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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 h@ 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

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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