18)

By adding and subtracting these equations from etiwdr, the strains due to normal force (Equati®n 1
and bending (Equation 20) can be determined.

E1t+¢&;

% =gy (Eq. 19)

812;82 =¢p (Eq. 20)

These strains can then be used to determine theahéorce (Equation 21) and the lateral force altiveg
line of the two strain gages being read (Equat®n Because the gages can be used to determine the
normal force, this design will not need the norifoate load cell that was present in the alpha desig

__ EeymD?

Fy ”

(Eq. 21)

__ EepmR3

F,
B 4L

(Eq. 22)
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A third strain gage (pictured on the front of thefs in Figure 27) will be used to determine thieeot
component of the frictional force by subtracting 8train due to the normal force (determined ugieg
other two strain gages) and correlating the stlaimto bending to the friction force using Equatlan
Once the lateral forces along two axes are deteudnithe magnitude of the lateral force can be
determined using Equation 23.

|Fr| = /Féx +Fg, (Eq. 23)

Using the equations above, and plugging in theskstrgnd smallest forces that will be seen accoraing
the specifications, the minimum (4.8 x%@&nd maximum (9.9 X 1I%) strain expected to been seen can
be determined. The strain gages that are chosenbmable to work over these strains, over theifpdc
temperature and humidity, and be able to delivemsueements that are accurate to 1% of the forcgybei
measured.

Strain Gage Selection

Typical strain gages are only accurate to 1 mitrairs This strain resolution will not meet the
specifications. Micron Instruments makes semi-caotmhustrain gages that can, “Perform like a foyga
except that the resistive change is 30 to 55 tigneater.”[19] When this was discussed with their
application engineer, he stated that their backetdnductor strain gage half-bridge can easilg rea
1/10 micro-strain, and with accurate calibratiois ipossible to read 1/100 micro-strain [21]. Tdage
(Figure 28) is already configured in a half-bridgi¢h temperature compensation. The two gages are
placed perpendicular to each other and one gagklwead axial strain while the other gage wouldirea
strain in the Poisson direction. Figure 28 alsoasha silicone covering over the strain gages ieigre
This covering will help to eliminate damage fronntart to the strain gages. It will also stop
condensation and oils due to handling from chantfiegesistance of the strain gages. This gageowill
used to measure the strain at the three locatieed.n

Figure 28: Micron Instrument SSGH Half-Bridge Gage[19]

STRAIN GAGES (060, 080, 080 STANDARD) PLEASE SEE STRAIN GAGE CATALOG FOR OTHER GPTIONS
/ ATV PROTECTION OPTIOMAL D:FF'EFE\\

i £ - AN |

NCHOH MSTRUMENTS /

-5 -

1 BA.‘:\E MATERIAL: DURAVER E-CL-104 -

\/ 10—

805 AESISTORS AS REQUIRED FOR ADDITIONAL TEMPERATURE COMPENSATION

If these gages only read 1/10 micro-strain acclyatéll read up to .0046 N of lateral force accedg. If
the gages read 1/100 micro-strain accurately, Wikyead up to .00046 N of normal force accurately
This would meet the specified low range measuremmie!@®01N of lateral force. In the conversatiorhwi
their application engineer he also said that thibredgion needed to read 1/100 micro-strain ac&lyds
difficult and reading such a small strain may beassible because at that level the wind from tladt sh
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moving may cause the gages to show strain. Hestdged that these gages are not recommended fpr lon
term readings as they will see creep over time. [&4]a result, Micron Instrument recommended that w
use a semi-conductor gage that does not have &asnkd create our own Wheatstone bridges, but
warned that this would be difficult to get right the first try. Micron Instruments quoted what buld

take to have them perform all the bonding and \girieeded to create a system that would work, but
because the lead time required to get such a systate would cause our device to be incompletenfor t
Design Expo, we decided to accept that the strajreg selected will show changes due to creep. These
issues have been discussed with Gordon Kraustgdhe sponsor, and he has accepted that the least
amount of lateral force read may be .046 N andttteatreep may result in more error than anticihate
Appendix K discusses the system recommend by Mibrstnuments further.

Analog to Digital Conversion

The next step in this process is to insure thabthput voltage measurement can be read and stgred
the USB-6009 device. This will require that the idexcan correctly convert the analog voltage si¢gmal
digital signal. The range of the voltage signalgested from the half bridge can be determined using
Equation 24. In this equation the gage factiF,(the change of a gage’s resistance per unit $tsain
determined by equation 25 for the half bridge. Htjgation compensates for the fact that the gatieein
Poisson direction will only see part of the strdiat the gage in the axial direction will see.

__ ViGFe

VO 2

(Eq. 24)

_ GFy(1+v)
- 2

GF (Eq. 25)

From the specifications given by Micron Instrumeiotsthe strain gage, the gage factor was deterinine
to be 100.5. If we use the recommend excitatiotagel of 5V and a minimum and maximum strain of
1/10 of micro-strain and 1.22 X f0espectively, we can determine that the rangbebutput voltage
will be 2.5 X 10° to .25 V. This low range voltage is well below tH8B-6009's ability to convert
accurately to a digital signal. For this reasonwileneed to incorporate an inverting amplifiertiva
constant gain to amplify the signal so that the éo voltage will be high enough that it will bedeby
the USB-6009 (> 37.5 mV). The schematic of thisudt is shown in Figure 29. The voltage that Wil
read after gain is shown in Equation 26.

Figure 30: Inverted Operational Amplifier with Fixe d Gain [23]
R.

V, o W

Vines = _R_IVO (Eq. 26)
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It is important to note that the USB-6009 will omgad up to 20V. Because of this restriction, gzt

will also have to create a way to change the ghtheamplifier. To create a low cost system,shpply
voltage will be 5V, the same as the excitationagydt for the gages. By changing out the resistors,
different gains can be achieved. By having manfecht resistors whose gain is well understood, the
voltage measured can always be near 5 volts. Bsyalgetting close to this voltage, the measurement
can be more accurate.

Manufacturing

Once the shaft is made, the strain gages will Imelbd onto the shaft using a high temperature bustd t
will ensure that the strain gages will work oveg #ipecified temperature range. The procedure tiflat w
be used is outlined by documents provided by Vislayo-Measurements and will be done under the
supervision of Todd Webber, who has experience timgstrain gages. The procedure that will be used
can be found in Appendix L.

We will also make the circuit required to accunatelad the strain the shaft is experiencing. Thils w
involve mounting a 15 pin female connector to aithoard that will be used to connect to the strain
gages on the shaft through a male connector. Tdms®ectors will allow for the shaft to be removed
from the tribometer without having to remove thérercircuit or de-solder wires. The circuits used
amplify the voltages from the strain gages andotheer supply that will supply 5V to the operational
amplifiers and Wheatstone bridges will be solderetb the mini board that the female connector will
mount to. The power supply will be built using gteps outlined by the manufacture found online at:
http://www.ladyada.net/make/bbpsup/solder.hfftiis instruction shows where to place every pathe
power supply, how to apply solder, and how to &est use the device.

The wires that will be attached to the strain gagiie soldered using solder that will not mditfze
150°C that the shaft may experience in operatities€ wires will also be stressed relieved with tie
wraps that will not melt at this temperature.

Both of the processes required for completing ¢histem involve the risk of burning skin. This cobkd
done with a solder iron needed to apply the sdlsleomplete circuits or on the shaft when the bisnd
cured in an oven. During both of these activitiescsal care will be taken to insure that injurai®ided.
When soldering, we will be sure to always be avadithe solder iron.

Cost Analysis

A breakdown of the cost for the parts needed tplsupbe voltage and amplify the signals from the
bridges as well as the strain gages that will teched to the shaft can be found in Table 5. T
includes the circuit board that these circuits Ww#lmade on, the operational amplifiers, and the ki
needed to apply the excitation voltage. To allbestemoval of the shaft, all wires from the stigé@ges
will be routed through a 15-position sub connecitiis will be able to plug into a female sub cortoec
that will be located on the circuit board. It is@important to note that because we might accadlgnt
break a strain gage while bonding it to the shaf, extras will be ordered. The total cost for thystem
is $267.37. This cost does not include resistoesl is the inverted amplifier system as there aneeso
spare resistors in the X-50 lab that we will udeisTcost also does not include the material used to
prepare the surface of the shaft and the bondingriabfor the strain gages, as Todd Webber wiitival
us to use spare material from the ME 395/495 labs.
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Table 5: Cost of Force Gage System

Part Supplier Part # Qnty Cost/lpart Total

Dual Mini Board with 213 Holes Radio Shack 276-148 1 1.99 1.99
LM741CN Operational Amplifier (8-Pin Dip) Radio Shack 276-007 3 0.99 297
15-Position HD Female Solder D-Sub Connector Radio Shack 276-1502 1 1.99 1.99
15-Position HD Male Solder D-Sub Connector Radio Shack 276-1501 1 1.99 1.99
9- and 15-Position Shielded Metal D-Sub Connector Hood Radio Shack 276-1508 1 2.99 2.99
12v 1A 2.1mm DC Adapter Fundamental logic web store N/A 1 7.99 7.99
Adjustable breadboard power supply - v1.0 Adafruit Industries N/A 1 15 15
Backed Half Bridge Strain Gage Micron Instruments S§S5-080-050-1000PB-SSGH 5 46.49 232.45

Total 267.37

Calibration and Verification of Force Measurement §stem

In order for the force measurement system to workectly it must first be calibrated. This will bene
by applying normal and lateral loads of known magies to find an equation that relates the voltage
read to the forces applied. Normal forces will ppleed by hanging weights of known weight from a
string connected to the shaft. Lateral forces bellapplied in a similar manner; the strings will be
attached to a shaft and run through a pulley thidbes placed so that the tension of the stringrighe
shaft in the lateral direction. By doing this fofferent loads, and knowing the gains of the anmgljf
which can be measured by applying a known voltagkraading the output, the force measurement
system can be calibrated over the expected loagtran

The creep associated with the strain gages will ladscalibrated out. This will be done by applyang
normal force and observing how the reading changestime. By taking measurement s periodically at
different normal forces, the creep of the straigegacan be taken into account.

This process would allow for the testing of thecBbmeasurement system even if the rest of the
tribometer fails or is not built. This test could done by placing the shaft in a vice and appljomges as
described above.

Safety will be a concern when performing thesebeation techniques. Special care will be takernvimich
dropping weights onto feet and pinching fingerthia pulley systems. To avoid the possibility ofrigei
electrocuted, the circuit board will be covered #greplug will be accessible so that it can easdy
pulled if there is a problem.

Environmental Control
(Note: this section is not complete due to pers@sales of the engineer working on this system.Beza

of these issues, this system was not worked on rafiehthe initial alpha design. When this engineer
was forced to drop the course because of thesesisthe team decided, with approval from the sppnso
to not include an environmental system in the tegrototype (see Appendix P for the approval @)th
This section will outline what work was done beftris group member dropped the course.)

Wear testing requires strict environmental controluding temperature, humidity, and lubricant.te&t
chamber should surround the rotational systemadirgbar slot should be cut out to allow the pin to
reciprocate back and forth. An accordion stylelliating device should follow the reciprocating pin,
sealing the chamber from outside conditions. Thidak should be mounted to poles that connectgo th
linear slide, so that the shaft will not have atsile force acting on it. This device should alsed
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steam away from the strain gages and motors. Utséde of the chamber will be surrounded by
insulation to make it easier to control the tempemand humidity inside the chamber.

Temperature control can be done using a thermoelecintrol (TEC) to cool the system to 0°C. This
system runs current through a sandwich of two wii$ai metals which causes a temperature difference
between the two different sides. To heat up tad¢agired 100°C, a resistive heater should be used.
heat sink can be added to the TEC to increaseffibpcy of the cooling system and a fan should be
added in the environmental box to eliminate gradieffo close the control loop, a thermocouplelan
used to read the temperature in the chamber. Bas#te temperature, the voltage to the TEC/heatdr
fan can be varied to control the temperature.

Humidity control can be achieved by buying botloéfrthe-shelf humidifier to generate humidity, and
desiccant material, such as silica gel, to absorbidity. The humidifier works by atomizing watetadn
the air and blowing it into the controlled enviromnt. To absorb water out of the air, silica galkeds
will be put into a chamber, and air will be cirdgld over them with a fan. By varying the fan sgeed
both the humidifier and de-humidifier chambers, tiliteometer should be able to control the humidity.
The feedback for the humidity control can come frogapacitance sensor which measures the
capacitance of the air. As the air becomes monaidhthe air has less capacitance.

It should be noted that normal humidifiers only wap to 50°C. For this reason we looked into vagiou
ways to boil water into the air inside the enviremtal control box. This may be difficult, as atlhig
temperatures it will take a large amount of wabesdturate the air and at low temperatures, therwat
may condense on the disk and shaft.

A lubricant bath tub could be added onto the sarmlplep disk. The lubricant could only be tested at
low speeds because the disk is spinning and wamlelys spin lubricant off creating a giant mess desi
the test chamber.

This system can be tested to confirm it is workisgg a separate humidity and temperature sensor.
Testing should be done to confirm that the systarksvat a wide range of temperatures and humidities
The sensors will also be placed in several parteebox to confirm that gradients are small.

To ensure safety, this system should first be askhand tested away from the tribometer. This will
allow future teams to first work out the kinks fretenvironmental system itself. It can then bechtd to
the tribometer and tested. This should be donbatorthen the environmental system is assembled with
the tribometer the team can concentrate on isa¢$rtay occur to the rest of the tribometer (ex:
condensation build-up on electrical circuits or tingl of parts that are not expected to see high
temperatures.)

Design Analysis Assignment

A design analysis assignment was performed examiti& material and manufacturing process
selection, environmental sustainability, and saéstyects for our device. The complete assignmenbea
found in Appendix C. This section gives a genenahmary of what was learned from this assignment.
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The material and manufacturing process selectianankey component of our final design, especialty f
the pin shaft. We originally assumed that the shafild be made out of stainless steel due to gk hi
strength and corrosion resistant attributes, bugnvhwas discovered that the readily availablankas
steels were very difficult to machine, we beganertborough research into the material selection
process. By using Ashby’'s Material Selection Bagl&, we were able to develop a set of material
indices which, when analyzed with the CES softwifg[gave us a viable collection of materials that
could be used for the pin shaft. We ended up chgdsionze alloy 544 due to its availability and its
ability to be machined easily. Without going thrbube material selection process, we may not have
discovered this option and our design would hafesd.

Designing for environmental sustainability taughthww much strain our device really puts on the
environment. The analysis performed on the alumisitgias was very eye-opening, as none of us realized
how many resources were needed to make the quahitlyminum used in our design. While we had
already purchased the aluminum, and therefore aleedd and used it in our device, this sectionef th
assignment made us all realize how much impacas/engineers, have on the environment. A simple
choice of materials for a relatively small devisech as ours, can have a significant impact upon
everything around us. This is a lesson that weallitiake with us as we begin our professional
engineering careers.

Designing for safety was the final component ofaksignment. While safety has always been highly
stressed to us throughout our undergraduate catbersse of the DesignSafe software was a new
addition to our general safety knowledge. By penfiog this assignment, we were able to plan exactly
how we would manufacture and assemble our devieesafe manner, which helped us organize our
fabrication plan into a more robust strategy thas wot only safer, but more time-efficient. Mor¢adle
regarding DesignSafe is given in Appendix U.

Integration

The integration of each of the four subsystems anfinal assembled device has been planned and
verified using an assembled CAD model with frequamhmunication between team members. The strain
gauges of the Force Measurement system will betadthto the bronze shaft of the Pin Gantry system.
The entire Pin Gantry System will be mounted tolitiear motion component of the Motion Control
system. The Environmental Control system has besigded to allow the shaft access to the controlled
environment box and to fit around the disk of thetidn Control system.

The programming for each respective controlled easured variable will be a more collaborative ¢ffor
between team members to avoid issues between separamands and to ensure that control and
measurements performed by the device will be mgdedingle central system. Inputs from every sensor
and encoder will be routed through the central SBL6009 DAQ.

Total Cost Estimation

The total cost estimation for the assembled tridemacludes the costs for each subsystem. Bec¢hase
entire environmental control system was removerhfiloe design, the cost decreased from an originally
estimated $3,100 to $2,500. A complete Bill of Metls detailing the cost item by item can be foimd
Appendix Q.
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Final Design

Pictured below in Figure 31, is the final prototygeeit was presented at the design expo on Decehiber
2009. The prototype that was presented was inampnd was not tested to prove that it could meet
the specifications set previously this semestdre linear motion system suffered from late shipment
and a lack of time, while the rotational motionteys suffered from poor manufacturing. The entire
system lacked the proper hardware and software #toelectronics standpoint to move at the desired
speeds with proper feedback.

Figure 31: Final Prototype

Motion Control

The rotational system was completed mechanicallpecember 4, but there are several problems with
the final version as built. The tolerances ofehére system were driven by a bearing that hasdoo
tolerances on it, which resulted in a system thea slightly out of round while spinning. The begri
purchased from McMaster Carr was inexpensive, tagt mot of high enough quality to allow us to
achieve acceptable rotational motion. This catisedjear which was mounted concentrically to the
hole-pattern to be out of concentricity with the tech diameter bearing. Multiple parts out ofalnent
causes unequal forces on the motor pinion gearakimolugh it turns, at high speeds this will prdgddz

a problem. The sample mount was forced to be mademanually operated mill and made round with a
band saw and grinder. The sample mount piecetisfaound, and would most likely cause vibratiens
higher speeds.

The linear system was not completed to what wasifsgek in the plans. The major underlying problem
was that the linear bearing, which was the backlobniee project, was not received until the dayhef
expo. This was due to Igus, the company donatjmpt shipping until one week after they said they

54



shipped it. Our team assumed it would be deliveretime, when it was not. We were forced to
manufacture a linear bearing system ourselves ort Bbtice, and it is not nearly of the same qyali
the Igus system. This interim linear bearing systambe seen in place in Figure 32. This system was
made in one day, and does not meet the toleraricaadrequirements for the system. The Delrineslid
and aluminum rail do not slide very well, and weot able to be aligned correctly, so using thigesys
as a permanent solution is not. The plan is t@lihtte real linear bearing system after this rejsor
turned in.

Figure 32: Interim Linear Bearing System

Despite those major problems the motion system tog@ther pretty smoothly. It was extremely hard t
manufacture because the pieces required a higtatgle, and had to be bolted to the table of milts a
aligned properly. The other difficult part wastthize pieces were larger than the travel in thé soithey
had to be flipped, and re-aligned. Mistakes o@mlifrom this process, and it led to many incoryectl
drilled holes which detract from the appearancthefdevice, but do not affect its performance. Noat
all parts have been manufactured and assembled ofibe systems are aligned.

The final prototype does not include any feedbaekmanisms which can verify test parameters on the
fly or keep the test system in a safe testing afdee potentiometer, which would be installed aa th
motor shaft, could not be mounted because we amtldhachine the motor shaft. This is addressed lat
on in the recommendations section (Pg. 60). Tdig Bensor that detects rotations on the bottom
rotational bearing was not mounted both becauge thas not enough time, and we did not have a DAQ
system that could handle the amount of digital dataing in.

Electronics and Programming

The USB 6009 from National Instruments was iniyiati be used to control the entire system, but afte
borrowing a USB 6008 through a connection withaarteanember, we discovered that it was going to be
difficult to control the system with the deviceh&d'smart move was to use everything on a triaklasi
make sure it was in fact what we needed, and wkdgbund was that the original plan was not going to
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work. The first problem dealt with acquiring afltbe software from the web and finding the mostawp
date and current compatible software that wouldkwath the USB DAQ. After hours of frustrating
downloading and uploading firmware, the system ddimally send and receive measurements. To verify
that it would take measurements, we took a graplsamed data from a simple potentiometer which
would model an analog input similar to what thénstguges we were trying to observe. We received th
motors later than we would have liked, and theyedmoked up to the DAQ to for testing. Figure 33
shows a screen shot of the test program which smutdsignals based on speed of the loop.

Figure 33: Basic code to send pulses with 50% dutycle as fast as the software will loop
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The virtual instrument was programmed using LabV2809 from National Instrumentswith help from
their fourms. We utilized the DAQ assistant whicimes with the drivers for the USB DAQ card. The
problem is that this piece of software takes ujgaificant portion of computer bandwidth, which neak

the loop run excessively slow. We did not attetogio back and re-program to try to improve thé tes

as it was apparent that the USB DAQ would be npabke of achieving the speeds we need to send pulse
to the motor.

loop count

We were able to run the small normal force steppator, but we saw speeds of around one cycle per
second. This equates to only .15 revolutions peuta using the smallest micro stepping we could,
which is a far cry from the goal of 600 revolutiqrer minute. The same code was applied to tdseif
larger motion-control motors could spin. They wbuabt spin due to the fact that the DAQ card could
not push 5V through to the NEMA 42 stepper motartaalers. Measuring with a volt meter showed
only a voltage of 1.4V going across the leads whess attached, but when it was not attachededo th
motor controller it would output 5V. We believeetBAQ simply did not have enough power to
overcome a suspected internal resistance in thieatien.

The problems behind the speed issue were tackbdd tteurns out that the initial assumptions ttie
USB DAQ would be fast enough to generate a sigaal @ompletely wrong. The DAQ cannot generate
signals based on hardware clocks due to the fatfttdoesn’t have any. Instead, it relies on ctoftkm
the host computer transported through USB. Thigna¢hat the signal we generate is “software timed”
indicating it updates based on the speed of the fopning in the software. This would be fine &w
were only trying to generate a few number of pujsassecond, but we are try to generate upwards of
6000 pulse per second. We tried to use a contithie looped faster and utilized interrupts (haadwv
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timers), but due to time constraints and a lacgroframming and electronics understanding we were
unable to successfully get it to work.

Pin Gantry

All parts of the pin gantry system were succesgiulhnufactured and assembled in accordance with our
design. However, due to issues with the force nreasent system and programming difficulties, a fully
validated, working system was not achieved.

Unfortunately, the desired stepper motor usedeérdisign of the system was out of stock for twelve
weeks. Due to the late notification of this issaiéess powerful stepper motor had to be used as a
replacement. The stepper motor used was a NEMAIth7anholding torque of 62 oz-in purchased from
Keling while our original design called for a moteith a holding torque of 100 oz-in. To achieve a
normal force of 200 N, the motor needed to be abfgoduce 76 oz-in of torque. Therefore our
prototype will not be able to reach the maximurmnmalrload specification of 200N. The replacement
motor will be able to transmit a normal force oR1N.

Two Smalley wave springs were successfully intarédiinto one, effectively doubling the wire thickse
and thus resulting in higher spring constant. Ttisrtwined spring should theoretically be abldamdle
loads greater than 200 N, however, we were nottalperform a physical validation test. Our validat
plan for the pin gantry system was dependent upersiccessful integration of the force measurement
system into the device. Due to multiple issues Withstrain gages, the force measurement was not in
acceptable working condition. Details regardingftiree measurement system of the prototype arengive
in the next section.

We were able to successfully manufacture and adedimbaluminum chassis, bronze shaft, ball holder,
and threaded rod. We were also able to rotatetdéppsr motor and attach it to the both the chasxis
threaded rod. However, the threaded rod was rextlat] as snugly to the motor shaft as we would have
liked. We placed set screws through the threadealigned with the flat of the motor shaft in order
allow the threaded rod to move vertically as theanootated. There was a small amount of slop betwe
the set screws and the motor shaft which meanthlanotor could step one pulse, but the threaoeéd r
would not move with it. It took multiple pulses fthre threaded rod to move with the motor. This rhean
that our method of counting the number of pulsesstiepper motor moved, and then calculating the
respective vertical distance that the rotationdgelwas not accurate.

Due to lack of time the electronic resistance mesamsent system was not manufactured with the device.
The team decided that having working motion anddaneasurement systems were higher priorities than
having an electronic measurement system. The deéitdpe system can be found in Appendix T.

Force Measurement

Due to several issues that occurred during thddastveeks of this project, the force sensing sysdél
not meet the specifications. This section of thmrewill explain what happened and the statusisf t
system.

The first issue occurred when Micron Instrumentsrit ship the strain gages as quickly as we egfect
them to. When we had first discussed ordering ®@$ gages, Micron Instruments said that the gages
were in stock and would ship the day the order plased or the next day. We submitted a purchase
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order form into the Department of Mechanical Enghiregg Administration Office on 19 November 2009.
When this was done, we were told that they woutat@lour order on that day or the next day. Micron
did not ship our order until 1 December 2009. Tinaits gages arrived on 3 December 2009, one week
before the prototype was due.

On the day the gages arrived, they were given ttlireec Todd Wilber, the technician who we had asked
to bond the gages onto the shaft for us, with Hadtshey were to be placed on. We gave him verbal
instructions on how to place the gages onto th&.4Ha was told to place the gages so that theswire
would come down the shaft towards the threaded\&fedalso gave him the information provided by
Micron Instruments about how to unpack the gagas)d in Appendix N, information about the gages,
found in Appendix O, and how to bond the gagesndon Appendix L. He told us that a lot of other
groups had asked him to bond gages to their peogud that he would do ours as soon as possible.

He contacted us on 7 December 2009 asking us teears®me questions he had. When we met with him,
he showed us the shaft with the gages mountedeosn.tHe had mounted them upside down and soldered
wires directly to two of the gages instead of omdblder pads. We then explained to him what we
wanted and that the way he had mounted and wireddges was incorrect. He said he would re-wire the
gages properly. He did this and gave us the sh#ftmounted and wired gages on 8 December 2009.

Upon receiving the shaft, the team then noticetetivas another issue. The gages that Micron
Instruments had shipped did not come with resigilarsed on them as the team expected. These rssisto
are needed to complete the half bridge. A call made to Micron Instruments on 9 December 2009
asking if the gages were supposed to come witletressstors already placed on the backing as itatica
on the technical drawings from their website. Mittostruments informed us that these resistors teere
be selected and placed by the customers once ¢feevges bonded to the shaft, so that the bridgeddmel
accurately balanced. This was not specified anygvbarMicron Instruments website. The techniciad sai
that this was supposed to be implicitly obvious.

Because Todd Wilber had already put a protectieg oger the strain gage and the team did not haye a
resistors flat chip resistors, the team decideidytand place a round resistor in series with thial &train
gage and read the voltage drop across the strga §fghen we asked Micron Instruments if they thaugh
this was a good idea to do on short notice, thegexhthat it was our best option. This seemed Itp on
work on one strain gage at high loads. We belikigis for two reasons. First, we think that sarhéhe
gages were damaged when they were improperly w8edondly, we think that because we were using a
voltage source and not a current source, thismgaslas not as accurate as it needed to be. Afigkimg

on this system for an entire day and not makinghmprogress, the team decided to focus on gettiag th
rest of the system as completed as possible, thsteiavesting time in what the team thought mayeha
been broken gages

The team did complete the circuit board and powpply as previously described. The voltage supply
works as advertised and the operational amplifiense wired to test. The team did remove the power t
the amplifiers when they attempted the fix desatilmethe previous paragraph. This was because the
voltage expected to be seen was large, and thedrpetted that the range of voltage after amptifica
would be larger than the cut off voltage of the khfiep.
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Fabrication Plan

A detailed, step-by-step fabrication plan for adsiémg the device can be found in Appendix S. Mafiy o
the required parts were manufactured by our tedra.part drawings and manufacturing plans can be
found in Appendices H and |, respectively. Theoradile for the design of the parts, as well as part
descriptions, can be found in the Engineering Asialgection beginning on Pg. 26.

Validation Results

Due to the circumstances previously discussed,itiveredid not have enough time or were unable to
validate the prototype for many of the componetfisr this reason, we recommend that in the near
future, the prototype be validated in the ways dieed in the engineering analysis section. This
validation includes the testing of the motion sgstecalibration and validation of the force meamaet
system once it is completed and the validatiorhefwear measurement. The tribometer must alsotbe pu
through tests to make sure it meets the specifieatiThese tests would include making sure it pghya

the maximum and minimum forces and that it cantests as long as the specified one-million cycles.
Once the testing is complete, the results will nedoke analyzed so that the weak points in thegdesan

be identified and fixed.

Discussion

This section contains a critique and discussioounfdesign. It includes what we would have done
differently and what aspects of our design we wantdlify to improve the function of our prototype.

Nearly all of the issues with our device are disecaused by our team not having enough time ty ful
implement all of the aspects we planned on compefihroughout the semester, we became more aware
of how generating a detailed plan benefits thegmtojUunfortunately, we realized this too late aredav

still waiting on parts at the time of the desigipexIf we had fully explored exactly what items we

needed earlier, and proceeded to order them, onufaeturing, assembly, and validation tasks wollld a
have gone much more smoothly.

The ordering of materials was also affected bydeoces of poor communication by all parties invdlve
with the project. The problems started when theharical engineering department did not inform @ th
they had changed where our packages would be shippeir emails informing us when our items
arrived were also never received by any of our te@mbers. This resulted in our team spending skvera
days attempting to track down packages that weea@y sitting in the building, but not in the roeva
specified. This pushed back the manufacturing pladhput more pressure on an already tight timeline
We also failed to verify that some other packagasbtieen shipped when they were supposed to have
been, which significantly delayed our assembly pssc Our group learned how important clear
communication is for engineering projects and #ssuming items have shipped is not a good practice.

Tolerances and machining also caused some bummg thle road towards a final prototype. The motion
control system had several parts that were diffimumake because it required the removal of the vi

and special alignment by clamping the part to gt The group was already limited by the faat th
was down to three people to make these parts,laadimited by the machine time of everyone else in
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the shop trying to make parts. Even with resountiiged at another shop, the rotational partsrdid

align together as planned and the linear idleridsirsg system was messed up by another group member
Some of the pieces that we thought would be thelsshturned out to be the most difficult to maehin

The idler pulley is a good example. It was supfddeebe simply pocketed out, with bearings pressed
afterwards. The idler turned into a three day aftleat involved a basic CNC code, and a mill, whic

then created two unaligned holes. This was cabgéde part not being perfectly aligned and rowardi

the CNC mill not being leveled. The bearings wals® squeezed too hard to allow them to turn.hAt t
end of the day, we received a piece of bronzepamssked it into a fully bored out idler pulley. i§Fs

shown in Appendix P under a design change.

Because of the high quantity of parts twatwere required to manufacture ourselves, we dichave the
luxury to ensure that each part was perfectly mBde. to many group members’ unfamiliarity with
machining precision parts, and the low availabitifynachines in the shop, we were forced to use
machined parts that did not always exactly matcatwias called for in our design. We feel that if we
had been able to manufacture all of the partseddlerances required by our design, our prototypeld
have met most of the specifications we were stgittachieve.

According to our project plan, electronics and pamgming was to be performed after manufacturing and
mechanical assembly were completed. Because bdltesé tasks took longer than planned, the
programming and electronics tasks did not recdieenecessary amount of time to be achieved. The tea
already had a lack of programming skills, and tleeteonics programming needed for this was not
simple. The original plan to use a USB system fNettional Instruments was thrown out the window
late in the assembly process, and another contredle brought in. Further thought would probakelyd

to a hybrid system between several different ebadts systems of both low and high levels, but we
simply ran out of time to tackle this process.

Recommendations

Motion Control

The design of the motion system is still regardgdilr team as a solid design that was just todcditf

to build given the problems that we ran into withiktics, losing a group member, and machining time
and capability constraints. We believe the dowrfathe design was a time issue rather than arfaibf
the design itself. Had the design been executgaeplsg we feel that it would have accomplishedbéiits
tasks. Our recommendation would be to keep theathideas and fundamentals of the motion control
system as well as the method for producing theanptihile improving individual components and
tolerance levels of parts to create a better eadymt.

The motion system was not fully tested due to ol discussed in the Electronics and Programming
section, which follows directly after this one, lwg would recommend continuing this project to help
further explore low-cost multi-test tribometry. Wave several recommendations for the motion system
that should be investigated to improve on thisentrdesign.

After running into several problems with the lowstbearing purchased for this project, it would be
advantageous for future teams to research betiawal bearings. Groups could even find bearthgs
have gears integrated into the sides of the beadnligrge bearing should probably still be used, b
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teams could also look into using a combinationneélé roller bearings on a round track. The bearing
would also likely be better suited for the enviramtal system that should be integrated in the éutur

Although the original plans called for pocketed pigices and lightening holes, we simply ran outroé
to machine all of these features. Making the sydighter will help it accelerate up to the speaifi
speeds easier, and will make the entire device pantable. To make the “diet” easier and to insesa
the accuracy on the making of parts it would beadgdea to find a CNC shop that could create the
major parts of the motion system.

One question that was brought up at the design egsoabout belt slip. The design utilizes a belt
tensioning device on the side opposite of the matad that should prevent belt slip altogether thete

is a way to detect it as well. If we put the pdimeter on a shaft that was integrated with therid

pulley used to keep the system tensioned, thenauwddabe observing what the motors moves instead of
the motor itself moving. This would require revamgpthe current idler/tensioning system, but the
system could then detect if there was belt slip.

Electronics and Programming

We would advise obtaining the aid of someone whaeel-versed with electronics and programming
LabView or placing a student with advanced knowtedfthese fields on the team to work specifically
on developing the programming and electronics isfkistem. A significant obstacle in this projemt f
our team was the lack of help and resources froelertronics and programming standpoint.

With a dedicated knowledge base of electronicspagramming, the team and project would benefit the
selection of correct equipment early on and woufies less from last minute problems that occurred
because of a lack of knowledge. We would recomnteoking into different controllers/DAQ systems
that can handle more raw digital data at a highater using interrupts or an FPGA. These devices use
hardware instead of software and that would beghemmended path for future systems.

Safety should also be a bigger aspect in the elgics and programming. The USB DAQ did not have
any safety system in place in case of error noogrpmming. On many systems there is a built int¢va
dog timer” which ensures that all loops, threadsl programs do not get hung up and cause problems
that would freeze the state of the hardware. Thieoeild also be emergency cut off switches integrat
into the electronics that would cut the power sigglo the motor controllers in case of an emergenc

Integrating a set of control states, such as @Hisaontrol, operator control, and autonomous abntr
states, is also recommended. The disable statklathaw power to be on and sensor readings to take
place, without allowing motion to occur. In op@ratontrol, the operator could jog the device atbun
utilizing safety sensors, while still reading otlsensors’ data. One could use operator modedks ta
such as calibrating. Autonomous mode could bezetllto run tests that are programmed through the
user interface on the computer connected to thertréter.

Although we did not have much time to test, in wietdation we did perform, we noticed that the
stepper motor became extremely hot. The motorabgércontinuously for around 5 minutes, so we are
not sure if steppers can handle continuous motiles to what is observed in the current desigvie
would recommend analyzing this problem, and res@agdf steppers are used in continuous situations.
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Pin Gantry

In order for our prototype to successfully meetréguirements and specifications, some changeshsust
made to the current assembled device. This sedétails what can be done to produce a fully
functioning pin gantry system.

There are a few options for achieving the normatllapplication of 200 N. The use of a more powerful
stepper motor is the simplest, and was what ougdesiginally called for. However, the currentgper
motor can achieve the load of 200 N by adding & gaa system between the motor shaft and threaded
rod. This will require purchasing the appropriageug and then machining and attaching them to the
motor shaft and threaded rod. While using a geém twith the current stepper motor will be cheapan
purchasing a more powerful motor, it will also adiknown complexities to the linear reciprocatingt.te

If the entire pin gantry system is moving back forth at high speeds, there is a possibility ofdbar

train system getting thrown out of alignment anddoeing ineffective. Therefore, we recommend the
purchase of the more powerful NEMA 17 motor fromafaim Automation along with the appropriate
driver and power supply. These parts are givervielo

Recommended Stepper Motor Items

Normal Force Motor NEMA 17 Bipolar Stepper Motor Anaheim Automation 17Y402D-LwW4  $43.80

Microstepping
Driver Microstepping Driver 1600 ppr  Anaheim Automation MBC25081 $80.00

Power Supply Stepper Motor Power Supply Anaheim Automation PSAM24V2.7A $100.00

To ensure that there is no slop between the thdeiamtband the stepper motor shaft, we recommend
machining a flat into the threaded rod rather thsing set screws. The greater surface area of a fla
compared to set screws will result in a tightebéitween the two parts and will allow little to ratation
of the shaft independent of the threaded rod.

Force Measurement

The team recommends that the previously alludeystem developed with the help of Micron
Instruments and described in Appendix K be implebe@im order to get a force measurement system
that can meet the specifications. This systempeesive, but as seen by the results of our prototyis
required to get a system that works.

There are also two gages left in the packagingwiibbe submitted to the sponsor with the protetyp
These gages could be used to try a second timet thig current system to work. The flat resistors
required would need to be purchased to make tt@mat. These strain gages may also be returned to
Micron Instruments when a new shaft is sent to bhido try the design described in Appendix K.

Conclusion

After performing initial research, identifying spfézations, conducting design analysis, and
manufacturing and testing our device, we have medwa Final Design prototype. The final cost of our
prototype, which we presented at the Design ExpDerember 10, 2009, was $2,500. Despite our
team’s best efforts, we were not able to achieveynad the specifications originally set forth byrou
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sponsor. Table 6 shows which specifications woeldnet if a working computer controller was acquired
and validation had occurred. It also shows whidgtdzations we know that we cannot meet based on
our design, due to physical limitations of our deviAlthough our team is disappointed that we wete
able to deliver a fully-functioning prototype thatt all of cthe specifications, we each feel that t
prototype is a respectable starting point for desyshat costs only 4% of similar products on tdslay

Table 6: Design Specifications

Specifications Parameters Page
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Appendix A: Bios

Brian Hopton: | am a seniohailing from Novi, MI and | never thought | wantembe an engines
because that is what my dad did. After joiningRBteST robotics team (5-Frog Force) at my hig
school, | quickly found out that engineers aredhes whc
actually solve all of the arld’s problems. After winning th
national competition junior year, and placir” at nationals
senior year | applied to mechanical engineerinhe
University of Michigan. I'm actually a fan of aesmace
engineering, but after learning that aeroee companies hire
more mechanical engineers than aerospace | quibidggec
my priorities. Mechanical engineers actually darenmands ol
“dirty work” than many of the other disciplines vkarg on
computers or with chemicals and molecules. Irfmreg tme |
mentor high school students on a FIRST robotion t&8(-Rat
Pack), and | also am the president of the SAE Ammpetition
team (M¥Fly). Playing paintball and guitar are also sc
hobbies of mine. After getting my undergraduatgrele here,
will either pursue a masters in mechanical engineeristad a career in the aerospace indus

Brian Kirby: I'm from Pinckney, Michigan. Pinckney is a smalvothat is located 30 minut:
northwest of Ann Arbor. | have been interestedngineerin since my freshman year of high schc
when | took a class on robotics and automatioifeti that clas
because | got hands on experience designing aiuirtgy
automated fixtures. | ended up taking that claks®af years o
my high school career. imy junior year, | built a workcell thi
built baseball bat key chains from scratch. Thiskeell won the
National Robotic Challenge Gold award for automatedkcells.

The last two years, I've been interning at the lrabary for
Atmospheric and Spacéd¥sics (LASP) at the University
Colorado -Boulder. LASP has allowed me to work on th
satellite instruments over these two summers adilaration anc
test engineer. | enjoyed working there becausealew me tc
do many different types of taskglesigning, runnin
experiments, analyzing data, machining ect. | bsothe idea o
my working being shot into space. | enjoy workingspace
technology so much, that | am currently enrollethin SGUS
program for Space Engineering here at the Ursity of

Michigan.

My plan is to graduate next year with my masterSpace Engineering and to work on satellites.d
wish at some point in my career to work on sometlike the Mars rovers and possibly mani
missions.
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Tristan Kreutzberg: Born am raised in Houston, TX, | grew (
five minutes away from Johnson Space Center. Bbthygparents
were involved with NASA throughout their professiboareers, s
| was always aware of what was going on with th®. Whannet
space program. Surprisinglyh&d no interest in being an astron
as a young kid +was fascinated by dinosaurs and was going |
a paleontologist. However, as | grew up | becaras ieterested i
velociraptors and more interested in how thingskwBly the time |
graduated higlschool | knew | wanted to be an engineer, t
wasn't sure exactly what profession | would purdwkecided or
mechanical because | figured it gave me the masropin terms
of careers.

Now I'm in my fourth and final year as an undergeaudi arn
looking forward to working as part of the manned spaognam,
just like my parents. I've interned for Lockheedmitaback home
in Houston for the past three summers, which has begrea
experience. It confirmed for me that a career mwvg space i
indeed the place for me.

| also enjoy running, playing guitar, and recordingsic on my laptop. I've also been known to
Ultimate Frisbee from time to tin

Justin Hresko: | hail from a small town in Michigan called Fluspint's a pretty nice placeowever it
is only 10 minutes outside the infamous city ohEliSo as you can guess, a large part of my faamit
friends work (or | should say worked) for Generadthts. My dad and uncles were all engineers
guess | just picked up where they loff. | am in my fifth
year of undergraduate school here at Michigan amdlad
to be finishing up. | am still unsure of what theure lies
ahead of me. One option is to work for General Mg
however | don't know if in would like to end up ooftstate
or for that matter overseas. Another option israilia
owned debt collection agency. Not quite the comghay,
breaks down doors, but they do collections for ak
(including U of M), Kohl's Department Store, anavl
firms. In my spare time Igoy playing and watchin
sports. | grew up with a baseball diamond in mykbgard
but | also played hockey, football, and tennidsbanjoy
video games, anything to do with Erin Andrews, ko)
walks (seriously). | also enjoy fishing and huntihhave
taken a couple hunting trips to Alaska and thehaort par
of Canada which were really intense and enjoy
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Appendix B: QFD Chart

&
%
R
KRR
AR
&‘%“:&:’:’:’:”
S

K
SIS
i
i
AR

69



Appendix C: Design Analysis Assignment

Material and Manufacturing Process Selection

Chassis Sides Material Selection
This section will discuss how the material was cela for the sides of the chassis. The sides aterpd
in the figure below and denoted by arrows.

Figure C1: A picture indicating the sides of the chassis

WASHS. Foa- @ R-a-

These sides are used to support the linear slatehb pin-gantry system is mounted to. These silies
support the motor, belt drive, and idler that asedito create the required linear motion. The giciest
be able to withstand the cyclic forces that willdpplied because of the force application perforimed
the pin-gantry system. The sides must also beyhsweight as possible so that the device is ptatab
These pieces also have many holes and slots thateghe selected material to be machinable tb hig
tolerances. These parts must also have a highesgfand low cost. Finally, the sides must betable
withstand temperatures up to 150°C and high hugnidit

The first step that was taken to find the optimaternial was to create a material indice. Thispsacess
by which we create a parameter that consists oénaaproperties that we want to maximize. In dase,
we can start by using a parameter that is useddalie ratio of stiffness of a material to the signand
cost of a material. The indice used is shown ineiipgation below wherg is the Young's modulus;,, is
the cost of the material, apds the density of the material.

— (Eq. C1)
By plotting this indice’s denominator versus itsmarator for several materials, we can determine how

different materials compare to each other basetthisrparameter. The following figure shows a
logarithmic graph of wide range of materials pldtegainst each other. The materials in the upfiier le
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corner of the graph are rated the highest on tniarpeter, while the materials in the lower rightheo
are the materials that rate the lowest.

Figure C2: Graph Comparing Materials Based on Material Inf{2y8

0 10000 100000
Density ~ 2 + Price ~ 2

(1sd a.,01) sninpow ng °
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Figure C3: Comparison of Materials that can Withstand thedexgd Conditions Based on Material
Index [27]
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From this process we can select five materialsithaé met the requirements that we have specified s
far. These materials are Aluminum 6061, Copper-GaoimAlumina 85, Lead, and Concrete. We can

then further analyze these materials based on sbthe material properties already discussed akasel
others. Significant properties are listed for thesterials in Table C1.
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Table C1: Comparison of Selected Materials [27]

Materials
Properties Concrete Cu-Cd Alum 6061 Lead Alumina 85
Yield Strength .014¢ 49.: 28 .87 24.¢
(KSD

Young’s .081 48.% 9.8¢ 1.8¢ 35.4
Modulus

(MPSI)

Fatigue .021¢ 32.¢ 30 72t 21.1

Strength at

1077 Cycles

(KSIin'?

Price ($/Ib) .018¢ 1.4¢ 718 43¢ 752
Density .032¢ .32¢ .096¢ 40¢ A28
(Ib/in®)

Notes Low Wear | Not resistant t Used for Poisonous | Only Machinec
Resistance Acids Heavy Duty by Water Jets
Structures

Using the information in Table C1, we decided @latinum 6061-T4 is the best material to make the
sides out of. This material maximizes stiffnessdst and density. It also has high fatigue streagth
Young's modulus, while being able to withstand ¢ixpected conditions. Concrete was eliminated
because of its low fatigue strength and its sudmiépt to wear. Copper-cadmium was eliminated doe
its not being able to withstand acids which maybed as lubricants and its high price. Lead was
eliminated because it is poisonous to humans. Alamias eliminated because it cannot be machined
with mills as would be required for us to machine.

Chassis Sides Mass Production

Due to the small demand for tribometers, we exgiettonly 100 of these devices would be sold if the
device was made commercially available. This mélaaisonly 200 sides would be made in mass
production. Due to a low amount of parts being mext the requirement for high tolerances, mass
production of the sides would most likely be doneadCNC Mill.

According to CES[27], aluminum 6061 can be easifichined on a mill. The process by which this
would be done can be found in Appendix I. All regdimachining could be performed on this CNC Mill
and would only require that the part be mountetthémill twice. Once a program is written to do the
machining, this part will require limited attentibyr an employee. For this reason, and the factntiast
companies already own a CNC Mill, we believe thithie best option for mass producing this part.

Pin Shaft Material Selection
This section will discuss, in detail, how the matiewas selected for the pin shaft of the pin gantr
system. The shatft is pictrued in the figure below.
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Figure C4: Pin Shaft

The pin shaft of the tribometer performs multipl@dtions and is one of the most important parthef
design. The primary purpose of the shaft is tosmgiha constant normal force between the ballatifh
of the shaft and the disk. It must also withstarelforces seen due to friction without deflectingren
than 1° from vertical. The highest normal load tihat shaft must be able to achieve is 200N, and the
highest coefficient of friction applied is specfito be 1.0. Therefore, the shaft must be sufftbjien
strong to withstand these maximum specified lobidsvever, the pin shaft is also used to measure the
forces by using strain gauges attached directtiig¢surface. Because strain gauges measure thes foyc
displacements on the surface, the shaft must kiblideenough to allow the measurement of very low
normal and frictional loads. The tip of the shaill @lso be exposed to the extreme environmental
conditions of the environmental control box, smiist also be able to withstand temperatures from 0°
150° C and 100% RH.

Appropriate material indices were derived by fitstermining which objectives and constraints were
driving the design of the pin shaft. The shaftubjected to both compressive and bending forces,
however, the stresses due to bending are muctegtban those seen from compression, so the pin was
assumed to function as a beam. It was also asstmieve a circular cross-section because circular
shafts can be evaluated quite easily and are colgmmanufactured and sold in nearly all materials.

The objective was to minimize the weight of therbdzecause a light-weight pin gantry system will be
less difficult to move in a linear reciprocatingtteTwo constraints were looked at — strength pilesd
and stiffness prescribed. The pin beam must ndastigally deform as this would ruin the alignment,
force application, and force measurement aspedtealesign. Therefore, a material index for a beam
with minimum weight and strength prescribed, aggiin Ashby's Materials Basics [16] is

M =

© |‘<qwhu

(Eq. C2)
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Wherego, is the yield stress andis the material density. This index should be mezéd to give the
strongest, lightest beam possible. By plottingrthmerator vs the denominator with CES[27], we are
able to observe how different materials comparesaith other with respect to strength and densifglof

of the graph is shown below.

Figure C5: Graph Comparing Material Index [27]
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We can then begin eliminating materials that domeeét other required criteria such as temperature,
corrosion resistance, and stiffness. A graph shgaireduced sample of suitable materials is shown

below.
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After identifying which materials would be strongoeigh for the pin shaft, we then looked at thdretgs
requirement. We did not want a beam that was iffaasid would not deflect enough, but it had toshiéf
enough to achieve the specification of not deflgctnore than 1° from vertical. By taking a safetgtér
of 2 into account, we determined the minimum valfti¥oung’s ModulusE, that would allow the pin to
deflect no more than 0.5° from vertical at the kigiinormal and frictional loads. The materials teat
been previously identified for their high strengghweight ratios were then examined for their stffs
properties. A strong material with a Young’'s Moduthat was as low as possible without deflectirmg to
much was desired. The top five materials identifisthg the CES software[27] are displayed below.

Table C2: Comparison of Top Five Materials

Materials
Properties Bronze Alloy Manganese Aluminum Naval Brass | Silicon Bronze
544 Bronze, Bronze E, CuSi3Mn1
C86500 forged
Yield Strength 60 24.¢ 36.2 10.z 65.2

(KSI)

Young's 15 14.¢ 16.7 13.¢ 14.¢
Modulus

(MPSI)

Fatigue 34.t 21.¢ 35.1 18.¢ 33.2

Strength at

1077 Cycles

(KSlin'?

Price ($/Ib) 1.62 1.04 1.57 1.1¢F 1.42
Density .321 .29¢ 27k 292 .30¢
(Ib/in®)

Notes Easily Parts in contac| Used in marine Sand ca: Hard (wrought
machinable. w/ salt and shafts
fresh water

The final choice for the pin shaft was Bronze AlB44. It was chosen because it was strong enough to
withstand the highest loads seen in our applicatidnile also deflecting enough to allow the
measurement of very low loads. It is also corrosasistant and able to function in the temperature
ranges that it will be exposed to in our device.a\8ets it apart from the other materials in thetés

that it is readily available, and highly machinalités a little more expensive than the other malg, but
less than 0.5 Ibs of the material is required Iier ghaft in our design.

Pin Shaft Mass Production

Due to the small demand for tribometers, we exgiettonly 100 of these devices would be sold if the
device was made commercially available. This méaaisonly 100 pin shafts would be made in mass
production. Due to the low amount of parts beinglenand the requirement for high tolerances, mass
production of the shafts would most likely be domea lathe and CNC Mill.
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According to both the CES[27] software and the $iepp website [26], bronze 544 can be easily
machined. The process by which this would be damebe found in Appendix I. The machining to be
performed on the lathe would be performed first #ren the part would be finished on a CNC Millain
rotational chuck. Once a program is written tolt tnachining, this part will require limited attiemt by
an employee. For this reason, and the fact that comspanies already own lathes and CNC Mills, we
believe this is the best option for mass produtiig part.

Environmental Performance

To analyze the environmental impact of the seleptaterials we used a program called SimaPro. This
program allows you to select materials, put inwleéght of those materials, and it gives you the svidmat
those materials impact the environment and how nofiein impact they have.

The first thing we did was to see how much air siniss, water emissions, raw materials, and solisteva
would be created by each part. A graph logarithgnaph showing this can be found below. This graph
indicates that the aluminum sides create a lotaafabe to the environment, most significantly in raw
materials. Most of the mass in the raw materiattige is the water that is used in making the nialter

1000000
100000
10000 -
I
§ 1000 - H Aluminum Side
E M Bronze Shaft
100 -
10 -
1 = T T T
air water raw waste

We then graphed E199 impact categories. This gshptvs how the two materials compare in these
categories. The material with the most impact @ashas 100% and the other material is shown in
percentage of the one with the most impact. Thaplgishows that again the aluminum sides will make
more of an environmental impact than the bronzé.shhis is true in every category except for maier
This graph is shown on the next page.

We also create a graph that shows the normalizedidirategories.” These categories include the itnpac
on human health, the ecosystem, and resourcesatdgories are plotted versus the percentage of
damaged caused by an average European in onelyésagraph, on Pg. 81 shows that the resources used
to make both parts are more significant than theatge caused to human health or ecosystem quatity an
even this impact is significantly less than 1%.
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Lastly, we made a chart showing how each matest@es in total E199 points. This chart is shown on
Page 82 and indicates that the bronze shaft has ofi@n environmental impact due to its use of
resources.
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After considering all the things, we can still cioles what will happen to the device over its lifele.

For both of these products, a long life time iseotpd, with the shaft having a lesser life timesT
because it will see large cyclic loading and evalhfbreak. When this happens, the shaft will rieele
replaced, but the old shaft can be melted dowrreeytled. The same can be done with the aluminum
sides when the tribometer will no longer be used.

Because the shaft will most likely need to be regibseveral times over the lifetime of a tribometer
have determined it will have more of an environrakimhpact; however, overall, neither material will
make a significant impact to the environment beeawsy few tribometers are expected to be built.
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Appendix D: Functional Decomposition

1. Hold test specimens
1.1. Hold ball
1.1.1Different sizes
1/16-1/4 inch
1.1.2Different finish
1.1.3With or without spin

1.1.4Safety
1.1.4.1. Does not fly out
1.1.4.1.1. Debris does not leave immediate test area

1.1.4.2. Does not damage ball
1.1.5Easy to change out
1.1.6Perpendicular (x1degree)
1.1.7Dampen Vibrations
1.2. Hold disk
1.2.1Different sizes
1.2.2Different types

1.2.3Safely
1.2.3.1. Does not fly out
1.2.3.1.1. Debris does not leave immediate disk area

1.2.3.2. Does not damage disk
1.2.4Easy to change out
1.2.5Keep level (£1 degree)
1.2.6Dampen Vibrations
2. Perform rotational movement.
2.1. Spin plate/disk
2.1.1Set speed
2.1.1.1. Capable of achieving 1 m/s.
2.1.1.2. Maintain same speed
2.1.1.2.1. Measure speed
2.2. Variable radius.
2.2.1Set radius
2.2.2Measure radius
2.3. Maintain same path.
2.3.1Check relative location
3. Perform linear reciprocating movement.
3.1. Achieve top speed through middle 30% of stroke tleng
3.2. Capable of achieving 1 m/s.
3.3. Variable stroke length
3.3.1Set stroke length
3.3.2Measure stroke length
3.4. Stop within 1 mm each time.
3.5. Maintain same path
4. Perform custom combined movement.
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4.1. Linear and rotational movement.
4.1.1Program set path
4.1.2Follow set path
4.1.2.1. Control position
4.1.2.1.1. Measure position
4.1.2.1.2. Respond with correct movement
4.1.2.1.3. Control speed
4.1.2.1.3.1Measure speed
4.1.2.1.3.2.Supply force required to maintain constant speed
4.2. Cross path testing.
Apply constant normal force
5.1.1Variable normal force
5.1.1.1. Set normal force
5.1.1.2.  Constant within 1%.
Measure friction force.
6.1. Data acquisition up to 20 kHz.
6.2. Instantaneous results.
6.3. Store results
6.4. Measure normal force
6.5. Measure lateral force
6.5.1Measure force in both directions
Set and maintain ambient conditions.
7.1. Maintain specified temperature up 150°C within39€.
7.1.1Set temperature
7.1.2Measure temperature
7.1.3Record and Save temperature
7.1.4Change temperature
7.1.4.1. Add heat
7.1.4.2. Dissipate heat
7.2. Maintain specified humidity
7.2.1Set humidity
7.2.2Measure humidity
7.2.3Change humidity
7.2.4Record and Save humidity reading
Ability to use lubricant.
8.1. Lubricant covers disk.
8.1.1Stops liquid from splashing away from disk
8.1.1.1.  Stops lubricant from leaking onto motors/wires ect.
8.2. Allows lubricant to be easily removed from test
8.3. Ability to circulate lubricant
Measure electrical resistance.
9.1. Instantaneous readings between pin and disk.
9.1.1Up to 100@ £ 1%
9.1.2Record electrical resistance
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10. Measure wear.

10.1. Pin wear during test.
10.1.1. Record pin wear
10.2. Disk wear during test

10.2.1. Record disk wear
11. Stop test at set wear path distance

11.1. Set wanted distance

11.2. Measure distance of test
11.2.1. Measure speed vs time

11.3. Stop movement

11.4. Record and Save distance
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Appendix E.1: Component Concepts

Force Measurement
To measure the lateral forces caused by fricti@ahtha normal force of the pin against the disk.

Wire Attached to Strain Gauge

A wire is attached to the pin at one end and armsgrauge at the other. When the pin is displaced
laterally due to friction, the wire is pulled taugind the friction force is recorded by the strain
gauge. Only works in one direction.

Laser

A laser inside the pin shaft is oriented verticalbwards. As the angle of the pin changes due to
the frictional force acting on the ball, the labeam will also change. A sensor in the arm
connected to the pin shaft will measure the digtahe laser travels which can then be used to
calculate the frictional force since the materiaperties and lengths of the pin will be known.

Strain Gauge Rosette
A strain gauge rosette will be placed on the peftsiThis will allow the measurement of the
lateral forces in the X and Y planes.

6-Axis Load Cell

A 6-axis load cell would be placed under the diskdhe pin shaft. These load cells can be
bought online and would be very simple to instdbwever, they are also quite expensive
(thousands of dollars).

Variable Path Motion
The tribometer must be able to perform rotatiomal Enear reciprocating tests. It would also benhig
beneficial if it can perform a user-designed corabion test that involves crossing paths.

Pin - All Motion
The disk will remain completely stationary, andrattvement will be performed by the pin. This
design is similar to the laser cutter used in tiaps

Disk — All Motion
The pin will remain completely stationary, andralbvement will be performed by the disk. It
will be able to rotate as well as move linearlylband forth.

Pin — Reciprocating, Disk — Rotating

The disk will be able to rotate and the pin willddde to move linearly back and forth. Either one
component can be in motion at a time, or both @antlized simultaneously to achieve complex
paths.

Magnets with Rotating Disk

This design is similar to the Disk — All Motion digis. A rotating disk will rest on a magnetic
platform which can reciprocate linearly due to ajiag magnetic fields induced by changing the
current direction in wires around the outside @f st area.
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Wear Measurement
Measuring the wear of the pin and disk in real tinmeild give researchers valuable information and
insight into how materials wear out.

LVDT

A Linear Variable Displacement Transformer wouldnbeunted to the pin shaft. As the pin

moved vertically downwards due to wear of the hatl disk, the LVDT would measure the
distance travelled. These devices are highly ateanad can be purchased already manufactured.

Sensor Layer Illumination

The ball will be embedded with a certain elemerhsas Chromium. As the ball wears down,
more chromium is exposed. The amount of wear issored by shining a known wavelength of
light on the worn material and calculating the antaaf chromium which is present. This method
is complicated and requires expensive equipment.

White Light Interferometer

A very high quality 3D camera can observe the vpedin in the disk at various intervals. This
device is highly accurate but is also very expemdivwould also require stopping the test
periodically to take a measurement.

Radioactive Tracer

This is similar to sensor layer illumination, bses radioactive tracers in the ball instead of
chromium. By measuring the amount of radioactivéenial present on the disk, one can
calculate the amount of wear that has taken place.

Temperature Change
Wear rate can be estimated from the surface temyperat the pin-disk interface. This method is

not very accurate.

Worm Drive Encoder

This method requires the use of the screw with warive to apply the normal force. As ball
wears down, the normal force will decrease. Theecfihe worm drive rotates which screws the
pin downwards into the disk and maintains the @ésirormal force. An encoder on the worm
drive will measure how far it has rotated, thus sueimg how far down the pin has moved. This
is the total wear measurement.

Holding Disk

The disk should be held tightly during testing teyent slipping or vibrations. The sample also sded
be centered with respect to the motor if the disfoibe rotated. Being able to accommodate various
shapes and sizes of samples would be beneficiddindpthe disk satisfactorily is an important sgfet
consideration.

Chuck

A large chuck can be used to hold samples of varshapes and sizes. The chuck will ensure the
sample is centered. Our team will have to manufadtie chuck to fit in our device and perform
the tasks we require of it.

88



Clamp
Clamps can be used to hold the sample onto a [Bagbase. It can accommodate various shapes
and sizes of samples.

Screw

A base with holes drilled at varying intervals withld the sample. Samples of varying sizes and
shapes will be placed on this base and centered asilowel screw. This requires an existing
hole in the center of the sample. Stops will bewed into the appropriate holes along the base
depending on the size of the sample. Set screwshwit be inserted into the stops and will hold
the sample in place by pressing against the sité®sample.

Holding Pin

The tribometer must be able to hold balls of défdrsizes (1/4, 1/8, 1/16 in.). The balls shoultrotate
when the pin and disk rub against each other. &kgencepts were generated that could solve the
problem. These concepts are outlined in this sectio

Screw on with Washer

In this concept the pin has a place where thedaallfit and a threaded outside shaft. The ball is
placed in a washer that holds it at the diametéh@ball. The washer and ball are then placed in
a cup-shaped object that holds the ball and wa3hés.cup has threads that allow it to be
screwed onto the pin. This cup can be screwedgbih énough so that the ball cannot move.

Screw of Different Sizes

This concept is very similar to the screw on withsher technique. The difference in this concept
is that it does not utilize a washer. This coneemtld have three different cups that
accommodate the different size balls. This wilbalimore of the ball to be worn away before the
ball has to be changed out.

Set Screws

In this concept, the ball is held in place usingseeews. These screws would push the ball up
and into the pin. They would allow for the diffetesize balls. To accommodate smaller balls, the
screws would just have to thread in farther.

Magnets

This concept holds metal balls in using electrone#gnf this concept was used, the ball would
not need to be held from multiple sides by physieatraint. This would allow the ball to be
exposed, and wear tests could, theoretically, niit thhe ball was completely worn away.

Control Systems
The team researched and determined several coroaquintrol the movement of the disk and pin. This
section outlines the concepts the team explored.

National Instruments C-Rio / C-Daq

This is a real time controller that allows you taamatically publish a front-panel interface in
LabVIEW. This system can also do real time datagilog and analysis of the control. This is
great because one of the requirements of the tebemis to record the velocity of the pin relative
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to the disk during the test. A user could easikgtthe stored data and report what the velocity
was at any point during a test.

National Instruments — USB

National Instruments (NI) sells devices such adi88-6008 which it markets as a low cost
(=$300) way to control motors. Using this system,td@n can control two motors and monitor
up to 8 input signals. Data can be logged similaylthe C-Rio systems. For more inputs and
outputs, higher accuracy, and more power NI reconatmesing the NI USB-6210 and NI USB-
6211.

National Instruments — PCI Card

Using a PCI card such as the NI PCI-6221 will wairkilar to the USB devises discussed above;
however, the PCI cards are known for sampling g hates with incredible accuracy. These
devices also cost twice as much as the USB devices.

Audrino

Audrino is a type of single board microcontroll€hese devices are programmed using C or C++
code. They can sample at high rates, while coirigplip to 14 digital I/O pins and 6 analog
inputs. While these devices have low prices, ttepat give you an interface for the user to
change the motion and monitor what is happeningctir. Also, data logging with these devices
is notoriously difficult.

Temperature Control

Thermoelectric with Heat Sink

This method consists of utilizing thermoelectridtiee modules in control the temperature.
Heating and cooling can both be accomplished wsisiggle Peltier device by reversing the
direction of the current. The Peltier modules Ww#l attached to a heat sink in order to further
improve the thermal efficiency. This method is ipersive and convenient because it takes care
of both heating and cooling.

Hot Plate

This method was drawn up as a way to heat thepestimen and not the atmosphere of the
testing area. Due to the fact that an atmosphempérature between 0-100 Celsius is desired this
method is not going to be used.

Heat Pump

Inducing heat by connecting the test area to afpn@ap was also analyzed. Although this method
was very efficient and reliable it proved to be mmtwo expensive for our budget. Also
considering that controlling temperature is a sdaoprequirement, we could not find any
justification for using this method.
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Humidity Control

Humidifier / Dehumidifier

This method basically consists of attaching a paaraumidifier or humidifier to control tt
relative humidity within the system. Although timethod would be reliable and eient its
costs would be too high for our budc

Silica Gel Desiccant

This method would consist of blowing air over aidesnt such as silica gel in order to prov
dry air into the system. Silica gel absorbs moestamd decreases relative humidityhis process
would be very inexpensive and efficient at the séime.

Humidity Inducing Salt Solution

Saturated salt solutions in water release a rel&imidity within its environment depending
its saturation. This method although proven toddialile would take too long to induce a desi
humidity level. The desired time to reach a cerRithwould be in minutes and not hours or di
as it would take for the saturated salt solu

Appendix E.2: Component Pugh Chart

Application of Normal Force
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Force Measurement

92

_ I _ Concept C Concept D Concept E
Selection Criteria Weight 6-axis load cell strain gaugels laser cmTentinduced | mulfipleload celk:
Ratling : Weighled Raling | Weighted Raling Weighled ! Raling : Weighle
Complaxity i 9 9 54 1 L8 5
Cost 9 3 #1 6 6 by
Duabilty 3 9 18 3 8 18
Reliahilily 3 9 18 3 6 18
Weight/Size 1 3 9 3 3 3
Manufactorability 9 ] 27 1 3 27
Accuracy/Prectsion 1 6 . 9 36 1 8 36
Salely E S 9 27 3 8. 27
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Vaiablerange 3 Lo 3 9 6 3 9
Easy 1o use 1 9 6 3 i] 6
cd LI 9 6 3 I 9
0 0
Tatal Score . S N L S L 135 _ 279
Rank 2 1 4 5 3
Variable Path Motion
ConceptA ConceptB ConceptC ConceptD
Weight Pin-All Motion Pin Reciprocating Pin Spinning Disk-All Motion
Rating Weighted Rating Weighted Rating Weighted Rating Weighted
9 3 27 6 54 3 27 3 27
9 6 54 6 54 6 54 3 27
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3 4 12 3 9 3 9 2 6
] 9 81 i} 54 3 27 3 27
1 6 6 6 6 3 3 3 3
1 6 6 6 6 € 6 1 1
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Wear Measurement
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Holding Pin

ConceptA ConceptB ConceptC ConceptD
Selection Criteria Weight Screw-washer Screw Sizes Setscrews Magnets
Rating Weighted Rating Weighted Rating ‘Weighted Rating Weighted
Complexity 9 9 a1 9 a1 6 54 1 8 ]
Cost 9 9 a1 3 27 9 81 3 27
Durability 6 6 36 9 54 9 54 6 36 |
Reliability/Repeatability 9 6 54 9 81 3 27 3 27
Weight/Size 1 9 9 9 9 ] 9 6 6
Manufactorability 9 9 81 1 9 6 54 1 9
Safety 3 6 18 9 27 6 18 1 3
Practical 6 9 54 6 36 9 54 1 6
Variable sizes 3 9 27 6 18 9 27 9 27
Easy to use 3 9 27 9 27 6 18 3 9
ProperHold 9 6 54 9 81 6 54 3 27
Total Score 522 450 450 186
Rank 1 2 3 4
Control Systems
ConceptA ConceptB ConceptC ConceptD
Selection Criteria Weight C-Rio/C-DAQ NI-FCl card NI-USB Audrnino
e Weighted Rating Weighted Rating Weighted Rating Weighted
Complexity 6 3 18 3 18 1 6
Cost 9 3 27 6 54 6 54
Durability 3 6 18 6 18 3 9
Reliability 3 6 18 6 18 3 9
ProcessingPower 9 3 27 1 9 3 27
|Accuracy/Precision BITS 9 3 27 3 27 3 27
Practical 3 6 18 6 18 3 9
Versitility 3 3 9 3 9 1 3
Easy to use 9 3 27 3 27 1 9
Knowledge Base 9 6 ] 54 6 54 3 27
Total Score 288 243 252 180
IRank 1 f 3 2 4
Motors
ConceptA ConceptB
Selection Criteria Weight | DC wi/ Encoders Steppers
__________________________________________________________________________________ _Rating Weighted Rating Weighted
9 ' 3 27
_____________________________________________ 9 3 27
________________________________________________ 3 3 9
__________________________________________ 3 9 27
____________________________________________________________ 6 3 18
___________________________________________________________________ 9 | 6 54
______________________ 9 | 6 54
_____________________________________________ 3 9 27
_________________________________________________ 9 | 6 54
_________________________________________________________ 3 | 6 18
261 315
2 1
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Temperature Control

ConceptA ‘ ConceptB ConceptC
Selection Criteria Weight |Themoelectric wi heat sink Hot Plate Heat Pump
N SN Rating = Weighted = Rating Weighted | Rating : Weighted |
Complexity 9 3 T § : 54 | 3 0 27
Cost 9 6 54 3 27 1 9
Durability ' 3 6 As 6 8 6 . 8
Reliability =~ 3. . .18 3 9 8 a8 |
Speed 1 | 3 3 3 3 6 5 |
Precision 9 6 54 5 54 9 81
Temperature Range = LT § A 3 27 LI I S
Safety 3 6 18 3 9 6 18
Practical 3 6 18 1 3 3 9
Easytouse 1 3 - S 3 3 & .
Weight/Size 3 6 - 3 9 1 i 23
0
TotalScore | 28 216 243
[Ran 3 2
Humidity Control
ConceptA ConceptB CenceptC ConceptD
o Weight |  Humidifier Dehumidifier = SilicaGelPacks Humidity Inducing Sait
|Selection Criteria ‘ Solution
e Rating Weighted Rating Weighted Rating Weighted Rating  Weighted
Complesity 9 3. 27 .6 54 3. . 27
Cost 9 6 54 - S 8
Durability 3 9 27 3 9
Reliability 3 6 18 I S 9
Rate ofrHuminity Flux 1 3 3 j 3 3
Accuracy/Precision 9 6 .54 3. 27
Safety 3 9 27 6 18
Practical 3 6 18 I S 3.
Versitility 3 3 9 1 3 3 9
Easytoruse ) 1 67 ] 76 6 ] ,G
Weight/Size 3 3.8 L3 3 8
TotalScore 252 : 252 246 200
Rank 1 1 3 4
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Appendix F: Component Flow Chart
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Appendix G: Assembled Pugh Char
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Appendix H: Part Drawings

This appendix contains the part drawings for eartiam piece that we are machining ourselves.

H.1: Disk Mount
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H.2: Disk Clamp
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H.3: Igus Rail Car
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H.4: Side Reinforcement
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H.7: Aluminum Gantry Chassis
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H.8: Threaded Screw Rod
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H.9: Pulley Idler
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H.10: Ball Holder
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H.11: Igus Rall
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H.12: Rotational Motion Bearing

51618 Threads
G-Places

174720 Threads
6-Places
t
1043
v}
| -
| 1
| 1083°
| Bokt
Circha
| 12,400
I Bolt
Cirche

, .
! | 120" | [McMASTER-CARR.®| . 18635A52 |

/2005 MtMiites-Cier Sugply Complny
R B T P M PPAe] RY o ST

Adyrranuen Largs-Desrnites
Ring-Style Tumiats

109



H.13: Open Ball Bearing
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H.14: Belt Clamp
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H.15: Bottom Plate
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Figure H.16: Side
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Figure H.17: Main Assembly
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Appendix I: Step-by-Step Manufacturing Plans

This appendix contains the tools and machine faadsspeeds that will be used to manufacture the
custom parts we are machining ourselves.

1.1: Bronze Shaft

Stej Operatior Machine Cutting Too Cutting Spee | Notes

1 Cutto Lengtl | Band Sa Band Sa\ 50 fprr

2 Make End Lathe Y End Mill 350 fpnr
Smooth

3 Drill Shoulder | Mill 3/16 Drill 175 fpn Use lubricar
Bolt Holes

4 Tap Hole: Tag Use lubricar

5 Turn Bottom Lathe 1/8 End Mill 350 fpnr
End

1.2: Ball Holder

Stej Operatiol Machine Cutting Too Cutting Spee | Notes

1 Cutto Lengtl | Band Sa Band Sa\ 50 fprr

2 Mill Flat Mill .25 Face Mil 250 fpnr

3 Drill Hole Mill .24 Dia Drill 175 fpn Uselubrican

4 Tap Hole Tar Use lubricar

1.3: Aluminum Chassis

Stey Operatiol Machine Cutting Too Cutting Spee | Notes

1 Mill Block Mill .25 Face Mil 850 fprr

2 Mill Middle Mill .25 Face Mil 850 fpnr

3 Drill Center Mill .453 Dia. Dril | 400 fpnr Use lubricar
Hole

4 Drill Center Mill .5 Dia Drill 400 fprr Use lubricar
Hole

5 Thread Cente | Taf Use lubricar
Hole

6 Drill Front Mill .159 Dia Dril | 400 fpnr Use lubricar
Screw Holes

7 Drill Back Mill .159 Dia Dril | 400 fpnr Use lubricar
Screw Holes

8 Drill Bottom Mill .098 Dia Dril | 400 fpnr Use lubricar
Screw Holes

9 Mill Slot Mill .188 Ball Mill | 250 fprnr Use lubricar

10 Tap Hole: Use lubricar
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1.4: Steel Threaded Rod

Stej Operatiol Machine Cutting Too Cutting Spee | Notes
1 Center Bor Mill .197 Dia Drill | 40 fprr Use lubricar
2 Drill Holes Mill .089 Dia Dril | 40 fprr Use lubricar
3 Tap Hole: Tag Use lubricar
1.5: Bottom Plate-6061 AL .5"plate
Stej Operatior Machine Tool Spee: Notes
1 Rough Cu Band Sa\ Band Sa\ Fas
2 Clampdowr Mill To table
3 Create fla Mill .5" End Mill 800 rpn
4 Zerc Mill Edge finde
5 Mill slot Mill 3/8 End Mill 350 fprr
6 Gear Clearenc | Mill 5" end mill 350 fpnr
7 Drill Hole Mill #10 drill 1000rpn
Pattern
8 Motor Moun Mill 9mm drill 1000rpm
9 Counter sin Hand dril Countersin high
1.6: Idler Side-6061 AL 3/8” plate
Stej Operatior Machine Tool Spee: Notes
1 Rough Cu Band Sa\ Band Sa\ Fas
2 Clamp dowi Mill To table
3 Create fla Mill .5” End Mill 800 rpn
4 Zerc Mill Edgefindel
5 Mill slot Mill 3/8 End Mill 350 fprr
6 Gear Clearend | Mill .5” end mil 350 fpnr
7 Drill Hole Mill #10 drill 1000rpn
Pattern
8 Motor Moun Mill 9mm drill 1000 rpn
9 Counter sin Hand dril Countersin high
1.7: Drive Side- 6061 AL 3/8” plate
Stej Operatior Machine Tool Spee! Notes
1 Rough Cu Band Sa\ Band Sa\ Fas
2 Clamp dowi Mill To table
3 Create flz Mill .5” End Mill 800 rpn
4 Zerc Mill Edge finde
5 Mill slot Mill 3/8 End Mill 350 fpnr
6 Gear Clearand | Mill .5” endmill 350 fpnr
7 Drill Hole Mill #10 drill 1000rpn
Pattern
8 Motor Moun Mill 9mm drill 1000 rpn
9 Counter sin Hand dril Countersin high
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1.8: IdlerMount-6061 AL 1" plate

Stej Operatior Machine Tool Spee! Notes
1 Rough Cu Band Sa\ Band Sa\ Fas

2 Clamp dowi Mill Vice -

3 Create flz Mill .5" End Mill 800 rpn

4 Zerc Mill Edge finde 500rpn

1.9: Linear Bearing Gantry Side- 6061 Aluminium

Stej Operatiol Machine Tool Spee: Notes
1 Clamg Mill vice -

2 Zerc Mill Edge finde 500 RPN

3 Center Dril Mill Center Dril 800 RPN

4 Drill Mill #10 Drill 800 RPN

1.10: Linear Bearing Slide Material

Stej Operatiol Machine Tool Spee: Notes
1 Clamg Mill vice -

2 Mill flat Mill 3/8 end mil 800 rpn

3 zerc Mill Edge finde 800 rpn

4 Mill end: Mill 3/8" end mil 800 rpn

1.11: IdlerMount

Stej Operatiol Machine Tool Spee: Notes
1 Clamg Mill vice -

2 Mill flat Mill 5" end mil 700 rpn

3 zerc Mill Edge finde 700 rpn

4 Mill ends Mill 5" end mill 700 rpn

5 Mill slot Mill 5" enc mill 700rpn

6 Flip -

7 zerc Mill Edge finde 500rpn

8 Center dril Mill Center dril 600rpn

9 drill Mill .19¢ 1000rpn

10 tag Mill 10-32 tay -

Appendix J: Location of Strain Gauges

This appendix provides multiple views of the strgages to show exactly where and how they will be

placed on the shaft.
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Figure J.1
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Figure J.2
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Appendix K: Micron Instruments Design for Force Measurement

This appendix describes the force measurementrsytsizt could be built by Micron Instruments to
improve the accuracy of the tribometer.

This system will use semi conductor bar gages dhdbavarranged similarly to the system described i
the report. These strain gages would be arrangader rosette and wired in a half bridge to amptie
signal and to compensate for temperature. Therdiffee from the designed mentioned in this report,
other than the fact that these gages would not adaeking, comes from the way the third gageithat
used to get the second component of friction fevoald work. Instead of having a tee rosette
configuration, two gages would be placed in thaledirection. 180° from this location, two more gag
would be placed in the axial direction. These gagasld be wired into a full Wheatstone bridge ider
to get better accuracy. We have selected a bargaggart# SS-060-033-1000P) which will meet the
requirements. This unit is pictured in Figure Kog&low. For the unit selected the dimension for 208,
for Y is .033”, and for Z is .008".

Figure K.1: Micron Instrument Bar Gage
& x -
- b i - _
006 00> DIA (TYP)

1 1 = -

LD006L0004 THICK
- SOMAX (TYP.) -

BALL BOND OR PARALLEL GAP WELD

The strain gages will need to be placed and botwléte outside of the shaft and wired in the cdrrec
bridges by Micron Instruments. This should be dopdlicron Instruments because of the accuracy
required and the size of the gages that we haeetsel It has been advised that the gages be bamded
placed in the Wheatstone bridges and balancedrhgaoe with experience, to achieve the accuracy
required. It has been determined that the monegate® have Micron Instruments perform these tasks
well worth the price. A cost break down given tdoysMicron can be found in on the next page.

This price also shows a silicone covering for tiiais gages. This covering will help to eliminatahge
from contact to the strain gages. It will also stopdensation and oils from handing from changirgg t
resistance of the strain gages. Lastly, this cogewill help to keep thermal gradients from chaggdime
resistance of the strain gages from the lightsrifiEhelner) This price also includes putting theewion
that we will use to read the output from the briglged apply the excitation voltage.

If this strain gage system is used in an ensuingepr, Herb Chelner at Micron Instruments should be
contacted. He is the President at Micron Instrusiant has been very helpful in suggesting thigdesi
He is also the one who created the quote listesicbitact information is as follows: phone: 805-522
1468 email;,_hchelner@microninstruments.co should be noted that this process would ireca
detail drawing be made of the system and that vilheshaft is delivered to Micron Instruments itlwil
take an estimated three weeks for them to retdimished product.
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Cost Analysis from Micron Instruments

COSTS

Materials
Gages per rod
55-060-033-1000P

zage cost per rod

Gaging

Bal. TC

Bridge Completion
on rods

Silicone

Exit wires plus strap

Final balance
output mv/temp

tot

Unit cost

126.2

92.

5.

11.
.
5.

as.
26.
19,

30
87

01
40
91
73
75

36
19
64

31
20

rods 1 2 3
52 2 4 6
54 1 2 3
40.14 80.28 160.36 192.84
81.43 81.43 162.86 244.29
3214
126.2
100
185.74
180
225.03
240
3 35.73
i} 40.5
51.75
3 106.08
i) 157.14
9 176.76
30 45 33
) 24 40 48
3 93
i} 120
135
676.72 1091.8 136B8.67
676.72 545.9 456.2233
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Appendix L: Strain Gage Bonding Procedure

VISHAY MICRO-MEASUREMENTS

Surface Preparation for Strain Gage Bonding

1.0 Introduction

Strain gages can be satisfactorily bonded fo almost any
solid material if the material surface is properly prepared.
While a properly prepared surface can be achieved in more
than one way, the specific procedures and techniques des-
cribed here offer a number of advantages. To begin with,
they constitute a carefully developed and thoroughly pro-
ven system; and. when the instructions are followed preci-
sely (along with those for gage and adhesive handling), the
consistent result will be strong stable bonds. The procedu-
res are simple to learn, easy to perform. and readily repro-
ducible.
Furthermore, the surface preparation materials used in these
procedures are. unless otherwise noted. generally low in
toxicity, and do not require special ventilation systems or
other stringent safety measures. Of course. as with any
materials containing solvents or producing vapors, ade-
quate ventilation is necessary.
The importance of attention fo detail, and precise adherence
to instructions. cannot be overstressed in surface prepara-
tion for strain gage bonding. Less thorough. or even casual,
approaches to surface preparation may sometimes yield
satisfactory gage mnstallations: but for consistent success in
achieving high-quality bonds, the methods given here can
be recommended without qualification. Fundamental to the
Vishay Micro-Measurements system of surface preparation
1s an understanding of cleanlingss and contamination. All
open surfaces not thoroughly and freshly cleaned must be
considered contaminated, and require cleaning immediately
prior to gage bonding. Similarly, it is imperative that the
materials used in the surface preparation be fresh. clean,
and uncontaminated. It is worth noting that strain gages as
received from Vishay Micro-Measurements are chemically
clean, and specially treated on the underside to promote
adhesion. Simply touching the gages with the fingers
(which are always contaminated) can be detnmental to
bond quality.
The Vishay Micro-Measurements system of surface prepa-
ration includes five basic operations. These are. in the usual
order of execution:

1. Solvent degreasing

2. Abrading (dry and wet)

3. Application of gage layout lines

4. Conditioning

5. Neutralizing
These five operations are varied and modified for compati-

bility with different test material properties. and exceptions
are mtroduced as appropriate for cerfain special matenials
and sifuations.

The surface preparation operations are described indivi-
dually in Secon 2.0, following a summary of the general
principles applicable to the entire process. Secfion 3.0 dis-
cusses special precautions and considerations which should
be borne in mind when working with unusual materials
and/or surface conditions.

The various surface preparation and mstallation accessories
referred to throughout this Application Note are Vishay
Micro-Measurements Accessories, listed in Strain Gage
Accessories Data Book and available directly from Vishay
Micro-Measurements.

As a convenience to the gage installer in quickly determi-
ning the specific surface preparation steps applicable to any
particular test material. Secrion 4.0 includes a chart listing
approximately 75 commeon (and uncommon) materials and
the comresponding surface preparation treatments.

2.0 Basic Surface Preparation
Operations and Techniquess
1.1 General Principles of Surface
Preparation for Strain Gage Bonding

The purpose of surface preparation is to develop a chemi-
cally clean surface having a roughness appropriate to the
gage installation requirements, a surface alkalinity corre-
sponding to a pH of 7 or so, and visible gage layout lines
for locating and onenting the strain gage. It 1s toward this
purpose that the operations described here are directed.

As noted earlier, cleanliness is vital throughout the surface

preparation process. It is also important to guard against

recontamination of a once-cleaned surface. Following are
several examples of surface recontamination to be avoided:

a. Touching the cleaned surface with the fingers.

b. Wiping back and forth with a gauze sponge, or reusing a
once-used surface of the sponge (or of a cotton swab).

c. Dragging contaminants into the cleaned area from the
uncleaned boundary of that area.

d. Allowing a cleaning solution to evaporate on the sur-
face.

e. Allowing a cleaned surface to sit for more than a few
minutes before gage installation. or allowing a partially
prepared surface to sit between steps in the cleaning
procedure.

Document Number: 11129
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Surface Preparation for Strain Gage Bonding

Beyond the above, it 1s good practice to approach the sur-
face preparafion task with freshly washed hands. and to
wash hands as needed during the procedure.

2.2 Solvent Degreasing

Degreasing is performed to remove oils, greases, organic
contaminants, and soluable chemical residues. Degreasing
should always be the first operation. This is fo avoid having
subsequent abrading operations drive surface contaminants
mto the surface material. Porous matenals such as titanium,
cast iron, and cast aluminum may require heating to drive
off absorbed hydrocarbons or other liquids.

Degreasing can be accomplished using a hot vapor degrea-
ser, an ultrasonically agitated liquid bath, aerosol type spray
cans of CSM-2 Degreaser, or wiping with GC-6 Isopropyl
Alcohol. One-way applicators, such as the aerosol type, of
cleaning solvents are always preferable because dissolved
confanunants cannot be carnied back into the parent solvent.
Whenever possible, the entire fest piece should be
degreased. In the case of large bulky objects which cannot
be completely degreased, an area covering 4 to 6 in [100 to
150mm] on all sides of the gage area should be cleaned.
Thas will minimize the chance of recontanmunation in subse-
quent operations, and will provide an area adequately large
for applying protective coatings in the final stage of gage
installation.

2.3 Surface Abrading

General — In preparation for gage installation, the surface
15 abraded to remove any loosely bonded adherents (scale,
mist, paint, galvanized coatings. oxides, etc), and to
develop a surface texture suitable for bonding. The abra-
ding operation can be performed in a varety of ways,
depending upon the inifial condition of the surface and the
desired finish for gage installation. For rough or coarse sur-
faces, it may be necessary to start with a grinder, disc san-
der, or file. (Nofe: Before performing any abrading
operations, see Secfion 3.1 for safety precautions.) Finish
abrading 15 done with silicon-carbide paper of the appro-
priate grit, and recommended grit sizes for specific materi-
als are given in Secrion 4.0.

If grit blasting i1s used instead of abrading, either clean alu-
mina or silica (100 to 400 grit) is satisfactory. In any case,
the atr supply should be well filtered fo remove oil and
other contaminant vapors coming from the air compressor.
The grit used in blasting should not be recycled or used
again in surface preparation for bonding strain gages.

The optimum surface finish for gage bonding depends
somewhat upon the nature and purpose of the installation.
For general stress analysis applications, a relatively smooth
surface (in the order of 100pin [2.5pum] rms) is suitable,
and has the advantage over rougher surfaces that it can be
cleaned more easily and thoroughly. Smoother surfaces,
compatible with the thin "gluelines" required for mininmm
creep. are used for transducer installations. In confrast,

when very high elongations must be measured, a rougher
(and preferably cross-hatched) surface should be prepared.
The recommended surface finishes for several classes of
gage nstallations are summarized in Table I, below.

TABLEI
CLASS OF SURFACE FINISH, rms
INSTALLATION pin Hm
General stress analysis 63-125 16-3-2
High elongation 250 254
cross-hatched
Transducers 16-63 |  04-18

Wer Abrading — Whenever M-Prep Conditioner A is com-
patible with the test material (see Section 4.0). the abrading
should be done while keeping the surface wet with this
solution, if physically practicable. Conditioner A is a
mildly acidic solution which generally accelerates the cle-
aning process and. on some materials. acts as a gentle
etchant. It is not recommended for use on magnesium, syn-
thetic rubber, or wood.

2.4 Gage-Location Layourt Lines

The normal method of accurately locating and orienting a
strain gage on the test surface i1s to first mark the surface
with a pair of crossed reference lines at the point where the
strain measurement is to be made. The lines are made per-
pendicular to one another. with one line oriented in the
direction of strain measurement. The gage is then installed
s0 that the triangular index marks defining the longitndinal
and transverse axes of the grid are aligned with the refe-
rence lines on the test surface.

The reference, or layout, lines should be made with a tool
that burnishes, rather than scores or scribes, the surface. A
scribed line may raise a burr or create a stress concentra-
tion. In either case. such a line can be detrimental to strain
gage performance and to the fatigue life of the test part. On
alununum and most other nonferrous alloys, a 4H drafting
pencil is a satisfactory and convement burmishing tool.
However, graphite pencils should never be unsed on high-
temperature alloys. where the operating temperature might
cause a carbon embrittlement problem. On these and other
hard alloys, burnished alignment marks can be made with a
ballpoint pen or a round-pointed brass rod. Layout lines are
ordinarily applied following the abrading operation and
before final cleaning. All residue from the burmishing ope-
ration should be removed by scrubbing with Conditioner A
as described in the following section.

2.5 Surface Conditioning

After the layout lines are marked, Conditioner A should be
applied repeatedly. and the surface scrubbed with cotton
tipped applicators unfil a clean tip 1s no longer discolored
by the scrubbing. During this process the surface should be
kept constantly wet with Conditioner A until the cleaning is
completed. Cleaning solutions should never be allowed fo
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dry on the surface. When clean, the surface should be dried
by wiping through the cleaned area with a single slow
stroke of a gauze sponge. The stroke should begin inside
the cleaned area to avoid dragging contaminants in from the
boundary of the area. Then with a fresh sponge, a single
slow stroke is made in the opposite direction. The sponge
should never be wiped back and forth, since this may rede-
posit the confaminants on the cleaned surface.

1.6 Neutralizing

The final step in surface preparation is to bring the surface
condition back to an optimum alkalinity of 7.0 to 7.5pH.
which 15 sustable for all Vishay Micro-Measurements stram
gage adhesive systems. This should be done by liberally
applying M-Prep Neutralizer 5A to the cleaned surface, and
scrubbing the surface with a clean cotton-tipped applicator.
The cleaned surface should be kept completely wet with
Neutralizer 5A throughout this operation. When neutrali-
zed, the surface should be dried by wiping through the clea-
ned area with a single slow stroke of a clean gauze sponge.
With a fresh sponge, a single siroke should then be made in
the opposite direction, beginmng with the cleaned area to
avord recontanunation from the uncleaned boundary.

If the foregoing instructions are followed precisely, the sur-

face is now propetly prepared for gage bonding, and the
gage or gages should be installed as soon as possible.

3.0 Special Precautions and Considerations

3.1 Safety Precautions

As in any technical activity, safety should alwavs be a
prime consideration in surface preparation for strain gage
bonding. For example, when grinding disc sanding, or
filing, the operator should wear safety glasses and take such
other safety precautions as specified by his organization or
by the Occupational Safety and Health Administration
(OSHA).

When dealing with toxic materials such as beryllfum, lead,
wranium, plutonium, eic., all procedures and safety measu-
res should be approved by the safety officer of the establish-
mant before commencing surface preparation.

3.2 Surfaces Requiring Special Treatment

Concrete — Concrete surfaces are usually uneven, rough,
and porous. In order to develop a proper substrate for gage
bonding, it is necessary to apply a leveling and sealing pre-
coat of epoxy adhesive to the concrete. Before applying the
precoat, the concrete surface must be prepared by a proce-
dure which accounts for the porosity of this material.

Contamination from oils, greases, plant growth, and other
soils should be removed by vigorous scrubbing with a
stiff-bristled brush and a mild detergent solution. The sur-
face is then rinsed with clean water. Surface irregularities
can be removed by wire brushing, disc sanding. or grit bla-
sting. after which all loose dust should be blown or brushed

from the surface.

The next step 1s to apply Conditioner A generously to the
surface n and around the gaging area, and scrub the area
with a stiff-bristled brush. Contaminated Conditioner A
should be blotted with gauze sponges. and then the surface
should be rninsed thoroughly with clean water. Following
the water rinse, the surface acidity nmst be reduced by
scrubbing with Neutralizer 5A, blofting with gauze spon-
ges, and rinsing with water A final thorough rinse with
distilled water is useful to remove the residual traces of
water-soluble cleaning solutions. Before precoating, the
cleaned surface nst be thoroughly dried. Warming the sur-
face gently with a propane torch or electric heat gun will
hasten evaporation.

Vishay Micro-Measurements M-Bond AE-10 room-tempe-
rature-curing epoxy adhesive is an ideal material for pre-
coating the concrete. For those cases in which the test
temperature may exceed the specified maxinmm operating
temperature of AE-10 (+200°F [+95°CT), it will be neces-
sary to fill the suwrface with a higher temperature resin
system such as M-Bond GA-61.

In applying the coating to the porous material, the adhesive
should be worked imnto any voids, and leveled to form a
smooth surface. When the adhesive 1s completely cured, it
should be abraded until the base material begins to be expo-
sed again. Followmg this, the epoxy surface 1s cleaned and
prepared conventionally, according to the procedure speci-
fied m Secrion 4.0 for bonding gages to epoxies.

Plated Surfaces — In general, plated surfaces are detri-
mental to sirain gage stability, and it 15 preferable to remove
the plating at the gage location, if this is permissible. Cad-
mium and nickel plating are particularly subject to creep.
and even harder platings may creep because of the imper-
fect bond between the plating and the base metal When 1t
15 not permissible to remove the plating, the surface should
be prepared according to the procedure given in Secrion 4.0
for the specific plating involved. Note that it may be neces-
sary to adjust testing procedures to minimize the effects of
creep.

Use of Solvents on Plastics — Plastics vary widely in their
reactivity to solvents such as those employed i the surface
preparation procedures described here. Before applying a
solvent to any plastic, Secfion 4.0, which includes most
common plastics, should be referred to for the recommen-
ded compatible solvent. For plastics not listed in Secrion
4.0, the manufacturer of the material should be consulted,
or tests should be performed to verify nonreactivity bet-
ween the solvent and the plastic.

Dimensional or Mechanical Changes Due io Surface Pre-
parafion — For most matenals, stramn measurement results
are usually nof sigmficantly changed by the surface prepa-
ration procedures described m flus Application Note. Even
with appreciable material removal, effects on the static
mechanical properties of the test part are generally neghgi-
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ble compared to other error sources in the experiment. It
should be understood. however, that removal of a plated or
hardened surface laver. or of a surface layer with significant
residual stresses, may noticeably affect the fatigue life or
the wear characteristics of the part when operated under
dynamic service conditions.

Silicone Contaminarion —The properties of silicones
which make them excellent lubnicants and mold-release
agents also make them the enemies of adhesion, and there-
fore potentially the most serious of contamunants to be
encountered m the practice of bonding stram gages. The
problem is compounded by the high natural affinity of the
silicones for most materials, and by their tendency to
migrate. Furthermore, since silicones are relatively inert
chemically, and unaffected by mwost solvents, they are
among the most difficult surface contaminants fo remove.
The best practice 1s to keep the gage-bonding area free of
silicones. This may not be as easy as it sounds. since the
widely used silicones can be introduced from a variefy of
sources. For instance, many hand creams and cosmetics
contain silicones, and these should not be used by persons
mvolved in gage installation. Some of the machining Iubri-
cants also contain silicones. and such lubricants should be
avoided when machining parts that are to have strain gages
mstalled Similarly, silicone-saturated cleaning tissues for
eyeglasses should not be used in the gage-bonding area or
by gage-installation personnel.

Regardless of efforts to avoid silicones, contamination may
still occur. Light contamination can sometimes be removed
by cleaming with Conditioner A preferably heated to
+200°F [+95°C]. More severe cases may require special
cleaning solutions and procedures, recommendations for
which should be obtained from the manufacturer of the sili-
cone compound involved in the contamination.

4.0 Index of Test Materials and
Surface Preparation Procedures

In this section, the specific step-by-step surface preparation
procedures are given for approximately 75 different materi-
als. For compactness, and convenient, quick access to the
procedure for any parficular material, the information is
presented in chart form in Table II. The test maferials are
listed alphabetically, from ABS Plastics to Zirconium: and
the complete procedure for each material is defined by one
or more digits in each of the applicable operations columns
of the table. Each digit identifies the required operation and
specifies the step number for that operation in the complete
procedure.

For example. assume that the necessity arises for bonding
one of more strain gages to a brass test specimen Reading
down the Specimen Material column of Table II to Brass,
and following that row across the table to the right, the first
step in surface preparation consists of degreasing the speci-
men with CSM-2 Degreaser. The svmbol (1) in the Jsopro-

oyl Alcohol column indicates that tlus is 2 suitable
substitute degreasing operation. Contimuing across the row.
the second operation calls for abrading the specimen sur-
face with 320-grit silicon-carbide paper. In the third opera-
tion the specimen is reabraded with 400-grit silicon-carbide
paper, wet lapping with Condiftoner A if feasible. The
fourth and fifth operations consist of applving lavout lines
for locating the gages, and scrubbing the surface clean with
Conditioner A Cleaning with isopropyl alcohol 1s the final
operation m the procedure.

In the Remarks column, 1t 1s recommended that the gages
be installed within 20 minutes after completing the surface
preparation, because the freshly bared brass surface tends to
oxidize rapidly. In addition. in the Grit Blasi column, the
gage installer is specifically advised not to substitute grit
blasting for other surface abrading methods. m order to
avoid significantly altering the surface condition of this
relatively soft material. Surface preparation procedures for
other maferials are defined similarly in the table. and. in
many cases, accompanied by special warnings of recom-
mendations in the Remarks colunn. When an operation not
included in the first ten column headings is required. it is
indexed i the Otier column, with an arrow pointing to the
Remarks column where the operation is specified.

Additional References
For additional information. refer to Instruction Bulletins
listed below:
B—IE?__ "Strain Gage Installations with M-Bond 200 Adhe-
sive".
B-130, "Strain Gage Installations with M-Bond 43-B. 600,
and 610 Adhesives".
B-137. "Strain Gage Applications with M-Bond AE-10,
AF-15. and GA-2 Adhesive Systems”.

Important Notice

The procedures. operafions. and chemucal agents
recommended in this Application Note are, to the
best knowledge of Vishay Micro-Measurements,
reliable and fit for the purposes for which recom-
mended. This information on surface preparation
for strain gage bonding is presented in good faith as
an atd to the strain gage installer; but no warranty,
expressed or mmplied, 15 given, nor shall Vishay
Micro-Measurements be liable for any injury, loss,
or damage, direct or consequential, connected with
the use of the mformation. Before applying the pro-
cedures to any material, the user 1s urged to care-
fully review the application with respect to human
health and safety, and fo environmental quality
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TABLEII
Index of Test Materials and Surface Preparation Procedures (Sheet 1 of 3)
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SPEGIMEN MATERIAL 5 8|&6|8|8|28|8|8|2|5 REMARKS
ABS plastice may be affected by ketomse, ssters, aromatice, and
ABS PLASTICS 1 No 2 3| 4 5 chiorinatsd hydrocart z
= Acrylies may be affeciad by ketones, esters, aromatica, and chlorinatad)
ACRYLICS 1 2 3| 4 8 hyd K,
Alclad coating must be removed prior o gage installation by abrading|
with 180-grit or 220-grit sficon-carbids paper. Teat for completansss of)
Alelad removal: {a) swab area with 10% sodium hydrocide solution - areal
ALIRENUM, ALCLAT 1 2 3 2 2 will darken within 80 =ac if cladding is complstaly ramoved; (b) neutralizs|
surface with Conditioner A; {c) flush arsa with distilied water. Procesd
with aurface preparation as specified at left.
Black or colored anodizing must bs removed prior 1o gags installation.
ALUMINUM, ANODIZED 1 2 3 4 5 Uss nonchlorinated housshold cleaner w stp ssalsr. Clear anodized)
surface acceptabla for slastic strain lsval onlby.
ALUMINUM, CASTINGS 1 {2} | (2 3 4 5 ] Gages should be bondsd within 30 min after final suriace preparation.
ALUMINUM, WROUGHT 1 (2) 3 4 ] ] Gagss should be bonded within 30 min after final surfacs preparation.
ANTIMONY 1 No 2 d.| 4 5
ASPHALT 1 Mo 3 2 | Often necsssary to grind, dize sand, or fils surfacs.
Obtain =zafsty depariment approval for surace removal. Abradsd
= particlsa must be kept wat to prevent becoming airbome, and must bs
BEH/LLAM 1 B = 4 = 2 proparty dispossd of. Soms individuals may develop allsrgic reaction.
Gloves should ba worn.
Obtain safety depariment approval for surfnce removal. Abraded
BERYLLIUM COPPER = | (1" 3 4 8 L] 2 | partiches muzl be kept wet 1o preveni becoming airbome. and must be
proparty dizposed of. Some individuala may devslop allsrgic reaction.
BISMUTH 1 HNo 2 3| 4 5
Clesan with sther undsr propsr ventitation. then scraps surfacs, and redry
BONE &) 123 ith sthar.
BOROMN-EPOXY x a | F 3 i
COMPOSITES 1.5%| No 2 3 4 |8} (2) | Scrub with a slurry of pumics powdsr and Conditionsr A.
BRASS 1| ()| Ne 2] 3| 4|5 Inztadl gages within 20 min of final surfaca praparation.
‘Wirs-brush or dize-sand, and removs dust with dry paint brush. Fill and
BRICK 13" " by 2 |=zsal surface with spoxy ::.dhe_-aavg. zuch az Micro-Meazuremeaniz AE-10,
BRONZE 1] 2 3] &4 |5™ Inztall gages within 20 min of final surface preparation.
CADMIUM PLATE 1 (1) | Ne 2 3 4| & i} sircnrad ot parmiseibla.
CARBON
{sea GRAPHITE)
CERAMICS b i 2 3| 4|9
: Chromium plating should be removed 21 gage installation eite f
CHROMIUM PLATE 1 {1} 2 2| 4 5 parmizsibla
CONCRETE 1 | Ses Concrete Section 3.2 in text.
COPPER AND ; 2 = 9 5
COPPER-BASED ALLOYS 1 (1) | Mo 2 3 4 | 5 Mo Install gages within 20 min after final surface preparation.

SPECIAL NOTES

** Rines with diztiied watar, and wips dry,

{ | Paranthesss indicate alismats siap(s).

* Heating specimen will halp drive out oils, moisturs, and solent.

1 Use clean (filzered). dry air. Do not recycle alumina or silica grits.
11 Wist lap with Conditionar A whan compatibility iz indicatad by "Gonditionar A (Scrub)" column
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Instruction Bulletin B-130
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Strain Gage Installations with
M-Bond 43-B, 600, and 610 Adhesive Systems

INTRODUCTION

Vishay Micro-Measurements M-Bond 43-B, 600, and 610
adhesives are high-performance epoxy resins, formulated
specifically for bonding strain gages and special-purpose
sensors. When properly cured, these adhesives are useful
for temperaturas ranging from -452° to +350°F [-269° to
+175°C] with M-Bond 43-B, and to +700°F [+370°C] for short
periods with M-Bond 600 and 610. In common with other
organic materials, life is limited by oxidation and sublimation
effects at elevated temperatures. M-Bond 43-8B is
particularly recommended for transducer applications up to
+250°F [+120°C], and M-Bond 610 for transducers up to
+450°F [+230°C].

Faor proper results, the procedures and techniques presented
in this bulletin should be used with qualified Vishay Micro-
Measurements installation accessory products (refer to
Yishay Micro-Measurements Sirain Gage Accessories
Databook). Accessories used in this procedure are:

CSM Degreaser or

GC-6 lsopropyl Alcohal
Silicon-Carbide Paper
M-Prep Conditioner A
M-Prep Neutralizer 5A
G5P-1 Gauze Sponges

CSP-1 Cotton Applicators

MJG-2 Mylar® Tape

TFE-1 Teflon® Film

HSC-X Spring Clamp

GT-14 Pressure Pads and
Backup Plates

MIXING INSTRUCTIONS

Since M-Bond 43-B is a solvent-thinned, precatalyzed epoxy
mixture, it is applied at room temperature directly as
received. The M-Bond 600 and 610, on the other hand, are
two-component systems. These must be mixed as follows:

1. Resin and curing agent bottles must be at room
temperature before opening.

2. Using the disposable plastic funnel, empty contents of
bottle labeled *Curing Agent” into bottle of resin labeled
“Adhesive”. Discard funnel.

3. After tightening the hrush cap (included separately),
thoroughly mix contents of this *Adhesive” botile by
vigorously shaking it for 10 seconds.

4. Mark bottle with date mixed in space provided on the
label.

Allow this freshly mixed adhesive to stand for at least one
hour before using.

SURFACE PREPARATION

The extensive subject of surface preparation techniques is
coverad in Application Note B-129. Metal surface cleaning
procedures usually involve solvent degreasing with either
CSM Degreaser or GC-6 Isopropyl Alcohol, abrading, and
cleaning with M-Prep Conditioner &, followed hy application
of M-Prep Neutralizer 5A. When practical, these preparation
procedures should be applied to an area significantly larger
than that occupied by the gage. Surfaces should he free
from pits and irregularities. Porous surfaces may be
precoated with a filled epoxy, such as M-Bond GA-61, which
is then cured and abraded.

SHELF LIFE AND POT LIFE

At room temperature, M-Bond 600 has a useful storage life
of approximately three months, while M-Bond 43-B and M-
Bond 610 will Iast about nine months.

Once opened and mixed, M-Bond 600 and 610 have room-
temperature pot lives of two weeks and six weeks,
respectively. Since M-Bond 43-B is supplied already mixed,
its pot life is about the same as its shelf life when kept in a
tightly closed container.

These periods of adhesive usefulness can be increased by
refrigeration at +30° to +40°F [0° to +5°C]. Check individual
adhesive kit labels for details. Never open a refngerated
boftle until it has reached room temperature.

GAGE INSTALLATION
The hasic steps for honding gages using M-Bond 43-B, 600,
and 610 adhesives are given on the following pages.

HANDLING PRECAUTIONS

Epoxy resins and hardeners may cause dermatifis or other
allergic reactions, particularly in sensitive persons. The user
Is cautioned to: (1) avoid contact with either the resin or
hardener; (2) avoid prolonged or repeated breathing of the
vapors; and (3) use these materials only in well-veniilated
areas. If skin contact occurs, thoroughly wash the
contaminated area with soap and water immediately. In
case of eye contact, flush immediately and secure medical
attention.

Rubber gloves and aprons are recommended, and care
should be taken not to contaminate working surfaces, tools,
container handles, etc. Spills should be cleanad up
immediately. For additional health and safety information,
consult the Material Safety Data Sheet, which is available
upon request.
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Step 1

Thoroughly degrease the gaging area with solvent, such as
CSM Degreaser or GC-6 Isopropyl Alcohol. The former is
preferred, but there are some materials (e.g., titanium and
many plastics) that react with CSM. In these cases, GC-6
Isopropyl Alcohol should be considered. All degreasing
should he done with uncontaminated solvents-thus the use
of “one-way” containers, such as aerosol cans, is highly
advisable.

Step 2

Preliminary dry abrading with 220- or 320-grit silicon-carbide
paper is generally required if there is any surface scale or
oxide. Final abrading is done by using 320- or 400-grit
silicon-carbide paper on surfaces thoroughly wetied with M-
Prep Conditioner A; this is followed by wiping dry with a
gauze sponge.

With a 4H pencil (on aluminum) or a ballpoint pen (on steel),
bumish (do not scrihe) whatever alignment marks are
needed on the specimen. Repeatedly apply Conditioner A
and scrub with cotton-tipped applicators until a clean tip is no
longer discolored. Remove all residue and Conditioner by
again slowly wiping through with a gauze sponge. Never
allow any solution to dry on the surface because this
invariably leaves a contaminating film and reduces chances
of a good bond.

Vishay Micro-Measurements

Step 3

A, __-\/1 '\.
I"\_}_‘)-' il “\
Rty -
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MNow apply a liberal amount of M-Prep Neutralizer 5A and
scrub with a cotton-tipped applicator. With a single, slow
wiping motion of a gauze sponge, carefully dry this surface.
Do not wipe back and forth because this may allow
contaminants to he redeposited on the cleaned surface.

Step 4

g S

-

Remove a gage from its mylar envelope with tweezers,
making certain not to fouch any exposed foil. Place the
gage, bonding side down, onto a chemically clean glass
plate or empty gage box. If a solder terminal is to he
incorporated, position it next to the gage. While holding the
gage in position with a mylar envelope, place a short length
of MJG-2 mylar tape down over about half of the gage tabs
and the entire terminals.

Step 5

Remove the gageftapefterminal assembly by peeling tape at
a shallow angle (about 30°) and fransferring it onfo the
specimen. Make sure gage alignment marks coincide with
specimen layout lines_ If misalignment does occur, lift the
end of the tape at a shallow angle until assembly is free.
Realign and replace.

Use of a pair of tweezers often facilitates this handling.

Strain Gage Installations with M-Bond 43-B, 600, and 610 Adhesive Systems
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Nore: A “hot-tack™ method of positioning can be used,
which eliminates need for taping. This method is
explained after Step 9.

Step 6

Mow, by lifting at a shallow angle, peel back one end of the
taped assembly so as to raise both gage and terminal. By
curling this mylar tape back upon itself, it will remain in
position, ready to be accurately repositioned after application
of adhesive.

Coat the gage backing, terminal, and specimen surface with
a thin layer of adhesive. Also coat the foil side of open-faced
gages. Do not allow the adhesive applicator to touch the
tape mastic. Permit adhesive to air-dry, by solvent
evaporation, for 5 to 30 minutes at +75°F [+24°C] and 50%
relative humidity. Longer air-drying times are required at
lower temperatures and/or higher humidities. Note: An
additional drying step with 43-B is beneficial for large
gages. Place the unclamped installation in an oven for
20 minutes at +175°%F [+85°C] following the air-dry step
above.

Step 7

Retumn the gagefterminal assembly to its original position
over the layout marks. Use only enough pressure to allow
the assembly to be tacked down. Cverlay the gage/ terminal
area with a piece of thin Teflon sheet (TFE-1). If necessary,
anchor the Teflon in position across one end with a piece of
mylar tape.

Vishay Micro-Measurements

Cut a 3f32-in [2_5-mm)] thick silicone gum pad and a metal
backup plate (GT-14) to a size slightly larger than the
gagelterminal areas, and carefully center these. Larger
pads may restrict proper spreading of adhesive, and entrap
residual solvents during cure process.

Nore: Steps 6, 7, and 8 must be completed within 30
minutes with M-Bond 600, 4 hours with M-Bond 610, and
24 hours with M-Bond 43-B.

Step 8

Either spring clamps or deadweight can be used to apply
pressure during the curing cycle. For transducers, 40 to 50
psi [275 to 350 kN/m2] is recommended and 10 to 70 psi [70
to 480 kNim2] for general work. Place the clamped
gage/specimen into a cool oven and raise temperature to the
desired during level at a rate of 5° to 20°F [37 to 11°C] per
minute. Air bubbles trapped in the adhesive, uneven
gluelines, and high adhesive film siresses often result from
starting with a hot oven. Time-versus-temperature
recommendations for curing each adhesive are given on the
next page.

Step 9

Upon completion of the curing cycle, allow oven temperature
to drop to at least 100°F [55°C] before remaoving the
specimen. Remove clamping pieces and mylar tape. Itis
advisable to wash off the enfire gage area with either RSK
Rosin Solvent or toluene. This should remove all residual
mastic and other contamination. Blot dry with a gauze
sponge.

“Hot-Tack™ Method of Gage Installation

This procedure eliminates all need for taping to prevent
movement of the gage during mounting, and is especially
suited to M-Bond 43-B and M-Bond 600.

1. After completing the preceding Steps 1, 2, and 3, remove
a gage from its mylar envelope using clean tweezers.

2. Coat the bonding side of gage and gaging area of the
specimen with adhesive, and set each aside to air-dry for at
least 15 minutes. M-Bond 43-B may dry for up to 24 hours.

Strain Gage Installations with M-Bond 43-B, 600, and 610 Adhesive Systems
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3. Using tweezers, position gage onto the specimen. A
properly cleaned dental probe may help.

4. To anchor the gage, use a 15- to 25-wait soldering iron
with a new conical tip. This is usually done by hot-tack-
sefting the adhesive at two spofs (such as opposite gage-
alignment marks) while temporanly holding the gage down
with a mylar envelope. A little expenmentation may be
required to leam the correct iron temperature and hot tip
contact time. These depend upon type of adhesive used
and thermal conductivity of the base material.

5. Ifthe gage is open-faced, apply a thin coating of adhesive
to its face and allow to dry for at least five minutes before
overlaying with a Teflon sheet (as described in Step 7).
Proceed with Steps 8 and 9.

RECOMMENDED CURE SCHEDULE

It should be noted that the following curves represent a
range of time-versus-temperature; however, the upper limits
of both time and temperature should be employed whenever
possible, while keeping in mind the possible effect on the
heat treat condifion of the substrate material.

M-Bond 43-B: 2 hours at +375°F [+190°C].

M-Bond 600: Cure at temperature for time period specified
by graph below.
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M-Bond 610: Cure at temperature for time pericd specified
by graph below.
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Vishay Micro-Measurements

POSTCURING

Postcures with the clamping fixture removed are usually
required for stable transducer applications. Postcuring can
e done following Step 9 above, or after wiring the
transducer (subject to temperature limits of solder and wire
insulation).

M-Bond 43-B: 2 hours at +400°F [+205°C].

M-Bond 600: 1 to 2 hours at 50°F [30°C] above maximum
operating or curing temperature, whichever is greater.

M-Bond 670: 2 hours at 50° to 75°F [30° to 40°C] above
maximum operating or curing temperature, whichever is
greater.

FINAL INSTALLATION PROCEDURES

1. Refer o Strain Gage Accessones Datahook to select an
appropriate solder, and attach leadwires. Be sure fo remaove
solder flux with Rosin Solvent. Gage tabs and terminals can
e cleaned prior to soldering by light abrading with pumice to
remove the adhesive film. This pumicing is not required with
gages having integral leads (Options L and LE) or pre-
attached solder dots. See Application Mote TT-606,
“Soldering Technigues for Lead Atfachment to Strain Gages
with Solder Dots.” General soldering instructions are
discussed in Application Note TT-609, “Strain Gage
Soldering Techmigues.”

2. Select and apply protective coatings according to
recommendations given in Strain Gage Accessories
Databook.

ELONGATION CAPABILITIES

M-Bond 43-B:

1% at -452°F [-269°C]; 4% at +75°F [+24°C]; 2% at +300°F
[+150°C].

M-Bond 600 & 610:
1% at -452°F [-269°C]; 3% from room temperature to 500°F
[+260°C].

Mylar and Teflon are Registered Trademarks of DuPont.

Strain Gage Installations with M-Bond 43-B, 600, and 610 Adhesive Systems

Document No.:11130
Vishay Micro-Measurements
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Appendix M: Belt Drive Design

Industrial Belt Design - Drive Detail Report

e
0 B .
/4 Design Flex® Pro by the Gates Corporation
Designed For: Provided By: brian hopton
university of michigan
gg brown
ann arbor, Michigan 48109
United States
bhop23@amail.com
248767557 Phone
Application: 450 Team 21 Linear Belt Drive
INPUT . .
Drive Information _ DriveR DriveN
Speed Ratio: 1.00 RPM: 375.0 375.0 +/-4%
I[\put Loadi 15 N-m Bushings Checked: Any
Sarvluca Factor: 1.8 Belts Checked: Poly Chain Carbon, PowerGrip GT2,
D35|9|"_ Power: 24 _N'"" TruMaotion, PowerGrip Timing, Poly Chain
Center Distance: 20 in +/-10% GT2, PowerGrip HTD, PowerGrip GT

SELECTED DRIVE

Belt Type:

Speed Ratio:
dM RPM:
Rated Load:
Belt Pull:

Center Distance:
Install/Take-Up Range:

Moise:

PowerGrip GT2 - 5M

Part Mo:

1.0 Froduct No:
375.0 Top Width:
26.06 N-m, ODR: 1.09 Weight:
124 |b Rim/Belt Spead:
RPM:

21.26in Bushing Part No:

20.41 into 21.30in

Bore:

Pitch Diameter:

46 dB @ 275 Hz

Belt
SMR-1300-15

4390-7260

0.181b
271 fiimin
63.5

DriveR DriveN
P44-5MGT-15 P44-5MGT-15
TT09-1044 T709-1044
0.8% in 0.8%in
0.82 b 0.82Ib
266 ft/min 266 fifmin
3750 375.0
1108 1108
0.5in-1.1250n 0.5in-11250n
276 in 276 in

TENSION

Static Tension (Per rib/strand ):

Rib/Strand Deflection Distance:
Rib/Strand Deflection Force:

New Belt Used Belt
58 to 64 |b 41 to 47 Ib
Static Belt Pull: 1170 128 b 821094 Ib
0.33 in 0.33 in
431047 1b 32t 361
Sonic Tension Meter: 260 to 286 N 182 to 208 N
Belt Frequency: 60 to 63 Hz 50 to 54 Hz

505C/507C Model STM Settings: Welght: 4.1 g/m Width: 15 mm/#R, Span: 540 mm

When planning to re-install used belis, measure

and record the tension before removing and re-
install at the recorded tension.

NOTES

applications.
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- Buyer has sole responsibility for the selection and testing of products for any intended use which may net include flight-related aircraft




Appendix N: Instructions to Unpack the Strain Gages

Icnnn RECOMMENDATIONS FOR REMOVING STRAIN GAGES FROM BOXES

RECOMMENDATIONS FOR REMOVING STRAIN GAGES FROM BOXES

The strain gage is secured in the strain gage box by two adhesive “dots".
A foam insert backed with a layer of paper may protect the gage.

1. Open the box.

2_ lithere is a foam insert (See Fig. 1) remove it using a pair of tweezers. Lift the foam in-
sert vertically. Do not exert any pressure on the foam pad as this may damage the

gage.

FIGURE 1.
Strain Gage Box

FOAM INSERT

STRAIN GAGE

3. Do not attempt to remove the gage from the box until the wires attached to the adhesive
dots have been cut.

S3IX0H WNOH4 SIDVI NIVHLS DONIAOWIY 04 SNOILVYAONIWNOD3IH

4. Place the blade of an "X-ACTO" knife (or similar) on the wire as close as possible to the
adhesive dot. Apply a FIRM DOWNWARD PRESSURE to sever the wire (See Fig. 2).

ADHESIVE
DOTS

PLACE KNIFE E]
BLADE HERE 'L“-_HH_Q
G

— -~
&

FIGURE 2.
Strain gage secured in strain gage box

Do not use a back and forth cutting motion to cut the wire as this may cause the wire to
deform and/or detach from the strain gage.

Repeat for the second wire. 080230

4509 Funway Street » Simi Valley, California 93063 » Phone:(800) 638-3770 or (803} 522-4676 » Fax: (803) 5224982
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Appendix O: Strain Gage Information

ICRON BACKED STRAIN GAGE HALF BRIDGE (SSGH)

INSTRUMENTS Temperature Compensated

BACKED SEMICONDUCTOR STRAIN GAGE 2
HALF BRIDGE - TEMPERATURE COMPENSATED ;

-
Micron Instruments offers a ran ge of semiconductor backed half bridge strain gages. The gages are mstalled on a Z
flexible insulated circuat with easy to solder pads which can be bent without hurting the gage and will perform like a ;
foil gage except that the resistive change 15 30 to 55 times greater. o

55|
There are two gages on a backing, one longitudinal and one transverse. These gages are thermallv matched to -
track each other before installing onto the backing. When used as one side of the bridge, they compensate each other =
thermally even when bonded since they both see the same thermal expansion. When both gages have a gage factor :1
(GF) of 140 the transverse gage will normally see the Poisson’s effect. which for most steels 1s 0.3. This reduces the =
transverse gage factor to 42. The average GF for the half brndge would be 91. =

=
FEATURES =

+ Backed SSGH's are as easy to install as foil gages
*  There are two gages on a backing. one longitudinal and one transverse.
* SS5GH’s are suggested for use in prototyping or proof of concept

SPECIFICATIONS

Bar gages ranges available 120 ohm up to 1000 ohms
Czochralski pulled boron doped silicon

Base material Duraver E-CU-104

Dimensions base 427x.127

Copper solder pads

STRAIN GAGES (060, 080, 050 STANDARD) PLEASE SEF STRAIN GAGE CATALOG FOR OTHER OPTIONS
BTV PROTEGTION QPTIONAL COPPER
' / 42 AN
= / 3 . %
MICFON INSTRUMENTS ¢/
sl
47/.//” A
‘]
g |

BASE MATERIAL: DURAVER E-CU-104

-

/77

|—-.

805 RESISTORS AS HEQUIRED FOR ADDITIONAL TEMPERATURE COMPENSATION

MICRON'S semuconductor strain gages are made from “P” doped bulk silicon. They have no P/N junction.
The silicon is etched to shape, eliminating the potential for molecular dislocation or cracks. thereby optimizing performance.

4509 Funway Street » Simi Valley. California 93063 & Phone:(800) 638-3770 or (803) 322-4676 « Fax: (803) 5224982

Y &

SensSoTs @ MiCTonMs ruments.COm ® WWW IIcToninstraments.com
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—\/ ICRON BACKED STRAIN GAGE HALF BRIDGE

E

;E HALF BRIDG

STRAIN GAC

INSTRUMENTS Temperature Compensated
Backed Temperature Compensated Semiconductor Strain Gages Half Bridge (SSGH)
Resistance .
PART NUMBER Width Lead i Olusia Gage TICGF TCR
Attachment 8 F Factor
$5-060-022-500PB-55GH 008 WL 0004 540 =30 150 =10 -13% 17%
$5-060-033-500PB-5SGH 008 WL 004 540 =50 140 =10 -13% 15%
55-060-033-1000PB-55GH 008 WL 0004 105075 155 £10 -18% 24%
55-080-050-120PB-S5GH 008 WL 0004 120 £20 120 £10 0% 5%
S5-080-030-230PB-55GH 008 WL 0004 230 =30 120 =10 0% %
S5-080-030-345PB-55GH 008 WL 0004 345 =40 140 =10 -13% 16%
$5-080-030-500PB-5SGH 008 WL 004 540 =50 140 =10 -13% 16%
$5-080-030-1000PB-5SGH 008 WL 0004 1050=75 15510 -18% 24%
S5-090-060-500PB-55GH 009 WL 0004 540 £50 140 =10 -13% 16%
$5-090-060-1130PB-55GH 008 WL 0004 1125 £75 15510 -18% 24%
Strain Gage Ordering Information
STS-D?O-OS 0-5?0 P B SSGH
Model# = W W I + Half Bridge
Total Length + + Back Gage
Active Length #— ] - + Dopant
Nominal Resistance at 78°F #
Standard Gage Specifitatiuns
Material Czochralski pulled boron doped silicon.
Leads 002 dia. gold.
Contact Pad Gold mickel fused, aluminum. or Hi-Temp.
Lead Attachment Parallel gap welded with epoxy reinforcement or ball bonded.
Operating Strain £2000 p inch/ineh ( 3000 p meh/inch max )
Linearity Better than =0.25% to 600 p inch/inch
Better than £1.5% to 1500 p mch/inch
Max. Operating Temp. +278°F Bonded.
[Smnﬂard Bridge Matching
f
Temperature °F 0° 78¢ 2782
Standard Matching +0.6% +0.4% +0.4% Percent of Base Resistance
TERMS & CONDITIONS
{Minimum Order:  $50.00
| FOB: Simu Valley. California
Terms: Net 30 Days
| Credit Cards: Visa. Master Card. Amernican Express
| Effective Date: March 2008

| Prices Subject to Change without Notice

4509 Runway Street » Simi Valley. California 93063 o Phone; (800) 638-3770 or (B03) 5224676 « Fax: (805} 522-4982

& &

SENSOTS @ MICTONNS ments com » WWwWw micToninstruments. com
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Appendix P: Description of Engineering Changes

There were three significant engineering changke.documentation for these engineering changes can
be found below.

1)

What has changed:The motor that will apply the normal force hasruped from a NEMA 17Y4

with 100 oz-in of holding torque to a NEMA 17Y3 wi62 oz-in of holding torque. Information about
these motors can be found here: http://www.anahdionaation.com/products/stepper/stepper-
motors.php?tID=75&pt=t&cID=19

What part of the project does this impact: This change impacts the force application anditiear
drive system. Because the holding torque will lveelg the tribometer will only be able to apply 172
N of force instead of the specified 200N. This adewill also lessen the weight of this system K3y 0.
Ibs, allowing for slightly quicker accelerationtime linear motion system. The mounting for this
system will remain the same, the change of the reatoly changes the length of the motor.

Why was this change made: The motor originally pitkut was out of stock and would take 3
months to be delivered. This would make it impdssibr the team to meet the deadline

Who made this changeTristan Kreutzberg 12/1/09

Authorization: Professor Gordon Krauss 12/7/09

What has changed:The tribometer will no longer have any type ofieomental system
What part of the project does this impact:The environmental system.

Why was this change madeOur team member, Justin Hresko, has decidedo ttiis course. He
was responsible for this system and made littleotprogress on its design. It would be impossibie f
the team to design, order the required materials baild by this Thursday.

Below is the email received from Justin on Saturtthey5th of December telling us about dropping the
course:

Hey guys,

To make it short and sweet i don't think i willdmnpleting the course
this semester. I've been trying to work on my sysiace 10 this morning
and just dont have much to show for it. Even thatighouldn't be that
difficult, my mind is just not in the right plaaefinish up. Even
yesterday i felt i was just standing around andtdbnting little to the
overall project and being more of a nuisance thawy help. | apologize
that you all had to put up with my shenanigansdahssst few weeks, and
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wish you the best of luck.

Sincerely,
Justin

Who made this changeBrian Kirby, Brian Hopton, Tristan Kreutzberg 149

Authorization: Professor Gordon Krauss 12/7/09

3)
What has changed:The idler pulley will utilize a bronze shaft pref#tsinto place as a connecting part
between the idler pulley and idler shaft
What part of the project does this impact:The linear motion system.

Why was this change madeThe idler shaft was too large to fit in the idierdley. Originally, the
pulley was to have a larger hole machined, buttd@emachining error, the fit was not precise
enough. A large bronze shaft was acquired and medhb the appropriate dimensions to give a
correct fit between the pulley and shaft.

Who made this changeBrian Kirby, Brian Hopton, Tristan Kreutzberg 109

Authorization: Professor Gordon Krauss 12/3/09
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Appendix Q: Bill of Materials

ME 450 Team 21 Build of Materials . Key
Supplier Part L)lv Lo Motion
[Part # [Name Description Supplier er st |Total Cost IM  Systems
Linear Drive Keling KILAZH2150-42-
[M-1 Motor ‘NEMA 42 Stepper Motor, Technology,Inc 8A 2 $279.00 $558.00 G PinGantry
Temp. and
IM-3 Linear Sensor 3 tum potientometer 10K Digikey SP533-10K-ND 1 %1938 $19.38 T Humidity System
liht sensor from robotics team used to measure Force
M4 LightSensor totational speed FIRST 830 - 1 $0.00 $0.00 E Measurement
IM-5 Linear Bearing Igus Linear Bearing System Tgus WW-10-40-10 2 5000 $0.00
Lazy Susan
M-6 Bearing 12" di ‘bearing for 1onal test McM: Car  18635A52 1 33159 $31.59
Adaptsthe lazy susan bearing and to the disk
IM-7 Disk Adapter clamps, 3/8" AL Disk 12" Dia ALRO DROP 1 $40.00 $40.00
Adapter to go from the disk adapter to hold
M-8 Disk Clamp downthe disk sample Shop Supplies - 8 %000 $0.00
M-9 Clamp Screws 10-32 Screws Used to clamp down the clamps  Shop Supplies - 16 $0.00 $0.00
Disk Clamp
[M-10 Screws 10-32 Screws Used to hold the disk Shop Supplies - 16 $0.00 $0.00
[M-11 Basc Plate 1/2" aluminiumplate 28"x24" ALRO DROP 1 $100.00 $100.00
IM-12 SidePlates 3/8" aluminiumused for side walls ALRO DROP 1 $50.00 $50.00¢
[M-13 MotorMount mounts the pulley motor to the side plates ALRO DROP 1 $30.00 $30.00
Motion
IM-14 TimingPulley Gates Smm Pitch GT2 Timing Pulley Industries P44-5MGT-25 2 $73.48 $146.94
Motion
[M-15 TimingBelt PowerGrip GT2, Industries SMR 130025 1 35850 $58.50)
a mount made for the ideler pulley to attach to
IM-16 IdlerMount  theside plate ALRO DROP 1 $20.00 $20.00
holdsth 1 ywhile th
[M-17 EncoderMountspins. ALRO DROP 1 3500 $5.00)
SmmKey
IM-18 Stock Smmx5mmKey stock for the steppermotors ~ McMaster 92288A120 1 %349 $3.49
The nain table that the entire assembly will sit LACK coffe-
[M-19 Table on IKEA table 1 %2000 $20.00
StepperMotor Kcling
IM-2 Driver KL-11078 Microstepping Driver Technology, Inc KL-11078 2 $199.00 $398.00)
[M-20 Pinion Gear 24 teeth 1.5 PD 5/8thbore McMaster Carr  5172T22 1 %1823 $18.23]
[M-21 FollowerGear 80tecth 1.5 P> 3/4 bore McMaster Car  5172T25 1 $64.16 $64.14
M-22 Idler Bearings .75bore 5/16 width ball bearings McMaster Carr  60355K507 3 %622 Sls.ﬁg
OTAL 1.581.9
‘Nommal Force Keling KL17H247-168-
IG-1 Motor ‘NEMA 17 Bipolar Stepper Motor Technology 1B 1 %2000 $20.0
Microstepping Keling
|G-2 Driver MicrosteppingDriver 1600 ppr Technology KL-4020 1 $3995 $399
Keling KI-320-369.6A
G-3 PowerSupply StepperMotorPower Supply Technology 110v/220V 1 $5995 $59.9
Hi-Strength Bearing-Grade Bronze (Alloy 544)
G4 Bronze Shaft .5"Dia, 1'length Mcmaster Carr - 8971K711 1 $16.82 $16.8:
\G-5 WaveSpringl SpringLoads 4.3 - 151Ibs Smalley CS050-H9 1 %000 $0.0
IG-6 Wave Spring?2 SpringLoads 1.2 - 5Ibs Smalley CS05019 1 %000 $0.0
IG-7 Wave Spring3 SpringLoads 14.5 - 60 Ibs Smalley custom 1 $0.00 $0.0
\G-8 Spring SpringLoads .183 - 1.26 Ibs Mcmaster Carr  1986K11 1 $10.15 $10.1
IG-10 Ball Bearing 1 1/16" Stecl Ball Bearing Mcmaster Carr - 96455K71 1 %434 $4.3
iG-11 Ball Bearing2 1/8" Stecl Ball Bearing, Mcmaster Carr  96455K49 1 %5198 $1.9
\G-12 BallBearing3 1/4" Steel Ball Bearing Mcmaster Carr - 96455K52 1 3311 $3.11
EAP-360-197-D-
IG-13 Encoder EAP OEM Mini Optical Kit Encoder US Digital DD3 1 33225 $322
4-Pin Micro / Unterminated 4-Wire Discrete CA-MIC4-W4-
\G-14 EncoderCable Cable US Digital NC-2 1 $730 373
IG-15 shoulderbolts 3/16 Shoulderbokt Mcmaster Carr - 93996A718 2 %399 $79
Steel Threaded Grade B-8 18-8 Stainless Steel 1/2"-20 Thread,
|G-16 rod 1'Lenpth Mcmaster Carr 91187A560
Micron 55-080-050-
[E-1  Strain Gauges Piezoelectric gauges halfbridge Instruments 1000PB-SSGH 5 4649 441
[E-2 Mini-board  Dual Mini Board with 213 Holes Radio Shack 276-148 1 $199 $1.99
[E-3  Op-amp TM741CN Operational Amplifier (8-PinDip) Radio Shack  276-007 3 $099 $2.97
15-Position HDFemale Solder D-Sub
[E-4 Connector Radio Shack 276-1502 1 $199 $1.99
[E-5 15-Position HDMale SolderD-Sub Connector Radio Shack 276-1501 1 35199 $1.99
15-Position Shielded Metal D-Sub Connector
[E-6 Hood Radio Shack ~ 276-1508 1 %299 $2.99
adafruit
Dc adapter 9V 1A 2.1mm DC Adapter industries 1 %799 $7.99
adafruit
Adjustable breadboard power supply - v1.0 industries 1 $15.00 $15.00¢
National
[E-7__DAQ SYSTEMUSB DAQ Instruments USB-6009 1 $250.00 $250.00
‘OTAL 72592
TOTAL COST $2.51 1.7i
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Appendix R: Motor Diagrams

Figure R1: Keling NEMA 42 Motor Diagram
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Figure R2: Keling NEMA 42 Driver and Power Supply
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Figure R3: Keling NEMA 17 Motor Diagram
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Figure R4: Keling NEMA 17 Driver and Power Supply
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Appendix S: Step by Step Assembly Instructions

Step
Number

Description

Picture

Start with the
base with
slots and

holes
machined for
everything.

Install the 10”
diameter
bearing with 6
%" long %4”-20
machine
screws. Apply
loctite so they
do not come
loose.
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Screw the

follower gear
onto the
sample mount
with 8 1” long
%"-20
machine
screws. Then
screw the
sample mount
onto the large
diameter
bearing with 6
%" long 5/16-
18 machine
screws. Use
loctite.

Install the
NEMA 42
motor with
drive gear,
below the
base plate
using 5/16”
threaded rod.
Use nuts to
properly hang
the motor
level. Check

level and
alignment.
Grease gears
using lithium
grease.




Slide right side
into place

Attach 2 side
reinforcers
with using 12
%" long 10-32
screws.

Slide the
linear sliders
onto the rails,
and press the
rails into the
slots on the
side.
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Slide the
other side into
place and
push the
other end of
the rails into
place.

Bolt the other
side down
using the side
reinforcers.
Again use %"
long 10-32
bolts.

Push drive
pulley system
into
approximate
place and
mount the
motor using
5/16”
threaded rod.
Use nuts to
keepitin
place.
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11

Mount
bottom of
idler mount
using 4 1”
long %”-20
bolts.

12

Press fit the
bearing into
the idler
pulley. Slide it
onto the idler
shaft.

13

Slide belt
around the 2
pulleys.
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14

Mount the top
idler mount.
Place idler
tensioner
bolts into
place(3/8”-24

2”long).

15

Press bearing
into motor
mount plate,
then slide
over motor
shaft and
mount with 4
1” long %-20
screws.
Mount
potentiometer

into place.

16

Mount the
three strain
gauges using

proper
techniques
from appendix
L.
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17

Select a spring
to utilize for a
test and set
on top of the
shaft.

==
=0

18

Slide the shaft
assembly up
into the pin

gantry chassis.

Do not hit the

strain gauges.
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19

Insert and
tighten down
the shoulder
bolts through

the slots in
the chassis to
the holesin

the shaft.

20

Insert 3 1/8”
long 4-40 set
screws onto
the shaft then
thread the
shaft down
into the pin
gantry chassis.
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21

Install the
motor using 4
20mm long
M3 bolts with
washers.

22

Set ball into
ball holder
and thread
onto end of
shaft. Tighten
with wrench.

23

Install the
encoder
mount and
encoder onto
the end of the
shaft using 2-
56 bolts on
the endcoder,
and M3 bolts
to attach the
mount to the
motor.
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24

Follow the
instructions to
build the ikea
coffee table.

25

Cut a holein
the coffee
table to
clearance for
the motor.
Mount the pin
gantry which
clamps the
belt to the
linear slider.
Mount the
complete
tribometer
with three
bolts and
rubber feet to
the table.

26

Mount the
motor
controllers to
the bottom
shelf. Wire the
motors. See
appendix R for
wiring
instructions.
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Appendix T: Electric Resistance Diagram

Figure T1: Electric Resistance Wiring Diagram [25]
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Table T1: Wiring Components

R1 1K8 IC1 CA3240E
R2 560R Ql BC179
R3 5K6 D1 1N4148
R4 56K D2 1N4148
R5 560K
R6 1M6 Cc1 100nF Polyester
R7 1KO0
R8 10K S1 Push to make Red
R9 100K S2 Push to make Black
R10 1MO0 S3 2 pole 6 way
R11 10MO M1 100pA FSD
VR1 47K LIN B1 PP3 or equiv.
All 1% T1 4mm Socket Red
Resistors | Metal

Film

T2 4mm Socket Black

S2 Range FSD Reading
Pos 1 1K
Pos 2 10K
Pos 3 100K
Pos 4 1M
Pos 5 10M
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Appendix U: DesignSafe

DesignSafe was used to look at the risks of thepteted tribometer prototype, and the summary from
the design safe program can be seen on the neat @ag group discussed many safety issues including
the weight, the fatigue of materials being tespeach points, and computer/electrical errors. Weéht

of the system will be a big problem for moving ardwas it will weigh around 50 pounds, so two people
should work together to move it. There may alssdfevare errors which could cause unexpectedsstart
or the machine to go crazy and run off the limésis it. When this happens, there should be arsizry
safety box protecting the user from any crashesntiag occur.

The safety box can also be used to protect theftmartest samples that can not withstand the high
rotational rates, and fatigue during testing. \Wmommend the user wear safety glasses to protct th
eyes. The other nice thing about the safety bdkat it blocks all of the pinch points. We vii#t sure

to put up warning signs to clearly mark all pinadings on the system, and the user should be edutate
stay away from those points until a power lock pnatcedure has occurred. There may also be other
power problems including wiring and over curresuiss, and we will have to make sure that we take ou
time during the electrical wiring process of thetptype.

The biggest take away from design safe was the foeeth overlying safety box that can contain the

system in on itself in case of catastrophic failufée failure could come from any number of sosyce
but as long as it is contained within the safety, llioen the user will be safe.
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