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Abstract

Auto-makerswishto improve the quality ohewly assembled engine valseatsvithout
sacrificing time and production level€urrently,theyusedial gauges to manually

measure seat geometry. Thi®cessis time consuming and does not offer sufficient
accuracy (due to human error in mae@ments).In responsewe will use a laser sensor
capable of making high accuracy measurements of seat geometry. Our main task will be
to design and fabricate a mealsn that positions the sensor around the valve seats
quickly andaccurately The intended outcome will be an automated, accurate, and quick
way of ensuring 100% seat inspection.
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Introduction

Automotive engie valve seats are the surfaces that intake and exhaust valves sit against
when the valves are closed during combustion. Valve seat position and orientation are
critical to determining engine life, performance, efficiency, and emissloms.oper

position and orientation causes leakage of heat and gases, degrading engine performance.
Thereforethoroughseat inspections are required before an engifugtiserassembled

Currently, valve seat inspection is a thc@nsuming, costly process for auto

manufaturers due to the conventional inspection device used: dial gauges. Dial gauges
are manually operated and therefore time consuming to use. They are not accurate
enough to ensure valve seats are of the proper geometry due to human error. Finally,
thoughthe devices are inexpensive relative to the manufacturing process, the labor costs
are too high. In response, Dr. Vijay Srivatsan from the National Science Foundation
Engineering Research Center for Reconfigurable Manufacturing Systems (ERC/RMS)
has foun that an existing nenontact laser sensor, the Smart ConoProbe (Appendix C),
has the ability to measure geometry accurately and quickly at a low cost. In order to
utilize the sensordés accuracy and speed of
desgn and build a mechanism to quickly and accurately move the sensor around the
valve seat. Our system provgkeansverse motion of the sensor along the length of the
engine head and rotational motion of the sensor about the length of the engine head so
that the sensor can align its laser orthogonal to the valve seat (Figure 1). In addition, our
designhad tocompensate for external and internal disturbances such as vibrations from
the manufacturing floor and friction in mechanical parts. Our resultioiptype will be

a demonstrator to show to automakers.

To get an idea of how to design our mechanism around the sensor, we researched the
specifications from the ConoProbe manufacturer (Appendix C). To operate correctly, the
ConoProbe sensors must bedted at an appropriate distance (75 + 8.5mm) from the

engine head. To ensure precision, the sensor must make multiple passes along both rows
of valve seats, which are oriented6* from the vertical.



Engine head with
eight valve seats

Figure 1: Isometric view of engine head andmart ConoProbe sensor The X-axis
is the translation direction of the Conoprobe Iz e r s e n sistherotatiom df d
the sensor about the Xaxis.

Information search

Previous valve seat inspection techniques offer particular combinations of measurement
error, measurement time, motion range, and machine price. However, none batleem
the combination required for valve seat inspection: very low precision error (less than
onepm), shortmeasurement time (less than one minute), and no excessive costs and
features guch agpressureegulation).The method proposed by our sponsorymg a

single norcontact sensor around thalve seatshas thegpromise to achieve this
combination. Previougalve seainspection methods include an air gauge mecharasm

dial gauge mechanism to measure the concentricity, and a coondieaseiring mehine
(CMM). We include their benefits and drawbacks and compare them to our proposed
design.

Oneexisting measurement machine, the air gauge system, uses athatz#discharges a
jet of air perpendicular to the measured surtaceeasure the distanbetween the
nozzle and a surfad&]. An amgifier reads the back pressusad the signal processing
tools converts the reading to an analog oytipoin which thevalve seat radius and
runout can be extracted. United States patent 5533384 uses thigingéechnique and
includes a mount (datum plane) for the nozzle and alignarahsignal processing
devices Figurel) [2].



Figure 2: Air gauge measuring device mounted on thengine head The device uses
a nozzle which discharges air and mesures the back pressure, which indicates the
objectdéds distance from the nozzle

Benefits of the air gauge system are ease of use, ease of calibration, deditegost

[3]. However, its low repeatability, caused by nozzle deflections during air digsha

and pressure fluctuations inside the nozzle, is not sufficient for high precision valve
applications, and its low measurement range does not span the valve seat outer diameter.
Also, measurement time for 16 valves is on the magnitude of minutes whaxhhigh

to enable 100%n-line valve inspection.

Anotherexisting measurement machine, the dial gauge system, uses a dial indicator to

measure displacements from its equilibrium position [4]. A probe indicator typically

consists of a sprinfpaded ip which moves perpendicular to the body being measured.

The needlebs I|linear displacement in compress
of the dial needle. United States patent 4630377 uses this indicator to measure the seat

runout [5]. Itis comprisel of arotatingplunger that allows the probe to translate along

the valve seat axis amdtate 360° in ordeto measure the seat radius [Fig. Pjisis

most widely usednethod for inline valve seat inspection [6]

Benefits of the dial gauge mied are ease of use (manual measurements)itouilt
calibration with adjustable zeros, and low cost. Drawbacks are contact requirements for
measurements, low repeatability (human error is introduced to measurements due to the
dial readout), and long maagment time due to manual measurements.

The last existing machine, the CMM, measunesxtreme detailhe positions of an

objectdés features on an XYZ grid [0A that a 3
typical machine consists afanymeasuringorobes/sensos (up to 48)a heavy granite

worktable,and guiderails and spindles for sensor motion [Fig. 3]. CMMs also come with

pressure and temperature maintenance capabillleSCMM patents specifically for

valve seat inspection have been obtai@d



Figure 3.a: Left, probe indicator has a spring loaded probe with a displacement
that is linear to the dial needle rotation Right, the indicator with its mount on the
engineblock.

Benefits of the CMM are high repeatability, quick measurements, and high measurement

ranges. Drawbacks are its large size, large weight, high retiweecostfrom the high

number of partsrad capabilities/benefifand the requirement that the measured object

must be transported to the worktable I n gener al, CMM6és are used
(such as reverse engineering CAD models of complex objects) while our design will be

used only fomeasuring seat angle and roundness. Thus, our design will be much

simpler, less costly, and more feasible for seat inspection.

i

Figure 3.b: Table-top coordinate measuring machine (CMM) uses a
guiderail, carriage, and spindle to move the sensor aroundnaobject and measures
its position.

The previous machines presented do not satisfy the current grojea pp |l i cat i onds
requirementskor automated valve seat geometry inspection, the machine must have high
precision (less than 10m), be norcontact, and nat be quick enough to ensure 100%

inspection of valves~urthermore, it should not require engine head transpart.

proposed valve seat inspection method wouldlfalifi of these requirement#t uses a

holographic laser sensor to measurediséancehe light travels to thgalve seat [9].



These measurements can be used to analyze angle and rowidhesslve seat§he
laser sensor is proprietary technology and functionality details are unavailable.

The sensor wagrovidedby the customer andas performance specifications that are

suitable for the projeapplication.lt has sublO um precision so that all vas are

consistently evaluatedts high data acquisition rate of 3000 Hz enables quick
measurement, its measurement range of 17mm cuatke for measuring the diameter of

the valve, and its cost is almost one order afmtude below that of the CMM.

Compared to the available technologies, only the sensor does not contact the engine head
and maintains high accuracy.

A summary of the pesfmance benefits and drawbacks of the previously described
machines and the proposed machine sensor is shown in Table 1.

Table 1: Our proposed motion control mechanism using th&mart ConoProbewill
provide the most desirable performance for valve seahspection.

Techniaue Precision I\éz?es%rﬁ:}igt Measurement| Cost | Implementable
g (um) valves) Range (mm) | (%) In-Line
15
Air gauge 127 1-5 up to 0.08 100 No
20-
Dial gauge 200 1-5 up to 12 200 No
Coordinate
measuring
machine <10 <1 up to 500 | 80,000 No
Our motion
control
design
using Smart
ConoProbe
sensor <6 <1 upto 17 10,000 Yes

Customer Requirements

This section dagibes who our customers afew we obtained their requiremenssnd
what theengineeringequirements arfor our motion ontrol design

Customeridentification

Our direct customeDr. Vijay Srivatsanis thesponsor andverseer of our projecand

has set theerformane targets foour designOur indirect customers are the automakers
(General Motors, Daimler Chrysler,da€ummins) who will be reviewinthe design
prototype and concept. Though we do not have direct contact with them, theiareeds



our most important requiremergsce they ultimately decide whether to use our motion
control concepin line.

Customer requirement determination

The customer requirements for aatlve seat inspectiotiesignwere created based an
meetingwith Dr. Srivatsarand Dr.Katz, Chief Engineer of ERC/RM$he information
searchand our knowledge of the tamotive manufacturing press.Most important to
Dr. Srivatsararet h e s \alElitiestordessurezalve seageometryaccurately and
quickly, and to achie® 100%in-line inspection okeats These requirements received
the highest importanageightsin our QFD(Appendix A)

The next threeustomerequirements are of moderate importance. First, our system must
useonlyonesensds.econd, the systembdbs product I|ife mi
total capital cost.Third, the design must perform well under a varietpperaing

conditions, includinghanges in vibration and temperature

Our four finalcustomerequirements focus primarily anu r s yeasé & usé. Ihe
machine must be powered by a convenient power source for demonstration purposes,
preferably by a 110 VokourceSecond, to give our system flexibility to measure

different kinds of seat®ur desigmrmust incorporate a user interface that allows
adjustments to our control settings by technical and nontechnical users. Third, the design
should be easilimplementableinto an assably line. Fourthwe must be conscious of

cost during our desigio make the proposal attractivedar automaker customers.

Following the definition of our customer o6s r
guantitatively by asigning a numericalaluebased on relative importance; these weights
are recorded in the QFD diagram (Appendix

Evaluation and comparison of existing methods

The benchmark products tehich wecompareé to our customer requirements are those

that are cuently in use fovalve seat inspectiomir gauges, dial gauges, and coordinate

measuring machines (CMMs). They are evaluated in the QFD diagramrraggt

columns) against customer requirements on a
sat imsd yfoi mve meaning fAsatisfies perfectly. o

QFD results showed that the air and dial gauge mechanisms are not cost prohibitive, but
their accuracy, measuremesteed and compensation for disturbances are insufficient

for the valve seat inspection applicatiorThe CMM isaccurate and quidbut is costly

not easily implementable into an assembly,lewed overdesigned with too many
capabilities(3D images convertible to CAD files, pressure compensation,tieét.are

not used for our application



Engineering Specifications

Once all customer requirementereidentified, we defined engineering specifications
tha quantifythem The most important specificatiofhose that arthe main targets of
our designjarethe maximum measuremeartrors of our eectromechanical mechanism
for both translational positioand rotational posibin about the translational axis (Table
2). These errorare detrimentaio the accuracy afhe overall seat geometry
measurementsyhich is themain concern of our sponsdn addition, we mustlesign the
motion control mechanisipositions the sensor as fbe technical specifications of the
ConoProbe Sensor (Appendzy.

Three engineering specifications influence the design cénigee headupport(used to

lock the block imo placé during inspection, specifically, the maximum reference

displacement error between the sensor control output and the base reference, the damping

ratio of the fixture materialnd the movemeifplay) of theengine headnce the block

hasbeenfixe . These properti es aacurbcyobpenabiuodernce t he
a variety of conditionandt he pr eci sion of the systembds mea

Also of great importance is the time requifedour system tanove the sensor over all
sixteen valves deastonce This will influence the inspection timeéur target is for the
inspection of all sixteen valves take less than one minute so that our desigrbeill
fasterthan the conventional, dial gauge measurement metimoaddition theconcept
needs to be capable of completiag adjustable number passes in order tachieve
acceptableeat roundness estimafes in-line inspection.

In addition, the flexibility of our controller, quantified by the step size of the sampling
rate and the rangd oontrol over the translational speed, will impact sheedof our

sensor movemenemnd the ease of use of our system to users who may wish to adjust our
original settings.

Finally, we will design our system to operate withingeg temperature randé8~35
°C) during demonstration arfdturein-line use.

Correlation of engineering specifications

For each pair of customer specifications and engineering requirements, a correlation
value was entered into the QFD diagramsdicate the strength of thepndence
between the specification and the requirem€uatrrelation values were assigned based on
a scale from one to nine, one meaning weakly related, nine meaning strongly related.

Once the correlation matrix was completed, the importance of eachicgutéamif was

evaluated based ats weighted importance dhe specifications it impact3he
specifications argehownin Table2 below.
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In addition to correlation between specifications and requirements, we also cross

correlated engineering specificatians

the Aroofo of

The correlationsiccounedfor specifications that are complimentary and competing,
exposing indirect relationships between engineering specifications and customer

requirements.

Establishment of engineering argets

Once the specificationseredefined for our subsystem, targets éachspecification
were defined either directly by our sponsor or by the ConoProbe technical sheet
(AppendixC). These valueare listed in Tabl@ below and in the QFD diagram

t e QFD diag

(AppendixA) . Parall el values for benchmark produc
the QFD diagram.
Table 2: Importance Ranking of Engineering Targets
Rank (1= . , . Engineering
most Englneerlng Specmcatlon
. Target
important)
1 Error for translational position (x) <1 &m
2 Error for rotational posi tion (|<1degree
3 Reference displacement error <1l e&m
4 Cycle Time <30 sec
1E-6,000
5 Control of translational speed mm/min
6 Damping coefficient of fixture material > 1
7 Number of passes sensor capable of making 1-16
8 Movement of engine head in X, y, and z directions once "fixed" <1l &m
9 Error for translational velocity (dx/dt) <1 mm/min
10 Sensor distance from engine head 51.5-68.5 mm
11 Step size of sensor sampling rate 1Hz
12 Operational Temperature 18~35 °C
13 Input Voltage 110 Volts

Concept Generation

After we identified thecustomer requirements ardgineering specifications, veeeated
a functional analysis system techniqaeFAST, diagram (Appendix D) to define and
organize the functions oulesign needs to accomplish to meet the customer
requirements We then created concepts that served the spexific functions in the
FAST diagram and listed them in a morphological chart (Appendix E) in order to
illustrate our options for accomplishimgch function.Theseconcepts weréhenbroken
down into categories (e.g. mechanical and electrical) to help us identdgmhgonents
that can be used in our system.

11



Functional Decomposition FAST Diagram

We generated BAST diagram for oumotion contol mechanism desigftocated in
Appendix D) The diagram allows us tmderstand what our mechanism needs to
achieve to servits main taskwhich ispostioning the laser sensor relativettee valve
seats quickly and accuratelffrom themain task, wéranched ofbasic and supporting
functions, where basic functions are essential to the performance of the main task and
supporting functions enha@@roduct appeal to customers. These four basic functions
are:

Move the sensor

Record the sensor position

Record the sensorb6s distance measur ement s
Secure the engine head

PwnPE

Moving the sensor relative to the engine head so that it scans across the valge seats

necessary tallow the sensor to record position data at the valve seat locations

Recording the sesor position is requirefbr the postprocessing algorithms our sponsor

is creating to calculate the valve seat geometry from the sensor.oRpetrding the

sensor 6s di st aalsmequinedta gather thendata absut seat angle and

roundnes. Finally, securing the engine head is requireghgure that the valve seai®

at the sameeference points el at i ve t o the mechani smds base

The supporting functions afecused on making the product reliable, easy to use, and
aesthetically pleasingThese can be achieveddhgh robustness of performanoe
varying environmentsg simple user interface, conventional power plugs, methods to
increase measurement precision, and quickness of measurements.

Concept Generation

Once we determined the specific functions that our design must meet to measure seat
geometry, we devised highavel design concepts that perfothose functionsising a
Morphological dart Appendix B. Inthe Morphological chart, each row represents a
function; columns are divided into electrical, mechanical, and other systems for ease of
comparison. Groups of rows are classified into several categories, based on the higher
level functions to which they contribute. The classification groups are the following

Secure engine block

Move sensor

Record and control sensor position

Record distance measurements

Operate accurately in variable environment
Easyto-operate user interface

Convenient to power

Increase precision

Decrease measurement cycle time

Too T Joo Too To T o To I

12



Representate concepts from each of these categories are described in the following
paragraphs, while illustrations of the rest alsoincluded inAppendix E with the text
version of the Morphological chaffor many of these categories, oneaapt stood out
as he clearchoice for our design, in which case this functievel concept was the one
choserfor all five of our final, systentevel concept

Secure Engine Block To secure the engine block, our shpromising concept was a set

of pins attached to the & The pin is not as expensive as other concepts like the
magnet, which is made of more rare material, or the clamp, which consistaare
complicated geometryMost oft h e qost eoMmes from manufacturing its shape and
ensuring a strong attachnteéa the engine block. It is accurate because it is a rigid
attachment, it is easy to implement since the engine diezally contains holes that the
pins can use to securednd it is easy to procure because pins are a universally available
part.

Move Sensor To move the sensam the linear directionour most promising concept

was alinear motion stage. The motion stage is very expensive compared to the other
concepts, but provides the saficron accuracy that we need for our valve seat inspection
application. It requires some assembly for implementation into the whole system such as
screwing bolts into support structures and wiring for power and communication with a
controller, but these are not complex procedures that remaing steps or speciskills.

Motion stage areeasy to buy online from companies like Aerotech and Danaher Motion.
Motion of the sensor in the rotational direction did not yet have a clear choice, although
one example is a stpprmotor attached directly to the sensor.

Record and Control Sensor Position In order to record and control sensor position, the
optimal concept was the staatbne controller. It is more expensive than simple brush
motors but has multiple additional capabilities like speed control, multiple axiokon

and built in interfaces for computers. These capabilities allow for higher accuracy in
valve measurements by letting the sensor make more efficient and complex motion paths.
It is much easier to implement than other concepts since it has USBhadrtennect

directly to the computer and to the stage. Finally, it is easy to procure online from
companies like Aerotech.

Record Distance MeasurementsFor recording the distance measurements, the optimal
concept was the laser sensor because its daieslare suitable for valve seat inspection

- it is nonrcontact, has a very high sampling frequency (around 3000 Hz), and has a
moderate measurement range (17 mm). It is much more expensive than other concepts
like theHall Effect sensor but its capdities override those costiés accuracy error is on

the order of microns, compared to morarthen times higher error fromatl Effect

sensors. It is easy to implement because it comes with its own software that has a user
interface. The software allawou to gather data using the software or other programs
like LabView. Finally, it is easy to procure online anat sppnsor has providedne

Operate Accurately in Variable Environment: The most promising concept for
allowing our design to operate dnvariable environment is done by accounting for

13



variations invibrations, as this is thenvironmental change most detrimental to
measurement accuracy that our product will experience (as opposed to fluctuations in
temperature and air particulate levelB)e best concept we devised to combat this is

using a granite or cast iron mounting block to support the engine head. This is cheaper
than using a fluid cushion, while at the same time providing reasonable compensation for
the damping that the engine headyht experience. Furthermore, this concept would be
relatively easyto-implement given its simple construction, and also eagydoure since

such a block is available from our sponsor.

Easy-to-Operate User Interface The most promising concept for easyto-operate

user interface is a computer interface, with special attention being paid to making this
interface easy to read and understand. This is a relativelgdstsolution given that
LabView softvare is readily available in the computers thataneallowed to use. It is
accurate because it uses electric signals that have little response delay, and it is easy to
implement since the LabViewmtegrates easily with data acquisition devices.

Convenient to Power The best concept for powering owsign conveniently is using a
conventional thre@rong cable that is compatible w110V AC power sourceSuch a
connection is lowcost, given that it is so common. It is also very reliable and convenient
to procure, given that 110V is easily providednfi a conventional wall outlet.

Support / Integrate assembly Support of the assembly does not have a clear best option
and is explored in the systelevel concepts later in this report, however one option is to
position the linear stage horizontally albawe engine head and then mount the rotational
motion mechanism containing the sensor below it.

Follow Efficient Motion Path: Thedirect back and forth methddlustrated in the
pictorial Morphological Chart, Appendix)Es thefastest and therefore bexgttion, aghe
accuracy of all the models is the saffikis method is the fastest because the linear
motion can be faster and better controlled than the rotational motion, and making as
many passes as possible with as few rotational movements as pogsitiethis method
accomplishes, is best.

Concept Evaluation and Selection

Once we generated concepts for each individual function, we combined these function
level concepts into five concepts for the overall system. Once the skstehconcepts
were gnerated, we compared their ability to complete each individual function with a
Pugh chart, which was used to determine one final concept that we will use for our
design.

For many of the functions, one functitavel concept was clearly the best optiomwas
described in the previous section. In these cases, all five systehtoncepts contain

the same functiotevel concept. In addition, our sponsor has recently approved the
purchase of a linear motion stage with miprecision due to the fact thidte time and

level of difficulty associated with building such a motion stage ourselves is too great for

14



this project (given our machining skills and the machines that are available to us). For
this reason, all of our concepts assume the use of botiméae fnotion stage and the
ConoProbe sensor. Because of these constraints, the concepts primarily focus on two
functions: the integration and support of the linear motion stage and the control of the
rotational motion of the sensor.

Finally, these five catepts were generated at different points during the design process,
during which our requirements given by our sponsors were chargpegifically, some
concepts were generated at a time in which our sponsor required only rotational motion
that would be ranually locked into a few positionBor this reason, some concepts are

able to rotate the sensor with a motor and some concepts are only able to manually rotate
the sensor to discrete locations.

Of the five systenrievel concepts, three (Concepts # 2ABd 5) use the same general
assembly to support the linear motion stage horizontally abeventdjine head (shown in
Figure 4below). The descriptions for these concepts then focus primarily on the
mechanism that will be attached to the stage in ordeshi@ee otational motion of the
sensor, and thus the individual concepts differ from the asserabbept is this fashion.

In contrast Concepts # 1 and 4 have their own method for supporting the linear motion
stage.
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Figure 4: Concept for the assembly i)thé overall system, including base, engine
head mount, and support of motion stage, used for concepts # 2, 3, and 5
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Systemlevel Concepts
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Figure 5. Systemlevel concept # 1

Concept # lused as the datum concept on the Pugh @Appendix F)is shavn in

Figure 5 This concept mounts theotion stage below the engine heeather than above

it as the assembly in Figure 4 showse sensor is mounted onto a linkage that contains a
springloaded pin; the other end of the linkage is mounted onto tepl&e using a

crank and a bolt. The crank is used to rotate the sensdmiatpredetermined positions,
those of the two position holeShe sensor is unlocked from position by pushing in the
springloaded pin andhen can be rotated withe crank. Thenajor advantages of this
design are that it allows for continuous height adjustment (rather than height adjustment
in intervals) and an eagg-use rotation mechanism. The major disadvargage that is

can only provide rotational motion in discrete stapdthat it is bulky, which means it
requires more power to operate and is not very aesthetically pleasing.

mecnoniSm

Figure 6: Systemlevel concept #2
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Concept # 2s shown inFigure 6 It consists of a Ibar bolted onto the motion stage
slider. The Thar ha a vertical slot and three series of holes following the path of three
arcs that are at different vertical positions on the bar. Attached to the bar-shaped
linkage that can move in the slot vertically and can eosdiout the pivot point at the
bottomof the linkage This concept is easy to manufacture since there are no
complicated geomats It is simple because it only has two main parts, iasle
assembled onto the slidesingjust four bolts and nuts, and adjustment of the ronatli
position is quick and easyith the spring loded clamp. Wo drawbacks are that, like
Concept #1, the rotational motion of the sensor can only be set at discrete stefik and
the circular arcs, the sensor can only be posticat preprescribed focakngths

( staqe
[flvvav‘ heg’uor@wv gcd beIuW\

T-braket —
'{\[L)Um“f 1)
c |¢ r)./\,
Yr()b 3 ))or
tor heiah
Al .))SW\/

(MV\K hole for ‘f"wﬁ'
ured t o+ " WJ"“:( Son.

C y ) ( 9
VOM‘L i Dwfw/v' into u(r‘:

Figure 7: Systemlevel concept # 3

Concept # 3s shown inFigure 7andconsists of a motion stageounted above the

engine headlt also consists of a-bar bolted onto the motion stage slider. However, this
T-bar contains a slot and knobhieh allows for continuous height adjustment of the

rotation mechanism. Mounted onto thear is a sleeve that contains two positioning

holes. Inside this sleeve is a shaft that includes a sfated pin. On one end of the

shaft there is a crank; ongttother end of the shatft, the plate to which the sensor is
mounted is connected. The rotational position of the sensor can be adjusted by pushing in
the springloaded pin and turning the crank. The main advantages of this design are that it
is compact, easto-use,easily automated (the crank can be easily replaced with a motor)
and aesthetically pleasing. A benefit of its compact design is relatively low measurement
error due to vibrations. The disadvantagéthis design aréhat the sleeve and shaftvea
complicated geometries that are difficult to build and assemble.
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Figure 8: Systemlevel concept # 4

Concept # 4s shown in Figure 8and consists of a swividcking mechanism. The
engine head isriented to stand up verticallfhe swivellocking mechanism consists of
two plates, each with machined slots which allows one plate to be bolted down to the
motion stage platform and one plate to the sensor. The plate on top, supporting the
sensor, is then allowed to rotate with respect to the platettonbby means of a

bearing. As shown in the figure, the inside of the bednolwdesa locking mechanism
that allows the rotation of the sensor to be locked in one of three positions. In addition,
the machined slots in the plates allow both the axistation and the distance of the
sensor to the engine head to be adjusdeldantages of this design ars éase of use,
especially for rotating the sensgince it is not acting against the direction of gravity
addition, it consists dew parts thaaresimple to make. However, the design has many
drawbacks. With the sensor cantilevered out, and linear motion being in the vertical
position, micreaccuracy will be diftult to attain The large moment of inertia of the
mechanism would be detrimentalits ability to resist vibrationdn addition, the locking
mechanism would be diffult to assemble, and the rotational component is not easily
implementable with a motor

Steppe wigdo -

Figure 9: Systenilevel concept # 5
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Concept # §shown in Figure 9)eatures amrch type track to guide the rotational motion
of the sensor and a linear motidage held above the engine heBg constraining the
motion of the sensor with the track, it can be controlled by a stepper motor that drives a
lead screw The lead screws threaded through an internal threadtheplate supporting

the sensor. This entire mechanism is mounted on a plate that is attached to the linear
motion stage; thus, the entire mechanism is positioned by the linear stage, and the angle
the sensor makesitlv the engine head is controlled by the mechanism. The advantage of
this concept is that it allows for rotational motion about apioysical point in front of

the sensor origin, the importance of which is described in the section below. The only
disadvatage of this system is the relative complexity of the desigarms of the

number of parts involved.

Comparison of SystemlLevel Concepts Once five concepts had been created, they

were then compared in terms of their ability to perform the functionsresjfor our

overall designn a Pugh chart (Appendix) FThese functions were weightéat

importancend t hese weights, combined with each <c
function, wee used to compare the systéavel conceptso each other. Eachsle g n 6 s

ability to accomplish a specific function was compatedesign #1 and then scored with

either a A+0 i f 1t was better aiti adcamplwiashi
not as good, and an Aso if it was similar.

The most important funbnwa s t he concept Omoticn bfithe sebhsgr. t o con
As stated earlier, one major requirement for this design is its ability to position the sensor
laser orthogonal to the surface containing the valve seat, as this provides the greatest
accuracy. However, due to the constraints on the distance between the sehde an
surface (which must be66mm) and the geometry of the engine head itself, the sensor
must rotate about an axis that is not on the actual senso{d®dgmonstrated in Figure
10.Thus, a c onc gemahdxisof eotation in ftoryt of the serbas a
heavilyweighted score. In addition, it was fairly important for this axis of rotation to be
nonphysical, that is, to have no actual structure at the pivot poinegsubt point is

very close to the engine head and thus a physical pivot could interfere with the engine
head during motion.

Two more important function®r our design are the ability to rotate continuously

(instead of being locked into discrete posisipand the ability to easily incorporate a

motor b control the rotational motion, as our sponsor currently requires Althlough

our sponsors did not require these functions at the time that many of our concepts were
produced, these are currently higdlysirablefor our indirect customers, the automakers,
because the systembs ability to be entirely
current inspection method, manual use of the dial gauge. theuability of each design

to complete these fiehons is weighted highly.

Many of the other functions are fairly straightward and involve other functions

required of our design having to do with the ability to focus the sensor and adjust its
positionapart from the two controlled degrees of fremdthe ease of manufacturing of
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thedesign, its cost, its aesthetic properties, its ability to maintain rpiasion, and its
robustness.

Once theses designs were compared with the Pugh(&pgrendix 6) Design #5 was
found to be the clear winner lesonscore. Design #5 was initialthe best choice for
our desigrbecause it has several stamat features:

1. High measurement accuracy due sensor orthogonality relative to valve seat
midpoints

2. Low risk of sensor interference with engine head due tgohgaical pivot

point/rotational axis

Controllability using a motor

Adjustability for different engine heads

Achievement of rotation range for given engine head without adjustments

Simplicity of parts

Robustness due to structural geometry

No ok w

High MeasurementAccuracy Due to Sensor Orthogonality Relative to Valve Seat

Midpoint : The first feature, maintaining sensor orthogonality relative to the valve seat

mi dpoint, optimizes the accuracy of the sens
dimensions measured bytsee nsor are extracted by geometry
length measurements; therefore, angles closer to 90 deg between the sensor and the

measured surface requires fewer calculations to extract the measured dimensions.

Because the sensor beam is rotateout the point rather than translated through the

valve seat cross sections, the angle at which the beam hits each point on the valve seat

changes during rotation. Therefore, maintaining orthogonality between the beam and the

seat midpoint allows for g@tes closer to 90 deges between the sensor and seat surfaces.

Low Risk of Sensor Interference with Engine HeadThe second feature, using the

arch type track, allows the sensor to not only rotate about a point that is not on the sensor
body, but to rotee about an nephysical axis, that is, an axis without structure at the
location of the rotational axis (Figul€®). This is important because the axis of rotation is
close to the engine head and so a physical axis may interfere with the engine Head itsel
while the sensor moves.
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Sensor(not to scale)

Arc path sensor origin
must follow in order to
scan both rows of valve
seats at 90° angles

Pivot point
(axis of rotation

Sensor laser

Engine head surfaces containing valve sea

Figure 10: Schematic of nonphysical pivot point.

Controllability usingaMotor: The chosen designdéds use of
internal thread on the sensor sup@idws foreasy controbf the rotationalmotion of

the sensor with a motoA stepper motor can be used to drive the lead screwopith

loop control. Thesame plate that contains the arch tracks provides a convenient location
to mount the motor.

Adjustability to Accommodate Different Engine Heads The closen design offers
adjustability of the sensor focal length and the vertical position of the pivot point to
accommodate measurements of different engine heads. Eiydesnonstrates how the
focal lengthcan be changed without changing the position opitet point. This can be
done by allowing the sensor to be moved with respect to its support. The effect of this
feature is that with an engine head that has valve seats oriented closer to the horizontal
plane, the sensor will be able to be moved closéne seat surface to keep it within its
measurement range. At the same time, the pivot point location remains the same and
therefore, no clearance is sacrificed between the sensor and the surface.
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Figure 11: Schematic of adjustable focal length.

Figure12 presents how thpivot pointcan be moved vertically. This is accomplished by

moving the plate containing the entire mechanism up and down with respect to the linear
stage it is mounted on. This feastmaoreeds effec
inclined valve seats, the entire plate holding the sensor can be moved up, allowing for

maximum clearance between the sensor and the surface and reducing risks of the sensor
interfering with the engine head.
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Figure 12: Schematic of adjustabé pivot point.
Achievement of Rotation Range for Given Engine Head without AdjustmentsThe

given engine headbés geometry was checked to
during the rotational scan wil (+t8.bmnm). exceed t
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This was done by calculating the maximum change in sensor focal length for the engine
head given to us by the sponsor. FigliBshows the side view of the valve seats and
their geometry.

le
Engine head

su rfaC\A

Exhaust
valve seat

Intake valve seat

/ 7
Figure 13. Schematic of engine head and valve aegeometry.

In our calculations, we assume that the sensor path will travel from one valve seat

midpoint to the other. We calculated, usingheablesshown in Figurel4, a

conservative estimate of the change in sensor focal length. We did thleggythe

expression for total vertical distance change from the midpoint of the seats to the

intersection line of the seat planessLi 1) &nd Ls i $).( Téie calculated results are 8.2

mm and 6.8 mm, within the senpraitgte measur e me
actual change in sensor focal length are these values subtracted by a féttorpRs)), U

shown in Figurel4. This factor comes from the fact that a constant radius laser beam

makes an arc as it is rotated.

Engine head
surface

Laserpath

Exhaust

Intake valve seat
valve seat

L,sin(,) Losin(U>)

N /
A tuél change
in focal length

Figure 14: Schematic of agustable pivot point.

We have proved that the total sensor focal length change is less than its measurement
range. As a result, our design will be able to rotate through our desired points (the
midpoints of the valve seats) without requiring adjustmeftle focal length or pivot

point, making the seat inspection procedure much simpler and easier to make automated.
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Simplicity of Parts: The chosen design utilizes one part (the plate containing the tracks
and the motor) for many functions and thus assgmbl not be difficult.

Robustness from Structural Geometry Finally, with the chosen design, the linear
stage operates in a horizontal direction so that it does not compete with gravity, which
helps assure its fine precision. Because this concept anth@ne that satisfies all of the
most important functions well and in a simple manner, it has been chosen for our final
concept. Most importantly, it enables the sensor to move accurately in an automated
method, making it distinctly appealing to ourstamers, the automakers.

Change in mechanism desigrSince the original selection for our final concept, we

have modified the mechanism that controls the sensor position along the arch track. In
place of a lead screw driving an internal threaded beattaghed to the sensor mount,

the motor now rotates a beam that applies force on a slider attached to the sensor mount.
This design allows the motor to be placed below the track, which decreases the width of
theplate. This is important because when cregtire final design, it became apparent

that there was a great need to reduce the width of the plate for structural reasons and the
height of the plate could be increased to accommodate the new motor position without
much consequence. This new mechanisngddas shown below.

Slider attached to VAN
sensormount ™. | , Ser_wsor

p N
ArcTrack | w — /
o . 2 (74 /

Beam attached y
tomotor ——— ./

/
[ /8
Stepper Motor

Selected Concept

In order to provide more clarity to our engineering analysis and final designs, we will
briefly describe the final concept in greater defailr selected concept, the arch shaped
track allowing radation of the sensor about a Aphysical pivot point, has four major
parts, shown in Figuré5s:

1. The sensor mount/fine tuning adjustment

2. The arched track and platgth new mechanism described above
3. The plate mount

4. The motion stage supports
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Figure 15: Drawing of assembled design including major components

The sensor mount/fine tuning adjustment consists oshaped block with slots on the
sides. The sensor is bolted to the mount along the slots and can slide up amdittiow
respect to the mount.

The arched track and plate are connected as one rigid part. The plate is rectangular and
the arched track is an extruded arc. The semsamt slides along the arched track to

allow for rotation of the sensor. The motionté sensor along the track is controlled by

the mechanism described above.

The plate support consists of two parallelogram plates and a horizontal plate. The three
plates are welded to each other. The horizontal plate is bolted onto the motion stage
slider. The parallelogram plates contain side slots on which the plate with the arched
track is bolted. The arched track plate can slide vertically with respect to the plate
support.

The motion stage support consists of two largshdped bars that exteader the
motion stage. They are connected to the granite block via fshaped brackets.

Engineering Analysis
Once our final concept had been selected, we completed a detailed design of our system.
We identified design constraints and determinedatdes that are set through qualitative,

technical reasoning, and variables that are determined thguaghitativeengineering
analyses. Our design considers the following factors:
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1. Spacing constraints from the ConoProbe sensor, engine head, andedrcha

component geometries and specifications
2. Structural soundness (resistance to fatigue, yielding, vibrations)
3. Motor transmission effectiveness/efficiency

The table below lists the design variables, the type of analysis used @ tthefn, and

thevaluesdetermined for each one through analydige includedescriptions of the

qualitative reasoning e hi n d
Designo

AnFi nal

det er mi
section,

ning some of

where they

Next, we escribe how theesignvariables were identified usingogmalitative and

quantitativeanalysis.

Table 3: Variables to be determined by analysis

Variable Determined by Value
Mechanism material Qualitative analysis| Aluminum 606176511
Structural support aterial | Qualitative analysis Carbon steel
Base material Qualitative analysis Granite

Motion stage selection

Qualitative analysis

Aerotech ATS 115

Small mechanical parts

Qualitative analysis

Mcmaster shafts, bearing
track roller

Motor

Motor torque angkis

Sure Step Motor 23055

Roller/peg location on
sensor mount

Position analysis

15 mm from sensor top an
bottom, 23.5 mm from
sensor right and left edge

section dinension

Track arc angle Position analysis 88.4°
Track width Position analysis 55 mm
Motor mounting positin Position analysis 15 mm bel oV
bottom surface
Mechanism plate length Position analysis 224 mm
Mechanism plate width Position analysis 124 mm
Mechanism plate thicknes| Vibration analysis 25 mm
Motion stage support C | Structural aalysis 300 mm
channel length
Motion stage support C | Structural analysis 80 mm
channel width
Motion stage support C | Structural analysis 13 mm
channel thickness
Motion stage support Structural analysis 338 mm
vertical post height
Motion stage support cros  Structural analysis 25x75 mm

Qualitative Analyses

The qualitativeanalyses include material selection, motion stage selection, track roller

selecton, and ball bearing selection.
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Material Selection

Aluminum 6061T6511 has been identified as tinaterial of choicdor all machined

parts for the systenThis choice has been made for four main reasons. First, this material

is widely available in the shop we will use for prototype fabrication in a stock size that

will accommodate all pieces we ne@dmachine (1 inch by 6 inch, or 25.4 mm by 152.4

mm). Second, aluminum is easy to machine and some of the structure supporting the

rotational motion of the sensor is somewhat complex. Third, aluminum has a high

strength to weight ratio, and thus we catiuee the weight of the structure supported by

the motion stage to ensure that we do not ex
of Aluminum is weldablewhich is necessary for our design.

Granite was chosen as the matkfor the engine headase because @§ ability to
attenuate external vibratioasid because our sponsor requested that we use it.

Medium carbon steel was selected as the material to make the motion stage support.
Medium carbon steel was chosen for its high strength (yreddcampressive strength
around 70 ksi), its low cost (around $0.3/Ib), and its high availability in the shop and in
stores [CES EduPack 2007].

Motion Stage Selection

A purchasednotion stage provides linear tsdation along a platform at the necessary
speeds and with micrprecision unattainable from our own manufacturing skills. Thus,
at the request of our sponsae selected and purchased a custom stage. Our purchased
linear motion stage is an Aerotech, Inc. model ATS115 with 600 mm travel. Thid mode
meets all required engineering specifications which include repeatability, travel, speed,
load, and coseffectiveness. Most importantly this linear motion stage is repeatable to 1
micron which is of primary concern of our sponsor. The travel of 600sweqguired to

scan a variety of engine heads which will have a maxineungih of ®0 mm. The

ATS115 is capable of mowvjna load of 40 kg at 250 mm/s. In comparisoa,will be

using the motion stage to move a load of approximately 20 kg at 100 mm/s. fibe mo
stage is also low cost with high performance, making this model more attractive to our
sponsor which has purchased the motion stage for this project. Overall, the ATS115
meets all engineering specifications requested from our sponsor and set byigir de
The manufacturer specifications of the ATS115 can be found in App&ndix

Track Roller Selection

The track rollers were selected by making a conservative estimate of the maximum static
and dynamic radial load each could experience. The maximum Istdi the rollers

should experience is the weight of the sensor divided by two (only the top two rollers
support sensor weight), or 0.4185 pounds. A conservativeastifor the dynamic load

is 5pounds. A safety factory of two was employed, giving aimminm dynamic load

capacity of 1(pounds; it was later proven in the torque analysis that this load is 0.8516
pounds.
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All track rollers available through McMaest Carr meet this load capacidpd are

relatively inexpensive. Thus, the smallest size avilalas selected, given the

desirability of developing a compact mechanism, and the small average radius of
curvature about whi c h Atrdcleroller cah beesees belowis t r un (

Figure 16.
[«Bs{|=—D
1 I-._}*;:' f
i ||I|I\| c
: [
bt
Figure 16: Photo and schematic drawing btrack roller
Table 4. Key track roller dimensions
A (Roller Diameter) 1/2"
B (Roller Width) 3/ 80
C (Stud Diameter) 3/ 160
D (Stud Length) 5/ 80
Thread Size 10-32
Thread Length 1/4"
Max RPM @ No Load 11,500
Radial Load Capacity, Static| 790 Ibs.
Radial Load Capacity, 680 Ibs.
Dynamic
Additional Hex head (good for blintiole installation, and those
requiring greater tightening torque)
Crowned (slightly curved surface that compensates ft
minor misalignment between the track and roller)
Item 3659K1
$19.33 each

Linear Bearing Selection

A linear bearing runs along the shaft that the motor spins, and is connected through a pin

to the sensor. A selfligning bearing was selected, given that as the shatft is rotated, it

will tend to be misaligned witthe bearing. The maximum horizontal load the linear

bearing could experience is that exerted when the sendagiiher edge of the arc: 2.57

pounds (see torque analysis). Given the desirability of a compact mechanism, the linear
bearing with the smakket out er diameter (1/20) was sel ecHt
horizontal load of 939 pounds, much less than any horizontal load we would expect

during the operation of our mechanism.
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Figure 17: Dimensioned linear bearing

Table 5: Linear bearing dimensions

A (Outer Diameter) 1/2"

B (Overall Length) 3/ 40

C (Distance between External |0 . 4 37 0
Ring Slots)

Inner Diameter 1/ 40
Static Horizontal Load Capacit| 939 Ibs.
Additional Selflubricating

6061T6 aluminum shell
0.0020 <cer ami c ormsoa tesistagce

Item 9533T1
$11.90 each

Quantitative Analyses
The quantitative analyses include positional analysis, arc geometry, arc and track
analysistorque analysisyibrations analysis, and structural analysis.

Positional Analysis

The podional analysis was used to identify key variables required to allow our
mechanism to be realizable and at the same time, to position the sensor quickly and
accurately around the given engine head. We started off by determining the geometry of
the arcs tht the laser beawrigin and the laser sensoentemrmust make about the pivot

point (axis of rotation) in order to hit the desired beam positions and to be within the
sensor 6 s me afertocaElemghnDuring thenpgoeess, the locations of the

pegs that connect the sensor to the arched track were set. Then, the track dimensions
were determined as well as the position of the motor using the concept of an effective
transmission angle. Finally, the dimensions of the plate that the track is dgrmitected

to were set, allowing us to calculate the clearance that our mechanism is able to maintain
between the sensor and the engine head.

Arc Geometry

The geometry of the arcs that the sensor must pass through and that the laser beam end
must hit was dtermined based on:
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1. The valve seat orientations
2. The sensor standd#ngth of 60 mm and measurement range of £8.5 mm

First, our goal is to have the laser beam be perpendicular to the valve seat plane when it
reaches the valve seat midpoint. Thishisven in Figurel8.

\/
I\,

7N Laserpath
4 \
i '\'/ Engine head
Intake valve seat \ surface
midpoint 4 \ Exhaust
// \'\ valve seat midpoint l

Intake valve seat Exhaust

valve seat

Figure 18. Laser hits both the intake and exhaust valve seat midpoints at 90 deg from the valve seat
plane.

To find the radius of the arc below the pivot point that meets this goal, we used an

assembly drawing of the engine heagkeg to us by the spons¢mot shown for

proprietary reasongind drew lines that intersected the valve seat midpoints ang0o
intersected each ot her atl9 &romthelassembye angl e,
drawing, we obtained the horizontal length between the lines at the engine head surface,

27.604 mm [see FigurEd], and extracted the angles 64 and 69 deg fromahe\seat

inclination angle®);andU,. Theangled i s 47 deg since the angl es
180 deg. We then used the law of sines to get x1 and x2:

sin(69) _ sin(64) _ sin(47)
X, X, 27.604

1)

We found that ¥=35.2 mm and x33.9 mm. To get the fulbdius of the lower arc, we

add e and e to x; and %, respectively, took their average, and got thatie lower arc
radius centered at the pivot point and ending at the valve seat surfaces, is 45.96 mm.
Since the sensor standéghgth is 60 mm, we wd the total distance between the sensor
lens and measured surface to be 60 mm. Thus, the top arc radius centered at the pivot
point and ending at the sensor optical lensig60i R, = 14.04 mm. Figur@0 shows

this geometry.
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Figure 20: Schematic of the radii of the arcs centered at the pivot point and
ending at the valve seat surfaces and the sensor optical lens

Peg Locations and Track Dimensions

Now that we have the@aradius R we are ready to determine the locations of the pegs

on the sensor. The pegs are connected to rollers that sit on the arch track. To set the peg
locations, we looked at the length and width of the sensor, 85 mm and 94 mm. We
decided to usthree pegs, two sitting on the top edge of the trackoardsitting on the

bottom edge as shown below in Figude 2
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Figure 21: Peg positions relative to the sensor

To decide on the peg geometry, we looked at the benefits and tradeoffs of the andhber
position of the pegs. Having many pegs improves the stability of the sensor motion
(since there are more contact points between the rollers and the track), but requires
precision manufacturing to locate them along the same arcs as the track. Hidywiag o

few (two) pegs is easy to make, but is not as reliable since only two rollers take all of the
force applied by the motor. Since the motor will be providing a force at the midpoint
along the sensor length, that force gets transmitted to the pegemants, or the

distance between the pegs and the point of force application multiplied by the force at
each peg. From the moment balance, the more pegs there are, the less load each peg
receives from the motor. Thus, our choice of three pegs provideddéerpoint between
tradeoffs of reliability and ease of manufacturing. The locations of the pegs on the sensor
were chosen to be far from the midpoint of the sensor so that the moment arm of each peg
is sufficiently large that the force each peg seesnsmmized, but not too far from the

sensor midpoint that the track would need to increase in length significantly.

From the positions of the pegs, we can get the dimensions of the arch track, specifically
the track chord length and thickness. The ttaakness is the vertical distance between
the top and bottom pegs, which is 55 mm (calculated from the sensor height, 85 mm,
minus the two 15 mm offsets of the pegs). Finding the track chord length is more
complicated. Figur@2 shows the known dimengie of the track, sensor, and laser path
used to calculate the track length (the arc lengths at the top and bottom surfaces of the
track). From these dimensions, a triangle can be drawn to determine the chord length of
the trackés top arc.
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Pivot Point

Figure 22: Dimensions of track and sensor based on peg location and calculated arc geometry.

The top arc chord length is equal to the chord length of the arc passing through the sensor
midpoint and spanning 47 deg plus twice the additional chord lengthsmeed

accommodate the top pegs. The chord length of the arc passing through the sensor
midpoint is determined from Figu&2, where a triangle such as that in FigB8ds

shown and the length is found to be 81.3 mm using the law of sines (see Eq. 1).

Sensor
midpoint Chord length
at 2YX.

rotation
fromthe
vertical

Sensor

from the
vertical

102.24 mm

PIvi
point

Figure 23: Triangle whose top length is the chord length of the arc
passing through the sensor midpoint

Next, we need to determine the horizontal distance between the sensor midpoint and the
right top peg when the sensor is tilted at its maximum of @8gb(when the laser is
orthogonal to the valve seat midpoint), shown in Fid4re This horizontal distance, X,

is equal to 23.5/cos(23.5) which turns out to be 25.63 mm.
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Figure 24: schematic showing the extra horizontal distance that the top pegs
add to the top track arcés chord [ ength

Il n addition, another 10 mm is added to the t
will not slide off of the track. Given the 81.3 mm chord length from the sensor

midpoints, the 2x25.63 mm and 10 mm addiéiblength to accommodate the pegs, a

final chord length of 142.56 mm is found. The purpose of finding the track chord length

is to determine the dimensions of the plate on which the track is mounted.

Dimensions of Plate with Arched Track

The widthofte pl at e with the arched track was four
|l ength and the sensords range of motion allo
height was found using both the sensor dimensions, motor dimensions, and range of

motion comingfron t he sensor és fine tuning mechanism
accommodate spacing constraints and to minimize the inertia of the plate.

We defined the plate width to be the top track arc chord length plus the extra horizontal

distance that the senssticks out of the track. Figub shows the geometry of the

sensor when it is tilted a maximum angle of 23.5 deg from the vertical. Knowing that the

pegs are |l ocated 15 mm below the sensords to
along the 23.8leg axis 10mm due to the fine adjustment mechanism, the total inclined

distance d in Figur@5is 15 mm. Then, to get w, we simply added the distance of the

peg from the right sensor edge, 23.5 mm, and the thickness of the fine adjustment

mechanism, 9 mntp get w equal to 32.5 mm.
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Figure 25: Geometry of sensor with maximum tilt of 23.8
Then, using basic trigonometry, the following equations were used to obtain the total plate width:

b :%‘4 —44.2°

325
=tan (=) =5243"
q ( 5 )

a=90- b- g=-6.63
s=41cosa =40.7mm
total _ plate_ width =chordL + 2* s=14256+ 2* 40.7 = 224.0mm

Where chord. is the top track chord length thatwalculated from the previous section.

To determine the plate height, we did a force/position analysis to determine the
relationship between the transmission angle of the motor force and the distance between

the motor shaft and the center ofthetratkh e angl e b i s defined as
the force perpendicular to the motor shaft and the component of that force tangent to the
centerof-trackar c. The i deal b value is zero, where

used to move the sensor along déine. Steps taken to obtain the relationship were:
1. Find the chord length of the arc going through the center of the track. B&ure
andthe equations belowshow that AL=96.86mm.

Arc made by center of
the track

45.8 45.8
L=69.74mm/

88.4

Pivot point )

Figure 26: Geometry of centerof-track arc about the pivot point
Sin(88.4) _ sin(45.8)
AL 6974
AL =96.86mm 35




2. Find the angles that the force perpendicular to the motor shaft make with the
horizontal and vertical and the vector tangent to the cerfteack-arc. Figure27
and equationbelowshow that the angles add up to 90 degs.

Center-of-track arc
T

Motor shaft position
Figure 27: Geometry of cente-of-track arc about the motor shaft

AN=L(1- cos@4.2)) =19.7mm
90=g+ b+44.2

b=90- g- 44.2

Rm- ~
AL/2)

b=458- tan(RM-197)
4843

b =458- tan*(

The relationship between transmission angl e
equation. Plotting efficiency{h/ 90) * 100 against the distance
and the bottorof-track arc, R-(track width)/2, Figure&8 is generated below.

Efficiency is defined as the percentage of motor force that is being used to rotate the
sensor.
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Figure 28: Plotshowsr el at i onshi p between the distance of the
surface andthe force efficiency Positive distanceselate to the motor shaft positioned below the
track arc.

Figure28 shows that if the motor shatft is placed at the same vertical position as the
bottomof-track arc, the efficiency is still greater than 50%. Ti$amore than 50% of

the force applied by the motor is used to rotate the sensor while the rest is transmitted to
the bearings and is useless. We chose the motor shaft to be located 10 mm below the
bottomof-track arc because it maintains about 65% feftieiency while not being too

far below the arc that it interferes with the engine head.

Using our selected motordés dimensions and ou
plate with the arc track was determined to be 123.58 mm. Fa§usbows he

dimensions. The space above the track, 25mm was set based on the amount that the

sensor stuck out of the track and the its adjustable vertical range from the fine tuning

mechanism.
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Figure 29: Height dimensions of plate with arch track

Oncethe plate height was set, we checked that it does not interfere with the engine head.
Using the fact that the distance from the sensor optical lens to the engine surface is 60
mm, and that the lens is located 33.2 mm below the bedtetime-track arc, tle clearance
between the plate and the engine was found to be 34.3 mm. This clearance provides
ample room for the plate to pass obstructions from the engine head.

Resolution of rotational motion: In order to determine the resolution angle for control
of the rotational motion of the sensor, we first derived an equation relating the angle the
mot or has t ur ne dmnud with the dndlecthe Bemsorn nalesvitiathe ( d
hor i z @d)bgusingtlee geometry of our mechanism. This equation vasl fto
be (with all angles in degrees):

37.24 = sin (8,0, +90) = 7474 =sin (270 — 8.0, — Ororor)
Numerically differentiating this equation about a value for a sensor angle of 26 degrees
(the largest angle needed to inspect valve seats) and multiplying by the minimum angle of
rotation controllable by the steppmotor yields a value of 0.3 degrees/pulse, which is the

resolution for the control of our sensor rotation.

Motor Torque Analysis

Following the completion of the position analysis, we used the resulting geometry of the
sensor motion to calculate thedqae needed by the stepper motor to control the sensor
motion. To do this, we considerd geometry as shown in Figure, 38 the greatest

amount of torque will be needed when the sensor mount is positioned at one of the
extreme ends of the arc.
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Center-of-track arc—__

Motor shaft position

Figure 30: Geometry of the motor torque analysis

As shown in Figur&0, there are two forces acting on the sensor mount: namely, gravity
(mg) and the force exerted by the motor (F). The tofigapplied by the motor will be
equal to the product of the moment aalong the beamand the resulting force, or T =
Fxr. Assuming that both the foréeand gravity act at nearly the same point, the static
force balance on the motor yields the following equation.

;CDSJ@ = mgeos(f + 8)

Using valuesof=5 1. 6 mm, b = 25.6 deg, and d = 20. 2
and a conservative massof 1.5 kg, the maximum torquerequired is found to be 0.59

Nm, or 83.6 ozn. This translates to a maximum force F of 11.4 N, which will be

transmitted to té rollers connecting the sensor mount and the arc track. Using these

results, we checked our purchased motor and bearing ratings to ensure that the maximum
torque and |l oads they can handle are | arger
torqueis166 o0z n, which gives us a factor of safety
load is 3024 N, which gives us a factor of safety of 796. Thus, our assumptions in

selecting purchased components are valid and the components will not fail during

operation.

Vibration Analysis

Because of the high level of precision required for the positioning of the sensor, any time
varying deflections of the structure due to vibrations must be kept well under the total
tolerance of one micron in thedirection (transverse motiasf the linear stage). For this
reason, all of the parts have been designed as rigidly as possible and all mechanisms that
allow motion are clamped down during operation. This ensures the primary cause of
deflection is the elasticity of the material useddll partsBecause micrgrecision is
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not needed in the other two directions, vibrations have not been considered in the other
two directions.

The part that will cause almost all of the deflection is the plate supporting the mechanism,

as it must be b relatively large and supported only at two ends to allow both the

mechani smés motion and vertical adjustment o
thickness of the of the plate and the material used to construct it will all affect its
vibrationcharacteristics, we have limited the choice of material to Aluminum-6061

T6511 (as described above) and we have limited two of the three dimensions of the plate

(the length and width) as being the smallest dimensions allowable by the position

analysis. Tts is to both limit the amount of structure that is hanging away from the

motion stage and make the design more aesthetically pleasing. Thus, the major design

variable to be determined from a vibration analysis is the necessary plate thickness.

Vibrationscausing deflection of the sensor relative to the motion stage may be introduced

into the system three ways. The first is from the surrounding environment external to the
system. For this reason, we have included a thick granite base that should beafapable
dampening any vibrations from the environment (which should be small) to negligible

levels. The remaining two sources of vibrations are possible harmonic excitation due to a
rotating imbalance in the motor driving the motion stage and possible sudden

decelerations of the motion stage that will occur should the motion of the linear stage not

be perfectly smooth. Vibrations occurring due to-samoth motion may arise due to a
sudden fAshocko deceleration or aorgegrsi stent
such as friction.

Assumptions for vibration analysis For the following analysis, the entire deflection in

the xdirection of the sensor relative to the motion stage is assumed to be caused by the
deflection of the plate supporting the mechanisnat$) the support structure mounting

the plate to the stage is assumed to be rigid due to its design. Furthermore, the motion of
the sensor is assumed to perfectly match the motion of the plate wditeetion. This

means that the sensor will not maedative to the support it is bolted to, and the support
will not move relative to the plate it moves on. In order to ensure this, the sensor support
will be clamped to the plate during transverse motion of the stage, during which micro
precision is needed he validity of this assumption is supported by the fact that in-the x
direction alone, all displacement of the structure between the sensor and the motion stage
must come from compression or extension of very rigid structure of short length with the
exception of the deflection of the plate, which will deflect due to bending moment. Thus,
because the compression of a rigid structure of small scale is negligible compared to the
deflection of a plate in the out of plane direction, the focus of this analjsize on the

plate itself.

Furthermore, this plate is assumed to be thin, as its thickness is approximately one order

of magnitude less than the other two dimensions, and the plate is assumed to behave as an
elastic structure with small deflections.érboundary conditions assumed for the plate

are shown in FigureI3below. If we were to introduce a coordinate systey) andz,

whereu is the out of plane deflection of the playas the distance coordinate in the y
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axis, andzis the distance coomdlite inthez&a x i s | t hen sides fAad woul c

free(suchtha%:Oalong each side fiado) and sides fAbo

(suchthatu=0and—=0al ong each si de idérddalamped@ditdse fAbo i
12

welded to a support (Appendixd) in such a way that there should be almost no

displacement and no rotation at the edge, and the support is then bolted down in such a

way that it should not move relative to the motion stage.

Y4 Side"a"
(Length &)
y Boundary: Free

L_ Side"h"
(Length b)
Side"b" Boundary: Clamped
(Length b) ‘\ \
d

Boundary: Clampe Deflection u

Side"a"
(Length &)
Boundary: Free

Figure 31: Boundary conditions for plate during vibration analysis

Vibrations due to harmonic excitation from motor: When a rotating mass has a

nonzero product of inertia (i.e. if the mass is not perfectly distributed about the axis of
rotation) harmonic extation of the supporting structure may result. The response of the
structure is a displacement varying sinusoidally with time that is proportional to the
severity of the rotating imbalance. Figur2fBom Engineering Vibratiorby Daniel J.

Inman show theesponse displacement normalized by the strength of the rotating
imbalance (characterized by the ratio of the structure mass to the mass and eccentricity of
the rotating imbalance) plotted against the frequency ratio, or the ratio of the driving
frequency(the frequency of the motor driving the imbalance) to the natural frequency of
the system. Regardless of the damping ratio characterizing the system, the normalized
magnitude of the response appears to approach zero as the frequency ratio approaches
zero.Because the rotating imbalance of the motor should be small considering both its
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size relative to the structure and the quality of the motion stage, ensuring a very high
natural frequency for our plate should ensure a negligible response to the harmonic
excitation from the motor.

mX
moe
5 —_—
£ =01
e i
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E =02
Y AT
= 2=
Z ¢ = 0707
=10
0 l | | 1 1 | =
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 n

Frequency ratio
Figure 32: Normalized magnitude of the response to harmonic excitation approaches zero as the

ratio of the driving frequency to the structureds na
Engineering Vibration, 2¢ Ed. by Daniel J. Inman)

The natural frequency) of a plate in rad/s with the boundary conditions assumed
above for out of plane vibrations is givendmuation below(from [12]).

L[ Er
" a2\ 124M1- )
Here,ai s t he | enBitdr Yd u g @ e hamatérialh is the tHickness t
of the plategis the density of the material per unit thickness,s Poi ssonds rati o
materia,andi s a vi bration parameter dependent on
and Abo and t he (frono[L2h kbathisyequation all materiad cosstants
are based on AluminuB061-T6511 [13] and all parameters depending on the geometry
and boundary conditions are based on the geometry and assumptions that have already
been listed. Thus, the only paramrethat needs to be determined is the plate thickmess
Figure 3 shows the resulting damping ratio of the plate as a function of its thickness.
The damping ratio is based on a driving frequency of 10 Hz (63 rad/s), as given the pitch
of the screw drivig the motion stage and the maximum transverse speed required for our
design, this is the maximum driving frequency that will be encountered.
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Figure 33: Frequency ratio decreases with increase in plate thickness

As shown above, the frequency ratio isyelose to zero and continues to decrease as the
plate thickness increases. Although the plate thickness cannot exceed 25mm due to the
thickness of the stock that will be used to construct it, choosing a thickness of 25 mm will
provide a frequency ratiof6-0.007, which ensures negligible response to harmonic
excitation.

Deflection due to noasmooth motion of linear stageif the motion stage maintains a
constant velocity, the motion of the sensor should exactly match the motion of the linear
stage. Howeer, if the sensor experiences an acceleration or deceleration relative to the
motion stage, then the plate could deflect such that the actual position of the sensor will
not match the location of the motion stage. Such deflection can be modeled by
determinng the equivalent force acting on a plate due to the accelerating masses of the
plate, sensor, mount, and external track, and then modeling the plate as an Euler
Bernoulli beam to determine the resulting maximum deflection.

The mass of the plate, wherbgected to an acceleration (or when the ends of the plate

are subjected to a relative deceleration) will create an equivalent force that can be
modeled as a distributed force over the lengjlof the plate. The total mass of

everything mounted on the jpda conservatively estimated at 2 kg from the density of the
material, the geometry of mount and track, and the mass of the sensor, is then modeled as
a point force acting at the middle of the plate, which is the worst case scenario for
deflection. This mdel is shown in Figure43below.
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Figure 34: Deflection of plate modeled as EuleBernoulli beam under distributed
load from plate inertia and point force from inertia of objects mounted on plate

This deflection can be calculated by superposition ofigflection due to the distributed
load and the deflection of the concentrated load. By assuming an acceleration of 1 g for
our initial analysis, the deflectiamcan be calculated guationbelow, taken from the
superposition of two equations from thatabook for course ME 382 at the University of
Michigan.
mga® pbhga®
u = + (x)

_ o 192E1  384EI .
In this equationm s the mass of all objects mounted on the plgie the acceleration
due to gravity] is the moment of inertia of the plate about tkexis, and all other
parameters are tlgame as fothe equation for natural frequencyhis 1 g deflection, as

a function of the plate thickness, is shown in Figusd&ow.
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Figure 35: Deflection of plate under 1 g load decreases with increasing plate
thickness

As shown above, the plateftection crosses the 1 micron threshold at a plate thickness

of 11.5 mm and decreases all the way to 0.12 microns at a plate thickness of 25 mm.
Because an increase in plate thickness improves the deflection characteristics of the plate
under both harmoaiexcitation and rapid deceleration, the maximum plate thickness
allowed by the stock material (25 mm) has been chosen for our design. Once this
thickness had been chosen, we calculated deflection of the plate as a function of the
deceleration oftheplarupports (in gés), the ré&sults
below.
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Figure 36: Plate deflection stays within submicron range for a large range of
motion stage decelerations.

As shown above, the maximum deflection of the plate should stay withmmiGrons for
al |l motion stage decelerations up to 4 gos,
should experience during normal operation.

Therefore, a plate thickness of 25 mm ensures that the plate will be almost entirely
unaffected by harmonic eation from a potential rotating imbalance of the motor

driving the stage, or any harmonic excitation of a reasonable driving frequency, and that
the plate will deflect half a micron or less for all loads on the motion stage that may arise
from nonsmoothmot i on of wup to 4 gbs.

Finally, to consider vibration response due to harmonic excitation during unsmooth
motion, we will look at the case where the plate thickness has been set at 25 mm. From
the natural frequenosguation above, the natural frequenoy this system (converted to
Hertz) in the xdirection should be 1500 Hz. The resonant frequency, as a function of the
damping ratic; and natural frequey for the systemis given byequationbelow (from
[11]).

Jﬁ' =fn\"lll_<: )
Similarly, the normalized ngmitude of the harmonic respon}‘s;‘eof a one dimensional
response is given by equatitelow (from [11])
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In this equationX is the displacement responkas the stiffness of the system, afds
the magnitude of the force driving the hamt excitation. By taking the stiffness of this
case to be the inverse of the slope from Figérarfl setting the threshold displacement
response at 0.5 microns, we can solve forthe loatipg (i n goés as a functio
damping ratio. Plotting the reking loading against the resonant frequency needed to
drive that response for a range of damping ratios from 0 to .707 yields Figukedhge
of damping ratios is used for this plot because the actual damping ratio for the system is
not known.

4.5

Maximum loading (g's)

0 | | |
200 400 600 800 1000 1200 1400 1600

Required frequency to drive resonance (Hz)

Figure 37: Threshold magnitude of driving loading as a function of required driving
frequency for threshold displacement of 0.5 microns

This figure shows the magnitude of the loading driving the harmonic excitation that

would be required to exceed a 0.5 micresponse against the driving frequency required

to force the resonant response in the system for the range of damping ratios listed above.

This shows that in order for the plate to deflect 0.5 microns in a worst case scenario, the

driving harmonic excitén must either have a very high magnitude or a very high

frequency. For example, if a driving frequency of 1000 Hz was somehow achieved, the
magnitude of the driving loading would stild]l
displacement response of the pléd be half a micron. Because the driving harmonic

excitation should not come close to approaching these combinations of frequencies and
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magnitudes, this structure should suffice for the required precision of the sensor
displacement.

Motion stage supportstructural analysis

The support structure consists of a granite block, four 6061 aluminum vertical posts, and
two T6061 aluminuntop suppois. The granite block is 65 x 65 x 4.5 cm and is used to
isolate the inspection device from external vibrationsirertical posts rest on the

granite block. On each set of two vertical postsaiks topsupport(see Figurdls, p. 23.

The posts and thep supporivere chosen to minimize deflections of the structural

support under the load of the linear stage. mo¢ion stage is 10 kg, the sensor is 0.5 kg,
and aluminum mounted materials including the arc motion plate are 5 kg. Thus, a total of
15.5 kg must be supported by the four vertical posts@maupport

First a stress analysis was done on the verticstsgo confirm that a dimension of 2.5cm
x 7.5cm could be usedr the top supporfThis dimension was chosen based on available
raw materials and comfed by a stress analysis 061 alminum beam under the
fixed-free condition. The vertical support thithe loading force is shown in Figu38

with an area of 19 cimodulus of 70 Ba, and resulting strain &0'6. Following this
analysis the dimensions of ttegp supporivere set based on the criteria for mounting the
motion stage. The motion stage tadt holes located 50 mm apart along the length of
the engine head and at 100 mm apart in the traverse direg@isset minimum
requirements of theop supporto be 5 cm x 13 crfw x L). The final dimensions of the

top supporwill be 8cm x 30cm(w x L) based on a deflection analysis illustrated by
Figure39. We also have a thicknef¥to thetop supporbf at least 13 mm to support
holes for 0.25 inch bolts. This allows ample room for bolting the vertical gosts,

support and motion stage togeth The results of this analysis provided a second
moment of inertial of 156 mniand a max deflection at the center of tiye supporof

0.01 mm.This deflection is minor when compared to our measurement range of 8.5 cm
therefore the aforementioned ainsions will provide a solid support structure for our
prototype.We expect to see our results of deflection minimization for both initial
demonstration purposes and recurring operation.

F,}rag % E, smg% F, mg%
l

a 100mm a

T60G61
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Figure 38: Fixed-Free diagram ) ) ] . )
with force on vertical support Figure 39: Fixed-Fixed diagram with force ontop support, max

deflection shown at center of beam
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An assembly analysis provided a confirmation that the previously chosen dimensions
would allow for assembly of the granite, four vertical posts,supportand the linear
motion stage. The vertical posts will be connected to the granite block by bolted L
brackets. The top of the vertical posts are connectedoj supporby two bolts on each
post. Theséop suppos support the linear motion stage, whicli wave in total 8
connection bolts between thep supporand motion stage. We will be purchasing the
granite block and raw materials for the vertical poststapdupportWe will then mill
holes to fit the aforementioned connection bolts.

This suppoat structure is created for the ATS 115 Linear motion stage from Aerotech, Inc.
It is unlikely that the motion stage can be easily replaced with a different model.
However, the diverse operations of our system are allowed by adjustability in the sensor
sysem attached to the slide of the motion stage

It should be noted that the support structure was changed during the manufacturing
process to be made of 1018 mild steel. This steel will provide greater rigidity while

adding minimal costFor the structure #hrigidity is most important, while added weight

is not of concern as it does not appear in our engineering @oailsnsions are kept

constant and the only change on the above variables is the modulus of elasticity value has
increased from 70 GPa to 21®& This factor of three between moduli of elasticity

lowers the stress in the structure by a factor of three and decreases the maximum
deflection of the top support. Thus, by selecting mild steel we have improved the support
system while not addition sigfitant cost.

Final Design

The final design consists of four major components that allow the sensor to rotate and
translate about the valve seats and that support the motion stage on which oursmechani
is mounted. Figure 18hows a complete assemblytbé design, including the four parts

that we designed: the fine tuning mechanism, arch track and plate, plate support, and the
motion stage support. Each part is described in detail below from the laser sensor to its
connections to the motion stage, gramase, and finally the engine head that the sensor

iS measuring.

Sensor mount / fine tuning mechanism

The laser sensor is oriented so that the optical lens faces downwards and is connected
with bolts to the sensor mount assembly. The mechanism altovesijustment of the
distance between the sensor and the surface of the engine head for focusing purposes (see
Figure 40) and allows for mounting rollers into the plate. This part consists of the sensor
plate (Appendix I.1), onto which the sensomsuntel that slides within the sensor

mount bracket (Appendix 1.2). Once the position of the sensor has been adjusted, the
plate can be locked down relative to the bracket by tightening bolts that are fed through
slots machined into the bracket and threadedti@late containing the sensor mounts.
These two parts were designed such that they are as small as possible while still being
large enough to easily hold the sensor, thick enough to thread screws into, and rigid
enough to ensure negligible displacemadthe sensor at any time. The mechanism has
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three track rollers screwed into it and is attached to the arched track and plate through the
rollers. The bottom roller is adjustable with a set screw such that the rollers can be
clamped down tighter on theternal track to allow less play and ensure smoother

motion.

Figure 40: Sensor Mount Bracket Figure 41: Arched Track

Arched track and plate

The arched track (Appendix 1.3) enables the rotation of the sensor abouphaysical

pivot point. It conssts of an extruded track with a constant radius arc, along which the

sensor mount will move (see Figure 41). The track width and radius were determined
with the positional analysis in the previous section. Its thickness was determined from
the thicknes®f the track rollers (9.5 mm).

Plate support and motion stage attachment

The plate support (shown below in Figure 42) is designed to attach the arched track and
plate to the moving platform of the linear motion stage. This support has been designed
suchthat the plate can be moved up and down relative to the engine head in order to
adjust the pivot point/axis of rotation of theechanism (see Figure 1Z his support has

also been designed such that the arch plate is fixed on two edges to minimizengbrat
(as described in the vibration analysis section). This fixture is achieved by bolting each
side of the plate to triangular support pieces (see Appendix K.4). These triangular
supports, in turn, are bolted down to the motion stage attachment (seel k&),

which is bolted down to the motion stage. By bolting or welding everything down and
providing considerable rigid support in thalkxection by use of the triangular support,

the motion of the sides of the arch plate should have only negligifidetiens (much

less than a micron) compared to the position of the motion stage, which will validate the
assumptions made for the vibration analysis.
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Figure 42: Arched track mounted to plate supports and linear motion stage.

Motion Stage Supjorts

The motion stage supports position and support the motion stage above the engine head.
It consists of two kkhaped supports consisting of a top support (Appendix 1.6) and side
supports (Appendix 1.7) that extend over the top of the stage, onto thiicbage is

bolted using predefined holes on the stage. The width of each beam is greater than the
width of the motion stage, allowing for increased stability in the transverse direction
(along the engine head width). This stability is essential be¢hesensor is usually

rotated offcenter from the middle of the motion stage, creating a moment about the x
axis. Each beam is attached to the granite block base uwdirackets (Appendix 1.8)

and bolts.

The granite base is a rectangular block orcWiaill system parts are mounted. The

engine head is mounted upon 8 vertical pins that protrude through the granite base. The
motion stage supports are bolted onto the base so that the length of the motion stage is
positioned directly along the length dietengine head.

Addition of Motor and Transmission

A stepper motor is used to drive the sensor 0
to the motor uses a shaft that is screwed onto the sensor mount (see Figure 43). From the
sensor mount, the shatfins through the thickness of the arc plate in the middle of the arc
track. The side of the shaft shown in Figure 43 rotates within a cylindrical sleeve that sits
within a housing that contains a linear bearing that is directed perpendicular to the sleeve
The bearing ridealong a second shaft which is rigidly connected to the rotating motor
shaft. This is done using set screws through the second shaft. The rotary stepper motor
is mounted on the back of the arc plate at the vertical centerline atttraek. The

motion of the motor and thus, the sensor is controlled using a controller from Applied
Motion Products and the Si Programmer. The Si Programmer contains simple motor
commands. Useful commands that were used on our motor for demonstrapiosgsu

are included in the Appendix.
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Figure 43 Prototype transmission

Finally, the roller mechanism also contains a pair of rollers on the back side of the arch
plate that are rigidly connected to the shaft running through the ptidtsat these

rollers can be used to hold the sensor mount tight against the plate. These back side
rollers prevent the rollers on the track from binding up. They act to support the moment
caused by the motor shaft and thus allows smooth motion and loointine sensor
mechanism via the stepper motor.

In summary our final design allows a user to scan all 16 valve seats by controlling the

motion of the sensor both along the engine head length and width. The device can
accommodate a variety of engine heaks, given its open geometry and the ability to

adjust both the focal point and fitene focus of the sensor. In addition, it maintains a

clearance between the sensor and the engine head that allows-&mmtact
measurements to be taken. Alloéth sensor 6s motion is controll
motor and linear stage, allowing for adjustability of speeds and positions. Finally, our

design is justified using sound engineering analysis and reasoning, ensuring a high level

of reliabilty. OQurc&e si gnds combination of adjustability
heads, controllability of sensor motion, high reliability, and migrecision and

accuracy, and most importantly, its ability to be automated and quick at measuring valve

seat geometrynakes it a viable and desirable concept for our potential customers, the

auto manufacturers.

Manufacturing and Assembly

The following describes the steps we took to fabricate our prototype. Our product is not
intended for mass production, thus the manufdg details below are suitable for small
scale fabrication Note that the engine dimensions made for this mechanism are
confidential and thus, are not included in the report.

Sensor mount

The first piece of the sensor mount, the sensor plate, wasmaddby hand on a milling

machine out of 1/2 inch by 6 inch Aluminum 66616 511 st ock wusing a 1Jo
Following milling, the two holes were drilled and countersunk also using the mill.
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The second piece of the sensor mount, the sensor mount braakehaehined out of 1

inch by 6 inch Aluminum 606TI6 stock by use of a CNC mill in the ERC with the help

of Steve Erskine. The slots in this piece we
student machine shop. Finally, the body holes on the batle diracket into which the

top two rollers are threaded were drilled and tapped wit32 &p. However, for the

bottom roller, a slot 10 mm long was milled to allow the position of the roller to be
adjustable in order t odefiack. Aydountersuok stbttveas r ol | er s
machined on each side in order to allow a pair of machine nuts to hold the roller tight to

the sensor mount bracket. I n addition, a 10
of the sensor mount bracket for the shafett wi I I ul t i mately contr ol
movement to be placed. Finally, a set screw was added through the bottom of the plate

such that it could be tightened onto the shaft of the bottom roller, thus allowing the

bottom roller to easily be tightened onte external track.

Once both parts were made, the sensor was fastened to the sensor plate using two M4
fasteners, the sensor plate was-20thusnbened i nt
fasteners (for easy adjustment), and the bearings were ¢dredd the sensor mount.

Finally, once the arch plate had been made, the roller bearings on the sensor mount

assembly were slid onto the external tracks and the shaft was fed through the slot in the

plate into the hole in the back of the sensor mount."theas determined that the shaft

did not fit tight enough, the end of the shaft was drilled and threaded witt®dap and

a screw was fed from the front side of the sensor mount bracket through a smaller hole in

the bracket and into the shaft, whichsiwthen tightened.

Sensor Mount]

Figure 44: Prototype Sensor Mount
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Arc plate and support assembly

The arc plate, made out of 1 inch thick Aluminum 60&b11 stock, was first squared

into the dimensions of the plate shown in the engineering drawings usiniy & hah,

four holes for the motor mount were drilled through the plate. Following this, a reference

point (a small hole) was drilled into the point on the plate where the motor shatft is

located. This point was used to center the plate on a rotaryatabied the pivot point

(since the length from the pivot point to the reference point is 32.34 mm). Once the plate

was secured on the table, the track was mil|l
ends of the arc were not cut off yet. Cutting #ic ends was left as the last step to since

it left room at either end of the arc to make adjustments in machining the grooves. Then,

a T-slot cutter was used to cut the grooves along which the track rollers would rest. The

depth of the grooves was n&adlightly less than the depth of the rollers to allow for a

tight fit between the top and bottom rollers
mill by first zeroing the angle on the rotary table along the vertical midpoint axis of the

plate. Thenafter rotating the plate 25° ar#5°, the end mill was used to cut off the arc

ends.

Following the completion of the arc plate, the two triangular supports were milled out of
1/2 inch by 6 inch Aluminum 606I6511 stock. The slots were milled usinga Y2e n d
mill, and the two body holes used to fasten the supports to the arc plate were drilled.
Atfter drilling and tapping the corresponding holes in the arc plate wit{28 tap, the
supports were then fastened to the arc plate.

SupportAssembly

S
2~

Arc Plate

Figure 45: Prototype Arc Plate Figure 46: Prototype Support Assembly

Motion stage attachment

The motion stage attachment was be milled out of 1/2 inch by 6 inch Aluminum 6061
T6511 stock; the four attachment holes for the motion stage and the 8 attachment holes
for the ac plate supports were also drilled and tapped using the mill. Then, the arc plate
support assembly was bolted to the motion stage attachment using 8 thumb fasteners and
the attachment was bolted to the motion stage using 4 M6 bolts.
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< e |
Motion Stage
Attachment
i

Figure 47: Prototype Motion Stage Attachment

Topsupport: The top supports were made out of

simply drilling the necessary attachment holes into it using a mill.

Figure 48: Prototypé ;i:op ;'Subpots

Vertical supports: The vertical supports were
by simply drilling, and if needed, tapping, the necessary attachment holes.

Figure 49: Prototype*vézr'tical'Supprts
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Structure Assembly: First, attachment holes were drilletto the granite block with a

| © masonry bit and 10 anchors were placed in
purchased tbrackets were fastened to the granite using the anchors and the four vertical

supports were fastened to the foublackets using © bol t s and machine nu
top supports were fastened to the vertical s
vertical support. Finally, the motion stage, with everything attached to it, was bolted to

the top supports dyhutseposupgpont bodt safioot &I
supporting the motion stage.

Structure Assembly

\

A\ g

= ”—

Figure 50: Prototype Structure Assembly

Mechanismtransmission In order to fasten a shaft perpendicular to the motor shatft, a

small adaptor was mademostoock. 3F8o0stoundi al t
into the cylinder both into one end and through a side perpendicular to it. The motor shaft
was then inserted into the side hole, and a

inserted into the end hole to compadise shaft. This piece was then tightened down to
both the motor shaft using three8@ set screws and the steel shaft using 682 set
screw.

Next, a small piece containing both the linear bearing through which the first shatft is fed

through and a sleewbearing in which the second shaft (attached to the sensor bracket)
rotates was made out of B0 round aluminum st
through the side of the stock and the linear bearing was forced into this hole and
tightened down withaest screw. A 3/ 80 hole was reamed i
Il 0 sleeve bearing was placed into it and tig
material was removed from the piece with a lathe in the area around the sleeve so that

this part would ot hit the motor body during motion.

Once this part had been made, the shaft coming from the sensor mount was slid into the

sleeve bearing in this piece, and the shaft coming from the motor was fed through the
linear bearing, thus completing the mechanism
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Figure 51: Prototype Mechanism Support

Electronics assembly: Following the completion of the mechanism, the stepper motor
from the rotational mechanism was connected to an external driver from Applied Motion
Products using 24 gauge copperes (Appendix N).The external driver connected to

the PC via an adapter cable and was programmed for standalone operation via Si
Programmer control software. Commands used to drive the motor on the prototype are
included in AppendiM. The selectedhotor from Sure Steps runs on 32 VDC, 4A
maximum. However, for the prototypetational mechanispa110V input A9V, 1A
output)portable power supply was bought and poweredtipgpemotor through the
external driver. This portable power supply wadisignt for demonstration purposes.

The linear stage was bought with custom wiring and was connected to an Aerotech,
Ensemble CP10 controller. The stage and controller were conveniently powered by a
conventional 110 VAC wall socket, and the controller w@snected to the PC via a

USB cord. The Ensemble runs with proprietary Ensemble IDE software and drives the
linear stage to move at speeds ug% mm/s and through a variety of movement

patterns such as ramps in velocity, steps, and others. Comnsauti®wdrive the stage

on the prototype are included in the Appendix

Testing Plan

The fabricated prototype will be tested to confirm that it meets all engineering
specifications set forth earlier in this report. These engineering specificationseate lis
below by rank.
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Table 6: Importance Ranking of Engineering Targets

Rank (1 = : :
. . e Engineering
most Engineering Specification T
. arget
important)
1 Error for translational position (x) <1 &m
2 Error for rotational posi tion (|<1degree
3 Reference displacement error <1l &m
4 Cycle Time <30 sec
1E-6,000
5 Control of translational speed mm/min
6 Damping coefficient of fixture material >1
7 Number of passes sensor capable of making 1-16
8 Movement of engine head in X, y, and z directions once "fixed" <1l &m
9 Error for translational velocity (dx/dt) <1 mm/min
10 Sensor distance from engine head 51.5-68.5 mm
11 Step size of sensor sampling rate 1Hz
12 Operational Temperature 18~35°C
13 Input Voltage 110 Volts
The t eambs pr ancleda yhe mandfaatlringi ottlze tsupmom structure,

motion stage mounts, and rotational motion mounts. The software to calibrate sensor
measurements will be completed at a later phase of the project. Thus, the system can be
calibrated taneet certain engeering specifications but we will not be performing these
calibrations. The engineering specifications that will be met at a later date (and are

outside the scope of our project tasks) are (1) error for translational position, (2) error for

rotational paition, (3) reference displacement error, (4) cycle time, or (11) step size of

sensor sampling rate. The fundamental metric for the success of our prototype will be its

ability to make two passes along the length of the engine head, scanning all 16 valve

seats. A visual i nspection

of t he

sensor 6s

determine whether or not our prototype meets this metric. A similar test will be used to
determine the number of passes the sensor is capable of making (7). pgdstairis

the rotational mechani smbs

ability

t o

specific engine head, to locate the sensor between 51.5 and 68.5 mm away from the
engine head surface, and to maintain a reasonable clearance between the methars

plate bottom ath the engine head top surface. These determine whether the sensor will be
perpendicular to the valve seats at their midpoints, whether it will be able to take accurate
measurements, and gives an idea of the types of obstructionseméthanism will be

able to clear.

The control of translational speed to travel (5) will be conducted through our controller
and will allow for adjustment of a step size of 1. mm/s from 0 mm/s to 250 mm/s. This
specification will be tested by settinget speed of the linear motion stage with our

controller and measuring travel distance per unit time.

The movement of the engine

head

tested by marking the original position of the engine head, rgrtheasensor
mechanism, and measuring the movement) of the engine head.
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The sensor distaneangefrom the engine head (10) will beeasued by adjusting the
sensor to its maximum and minimum focal length positions. These positions are
determined by thécation of the sensor on the arc plate, and the position of the arc plate
in its holster Manual measurements with calipers are sufficient to give approximate
dimension®f sensor distance range, clearance, and rotationgh in the future, more
exact echniques need to be employed.

We will not test the operational temperature of the mechanism, given that resources are
not available to test the sensor in a climedetrolled environment. However, given the
thermal expansion coefficients of our matecibices (primarily aluminurand stegl

and the operating range of the sensor328C) we expect the device to be operable in

the desired range of 1#° C.

Finally, we designed electrical components of mechanism to operatetwi of
conventional, 110\inputs (13). This can be observed by confirming proper operation
with 110V inpus.

Testing

Testing was conductedtaf fabricatiorand allowed for engineering specifications to be
evaluatedAlthough the only way to truly test the performance of ouresysivould be to

use it to make actual measuremenith the sensoand compare them to previous
measurements, this was not possible for two reasons. First, the motion stage must be
calibrated before it can hesed to make measurements; because calibratemulti

week process for which the stage must be sent away, we finished our prototype prior to
motion stage calibration in order to have a prototype for the design axgahus it has

not been calibrated yeSecondly, there was insufficient time tarde how to operate the
sensor and use it due to the late arrival of the motion stage and thus the late date of final
assembly of our prototype.

Once the stage is calibrated in the future, testing can be conducted to determine the
position and velocity ears for translational and rotational motion as well as the proper
cycle time for the measurement process (as the motion can be programmed to almost any
speed and thus knowledge of the fastest speeds that still provide accurate measurements
are needed). Whibut this possibility however, we have conducted some simple testing to

at least ensure our prototype can provide the motion needed for these measurements to
take place.

Repeated translational motion

We found the prototype capable of making multiple passes along the entire lergth of t

engine head and capable of operating at the desired translation speed of 1Qthisym/s
Adesiredd number requires .adealsoaotedthessansonr e me nt
distance can be properly adjusted to meet the appropriate measurementmareyggine

head does not move on the granite block during operation. Also the entire operation is

powered conveniently by an 110V power source.
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Linear motion control

As mentioned in the testing plan, the fundamental metric of success for our prototype is
its ability to pass aing the entire length of the engine head. The linear motion stage has a
600 mm travel capable of carrying the inspection sensor well past all engine heads tested.
The longest tested engine head has a length of 500 mm, with which we conducted a
visual inspetion to confirm that with the engine head placed on the granite block our
prototype has the capability of scanning the entire length of the engine head. We also
noted that the prototype can make these passes in any quantity; making multiple passes is
easly programmed into the controller. Each pass can be coded by the Ensemble IDE
software included in the controller package from Aerotech, Inc. This software also lets us
control the translational speed metric, whereas we desire a translational speed of 100
mm/s. The controller allows 1 mm/s steps with speeds between 0 and 250 mm/s.

Mechanism metrics

To ensure the sensor hits our desired positions and to gauge how well the mechanism
clears the engine head, manual measurements were taken using calipers. The sensor was
foundto be able to move alorige track to our desired = 2i&g smoothly and thus, meet

our rotation requirements. Also, at the maximum rotation position, the sensor distance
from a variety of engine head valve seat surfaces were tested to be between BBro 75

both of which have 20 mm adjustability. Thus, with the given adjustments for our system
we can reach the desired measurement range of 51.5 to 68.5 mm. Finally, the clearance
bet ween the mechanism plateds bodheamm sur face
was found to be approximately 33 mm when the course adjustment was positioned at the
bottom of its vertical range and when the fine adjustment was positioned in the middle of
the vertical slot (see Fig. 52 and)53ompared to the designed cleamnt 34 mm at

this same position, our design is pretty spoi dime one mm discrepancy can be

attributed to our machining errors in the arch track, sensor mount, and motion stage
attachment. The maximum clearance we can obtain is actually roughly 4&hemthe

fine adjustment is shifted downwards to its limit of 10 mm aldwgdiot (see Fig. 52

The 43 mm clearance provides more than ample room to clear engine head obstructions,
and was verified through manual measurements using calipers. Weaidiedause our
measurements were rough measuremenise precise measurements should be obtained

in the future.
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Fine (focal length)
adjustment

Vertical slot

Course adjustment
is positioned at its
lowest vertical
point

When laser is
positioned at its

| lowest point along
{ vertical slot, max
clearance is 43

Figure 52: Prototype Support Assembly Figure 53. Prototype Sensor Mount

Engine head stability

Another visual inspection was conducted to view thgiree head movement during
prototype operation. The engine head was stable throughout operation and there was no
noticeable play. However, we would like to have a better mechanism to place the engine
head precisely on the granite block. This can be dotieifuture, once a specific
demonstrator engine head is decided upon and further validation can be conducted to
ensure no motioof the engine head.

Power supply

The entire prototype operation is fully functional with two conventional power inputs of
110V. The lineastage and controller had a custom 110 V plug, while the motor and
driver were assembled with an AC adapter of V1 A. However, the motor

controller actually requires a 32 VDC source to provide the motor with all of the power
required to achieve itsamimum torque. Although the 15VDC source was able to supply
enough power to the mott provide rotational motion over very small angles, the full
32VDC source was required to provide the full motion.

Motor life

One aspect of the prototype that failed testing h@wexas the lifetime testing of the

motor. Although the motor ran continuously the entire time at the expo without problems,
and the motor was able to provide the necessary torqgue to move the sensor to both
extreme positions numerous times, the motor fadl@dng additional testing after the

design expo. Although the reason for failure is not immediately known, it is known that
the motor was wy inexpensive and possibly twiw quality. This issue is addressed

further in future improvements.
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Manufacturing Changes

We made several changes during the manufacturing process to refine our design and
manufacture a fully operational prototype. These engineering change notices (ECN) were
carried out efficiently. The changes include design changes in the gramictyrsty bolt
interfaces, triangular supports, and rotational arc motion device.

Stud anchors are used to attach the angle (L) brackets to the granite. These were
originally 10 bolts, however after finding t
sufficent for carrying the | oad of the structur
four bolts. This allowed for faster manufacturing time while not sacrificing the rigidity

needed for the structure to granite interface.

The structure was originally plaad to be made with 6061 aluminum, however,

evaluating the raw material needed for the structure we found that 1018 mild steel was
only 3 cents more expensive per pound. We decided to create the structure out of the mild
steel because we were able to owlarparts direct from a material supplier. This

prevented additional manufacturing time for the mild steel while at the same time

allowing us to create a more rigid structure with a small investment.

We also wanted to preserve the finish and operafioimecATS 115 motion stage. To do
this we included rubber washers at the mounting points for the linear stage to the
aluminum and mild steel. This will minimize vibrations while protecting the finish on the
linear motion stage.

The structure that hangom the motion stage slider was originally going to be

supported by two triangular attachments that were to be welded to the arc track.
However, after some load analysis we found it sufficient to place two bolts per triangular
attachment to the arc trackhese bolts maintained our operation goals for the prototype
while allowing for a simpler manufaating process.

Future Improvements

Due to the tight time schedule, the availability of machine shop time and lab time, and the
limited resources associatedmthe project, improvements to our prototype in the form

of additions and redesigns that would be bendfitiat were unable to be completade
discussed here.

One necessary addition to the prototype is the integration of a 32 V power supply to
powerthe stepper motor. Because we were originally under the impression that the
controller supplied by Aerotech, Inc. could drive the stepper motor we had chosen, we
had to quickly find a different power supply for the motor. The current prototype power
suppy for the stepper motor is a 15V power supply from Radio Shack, which has been
modified so that it can be wired to the stepper motor controller. Although this power
supply can provide enough input power for the stepper motor to control the motion of the
sensor mount and sensor over small angles, the 32 V source for which the stepper motor
is designed for will provide the torque for which we designed the system and allow the
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full motion required A 30 VDC source has been used to verify that the mechanidm wil
work with this power; however, it is a lab source and is not practical for system
integration.

A second improvement is the addition of an adjustable mechanism capable of locking
down different engine heads to the granite base. This will ensure no muveiiee

engine head during measurements and allow for correct positioning for the engine head.
In order to position the engine head, pinsild bemounted in the base that could align

with existing holes in the engine head. Clamps, similar to ones ysedry other

machines in the ERC lab, could then be used to clamp down the head, although clamps
may be unnecessary if it is found that the engine head does not move when placed on the
granite base.

A third improvement to our design would be the addibba clamping mechanism to

ensure no relative movement between the sensor mount and the arch plate during linear
motion when micreprecision is necessary for measurements. Currently, if the rollers on
the backside of the plate are tightened against the, plee sensor will be held with no

play; however, this requires that the beam supmpthese rollers be moved so that the
rollers are over tightened against the back of the plate and then loosened slightly
whenever rotational motion is desired, whera atamp would prevent this constant
adjustment.

A fourth improvement that could be made to the system would be a redesign of the roller
installation on the sensor mount. Currently, a pair of rollers on the back of the arch plate
hold the rollers attached the sensor mount tight to the plate, allowing smoother motion
and less play, but on the frontls of the plate, it is the end$ the rollers which do not

roll, that are held tight to the plate. This could be improved by the addition of rollers on
the front side of the arch plate, similar to the ones that currently exist on the backside,

t hat could Asandwicho the plate and allow ev
done correctly, this could also effectively eliminate the play between the pthtea

sensor mount, which would eliminate the need for the clamp described above and allow
for micro precision of the linear sensor movement as well as the ability to simultaneously
rotate the sensor.

A fifth improvement to the system would be replacenwdrihe stepper motor. As

previously mentioned, the motor, despite its ability to provide the necessary torque, failed
after extensive use. This problem may be fixed by replacing the motor with one of a
higher quality. Because the motor used was a stdraize (NEMA 23) with standard
mounting provisions, any motor of this size may be used as a replacement, allowing for
an upgrade during replacement.

Finally, in order to improve the aesthetics of the prototype the steel structure can be
painted and allfothe aluminum parts can be sanded (if necessary) and anodized.
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Conclusion

After determining the customer requirements and engineering specifications for our
design, we listed and organized these functions in a FAST diagram and then generated
functionlevel concepts to complete these functions in a Morphological chart. These
functionlevel concepts were then combined to create five sytdgeal concepts to

complete the overall function of our system: precise motion control of the ConoProbe
sensor in ordeto allow precise measurement of engine valve seats. These dgst#m
concepts were then compared with a Pugh chart, and one concept was chosen for our
design due to its unmatched ability to control the rotational motion of the sensor
accurately, to elinmate any interference with the engine head, and to enable the valve
seat inspection technique to be completely automated.

We then defined this concept in more detail by performing a number of engineering
analyses, including position analysis, motor ter@nalysis, vibration analysis, and
structural analysis, in order to develop detailed design parameters. The results of these
analyses were translated into detailed CAD models, a bill of materials, and a
manufacturing plan. With the detailed design of fmeil concept, we builand testdthe
system in order to deliver a complete prototype by the design expo on Decéhibee 4
prototype can now be found in the Metrology Lab of the ERC (1100 Dow).

In summary our final design allows a user to scan élivhalve seats by controlling the

motion of the sensor both along the engine head length and width. The device can

accommodate a variety of engine head sizes, given its open geometry and the ability to

adjust both the focal point and fitene focus of theensor. In addition, it maintains a

clearance between the sensor and the engine head that allows-&mmtact

measurements to be taken. Al'l of the sensor
motor and linear stage, allowing for adjustabilifyspeeds and positions. Finally, our

design is justified using sound engineering analysis and reasoning, ensuring a high level

of reliability. Our designdés combination of
heads, controllability of sensor moti, high reliability, and micrgrecision and

accuracy, and most importantly, its ability to be automated and quick at measuring valve

seat geometry, makes it a viable and desirable concept for our potential customers, the

auto manufacturers.
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Appendix A: Quality Function Deployment (QFD) Diagram

The following diagram depicts our customer requirements, engineering specifications,
and the relationships between the two that have contributed to the importance of each
specification.
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Key: Benchmark Key:
9 => Strong Relationship 1 =doesn’t satisfy at all
3 => Medium Relationship 2 = satisfies “slightly”
1 => Small Relationship 3 = satisfies “somewhat”
(blank) => Not Related 4 = satisfies “mostly”

5 = satisfies perfectly
“Weights are figured on a scale of 0 to 1
(1 being most importanf)
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: Gantt Chart

Appendix B

3] ask Nare _ Duration _ Start _ Finish _Im%nmwmsm
Sronsar Meeling defe Design Red Tday| Mon@n707  Won g177
[E4  Inforrl Discussion Tday|  Tue@MeNT  Tue EHOT [=]
4@ Shart Presertation 1day Thu@20/07  Thu 20007 @
[7 |E§ |GFD define Desin Specications Gdays  FriG2U07 Thu @2007 o —
[5 |F§ Informal Discussion Tday|  Tue /2507 Tue 2907 =
B (B [DesanRevienw# 1 Tday| Thu@a7i7|  Th G277 @
[7 |E4 (Concepiual Design Sdays| Thu®27/07  Mon 10/1/07 [—
[® |Fd  Functional Decompasiion Zdays| Tue 10207 Wed 10/3/07 (=]
[[9 |/ Informal Discussion Tday|  ThulQi07  Tho 10407 @
[[T0|Eq  Desionfork OFK) Tdays|  Tue 107207 Wed 10A0/07 [——]
[T |Zg  Preliminery Model Desion(s) 12days ThulOM7 [ZETH [ —]
(72 |54 hort Presentation 1day] Thu10F87) Thut0AS/07 @
15 |4  PughChars Gdays| Tue 10M16/07 Mon 102207 [S—1
[T4|Eq  Freliminary Desion Review (FOR) 1day| Tue 10f23/07) Tue 1072307
[[75 |E§  |Desion Review# 2 T day| Tue 10723/07) Tue 10723707
[16 |4  ReviseSpeciications & days| Wed 10724/07 Tue 1073007
[77 |E4  Frototype Comparison and Seletion Tdays Wed 108007, Thu 11/8/07 18 HW
[(T8|Eq  hort Presertation Tday|  Thui1/8i07 Th 117807 =
[TT0 | Daa rawings for all Models Tdays  ThuTUROT  Frifi8i7 [==)
[(20 |F§  [Crifical Design Review (COR) T day| Won 1171207, Won 117207 =]
[(27 |4 |Desion Review#3 1 day| Tue 11/13/07) Tue T1A307 @
[(7Z |zq Bl of Miaterials £days Wed 1171207 Mon 11A19/07 e
[T |54  Engineering Dranings 4 days| Wed 11714607 Men 111907 [—]
[(20 |7  Manufaciuring of Protolype & days| Wed 11714107 12307 H
[(75 |Eq  Assembly of Profoype Tday| Won 1172607 Won 1172607 24
[26 [E  Tesing of Frotolype (Assessmen) Tdays Tue 1172707 Wed 1172807 25
(27 |Eq |Desion Reviews ¢ T day| Thu T1720007) Thu T1729/07
76 |5§  Prototyps Refining ddays Fri11730007) Wed 12/507
4@ Design Expo 1day  Thul28/07  Thu 12/&07
30 |E4  Final Report Revisions Gdays  Wed 12807 Tue 1 Z11/07
4 Final Repod Due Tday| Tue T211/07, Tue 1211767
Project: ME 450 Project 5 Gart Task S Progess Summary Pe—f  BdemalTasks (s Deadine
Print Date: Sun 9/2307 Spit Milestone 4 Project Summary S External Milestone ¢
Page 1
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Appendix C: Smart ConoProbe Laser Sensor Technical Specifications

PTIME;T Smart ConoProbe

Description

The Smart ConoProbe (Smart) is a non-contact optical sensor for distance and 3-D
measurements based on the unique conoscopic holography technology. The Smart ConoProbe
measures the distance to a single point at a rate of up to 3,000 Hz with up to sub-micron
precision.

Features

The Smart offers a variety of objective lenses allowing various standoffs and working ranges in
the same sensor. The Smart is a "system on chip" platform and all data processing, including
pre-programmed functions are in the sensor head. Operation modes are either external or
internal trigger. Software integration is possible by using ActiveX interface (in GUI or GUI-
less mode) or by using DLL files. Multiple sensors operation in parallel is possible using
standard Ethernet LAN communication.

Technical Specifications

Configuration Standard De::ﬁ:}on
Objective Focal Length (mm) (*) 25 50 75 100 200 25 50
Precision ™ (um) <1 <3 <6 <12 <60 <1 <2
Reproducibility 2a ' (um) <03 | <08 <1.5 <3.0 <15 | <03 | <05
Standard deviation ' (um) <0.6 <15 <35 <6 <30
Measurements Range (mm) 1.8 75 17 34 120 0.6 1.8
Standoff “/ (mm) 185 40 60 90 175 15 45
Laser Spot Size ® (um) 20 40 65 100 200 8 20
Angle coverage © 170°
Data Handling
Maximum Measurement Rate (Hz) 3000
Interface
Communication Ethernet 10/100 UDP

ROG — output
Control Discrete Signals External Trigger — input
Analog Signal - Ranging +/- 5Vdc

General
Weight (g) 380
Dimensions {(mm) 62X85X94
Operating temperature @ 18 to 35°C
Supply Voltage 12V- 0.5 Amp DC
Light source Visible red laser Diode — Wavelength 655 nm
Laser class FDA Class Il - IEC class 2
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