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SUMMARY

The goals of thé’recisionEngineering Centeare: 1) to improve thanderstanding andapability
of precisionmetrology, actuation,manufacturing anéssemblyprocesses; and 2) toain a new
generation ofengineers and scientisitgth the background anaxperience to énsfer this new
knowledge tandustry. Becausethe problemsrelated toprecision engineering origate from a
variety of sources, significanprogresscan only be achieved byapplying a multidisciplinary
approach; one in which the faculty, students, staff and spowsokstogether to identify important
research issues and firtde optimumsolutions. Such amnvironmenthas been creategnd
nurtured athe PEC forover 21years;the new technology thahasbeendevelopedand the 90
graduates attest to the quality of the results.

The 2003 Annual Report summarizethe progressover the past year bythe faculty,students and
staff in the PrecisionEngineering CenterDuring the pastyear,this group inaided 7 faculty, 11

graduate students, 3indergraduate student® full-time technical staff menters and 2
administrativestaff members. Representing twalifferent Departments fronthe College of
Engineering this diversegroup ofscientists and engineeovides awealth of experience to
address precision engineering problerifie format of thisAnnual Report separatebe research
effort into individual projects,however,this should not obscurghe significantinteraction that

occurs among the faculty, staff and students. Weekly seminding bjudents andaculty provide

information exchange and feedbackvesl aspractice in technicgbresentations.Teamwork and
group interactions are a hallmarkresearchat the PEC andhis contributes to botthe quality of

the research as well as the education of the graduates.

The summaries of individual projedtsat followare arrangeth the sameorder asthe body of the
report, that is the four broad categories of 1) metrology, 2) actuation, 3) control and 4) fabrication.

1) METROLOGY
The emphasis othe metrologyprojectshasbeen todevelop newtechniques thatan beused to
predict surface shape as well as measure important parameters such as tool force.

Design and Fabrication of High-Current Density Electrical Connections

The fabrication opulsepower experiments &tos Alamos Nationalabs requires assembly of a
combination ofshrink fit, pressfit, and boltedcompression joints thadre used to carrylarge
electrical currents. These joints are also called on to support some mechanical stressesuliis a
the integrity ofthese joints igritical to thesuccess othe experiments. The primary issues are:
mechanics of the interferencesfi physical description othe contactsurfacesbetween the
components and joint void description. ifwestigatethese issuedinite elementsimulationshave
been carriedbut. Thefocus ofthis reportis on the current generatiolner glide plane system,
which represents a significant departure from previous designs and reported results.



Effect of Phase Transformation on Scribing Behavior of Single Crystal Silicon

With the appropriate conditions, a diamond tool paoduce ductile scribes @mgle crystal silicon
due to a brittle-to-ductile transformation of thaterialbeneath the sibe. This anomalouglastic
flow hasbeenattributedto a high-pressure phadeansformation from diamondubic to ametallic
3-tin phase. Theesidualstresseswithin the scribe create abending distortion in dlat wafer
sample. The deflection was measured using optical interferometery and correlated to a model of the
bend effect due to the esidual stresses. SEMand AFM characterization isused to aid
characterization of the material removal. Raman spectroscopglseasisedo studythe nature of
the material within thecribe region and tmdicate whether théypothesized transformation has
occurred. The effects of togleometry anddading, aswell crystallographicorientation and
direction of the wafer were studied.

Metrology Artifact Design

In the past, Oak Ridge Y-12 has used rotary contour gages to measure machined parts. The
increased use of Coordinate Measuring Machines (CMMs) has warranted a need for a reference
standard to compare previous measurements using rotary contour gages with current measurements
using CMMs. After considering various types of artifact standards, a ring gauge was chosen for
further development. A swept sine wave with + 2.5 um amplitude was inscribed on the ID of the

ring gauge. The wave feature will facilitate the determination of the affect that small anomalies on a
surface have on a measurement. The machining of the swept sine wave was completed in an open
control loop. Initial measurements of the completed artifact were done at the PEC. Further
evaluation is in progress at Oak Ridge Y-12.

Ultraform 2D

A polar profilometer,Ultraform 2D, hasbeen built in acooperative venturby Precitechand the

PEC under d@echnology transfelicense agreementThe design is based ahe Polaris machine

that was developed at tHeEC in 2000. Ultraform incorporatesnumerousimprovements in
packaging, axis design and control software to prodwmmnmercial measuring machinBoth the

measuremenvolume and resolutionhave been increased compared to tRelaris design and
controller level support forimprovedoperatingprocedures haeen incorporated. Iparticular, a
means of followingan arbitrarysurfaceusing the LVDT probe for axisfeedbackhas been

developed. Updating theserinterfacesoftware totake advantage othesenew hardwarefeatures
and implementation of improved probe waviness compensation algorithms are in progress.

2) ACTUATION

Real-time control is a necessary technique to impite@recision — accura@nd repeatability —
of a fabrication or measurement proce3$ie metrologyactivitiesdiscussedboveare intended to
developtools ordevices tomeasureshape, fare or properties. Equally importantare improved
actuators with the ability to create the motion necessary to correct errors.



Development of High-Speed, Low Amplitude Fast Tool Servo

Fast tool seros areused tocreate minutesurface features oacutting surface. Servobavebeen

previously developed at tHeEC. Thesedesigns asvell asotheractuationmethodsare explained.
Increasing the operation frequency of a fast tool servo teas increase in pductionefficiency.

The goal of this project is toeaite a deviceapable ofoperating at 10,000 Hwhile producing a 5
_m stroke. Thetechnical challengesncluding actuatortype, frequencylimit, structural design,

cooling andreliability, are explaned andaddressed imletail. Different actuationmethodsfor the

servo are explored, and a comparison is givepreliminary design utiting piedelectrc actuation
and a lightweight ceramic tool holder is present@dogressiorthroughassociateaalculations are
used to show the feasibility of the design, and a plan for future work is explained.

3) FABRICATION
High-speedmilling, plastic replicationand anew techniqudor diamond turninghave been the
focus of the fabrication process research over the past year.

Force Feedback Control of Tool Deflection in Miniature Ball End Milling

Previous researcét the PEC focusd on open-loogompensation ofmachiningerrorsassociated
with tool deflection in miniature flaend milling. Thesemethods utilized tool force models to
predict deflections and pre-compensate tool paths oftdimaprove thedimensionatolerance and
accuracy infinished parts. Real-timeforce feedbackhas the potential to fuher improve the
accuracy of thenachinedprofiles. Two specific force feedbaclpproachesare discussedutting
depth prediction based on a cutting force modeltaolddeflection prediction using model of tool
stiffness. Real-time catrol algorithms incorporating both methodsere implemented and
evaluated on digh-speedair-bearingspindle mounted on &-axis diamond turningmachine.
Results indicate that profile errors can be reduced @9% (to + 2 pmwhencompared taon-
compensated cases.

2D Force-Feedback Tool Deflection using Instrumented Tool Spindle

The primaryobjective ofthis research is tamprove dimensional tolerances and reduiéal
manufacturingime in precisionmilling operationghroughthe implement#on of force-feedback
machining. Previous techniques utilized the machine tool axes to compensate these deflections but
a betterapproach is to builthe compensation intthe spindle tocreate drigid” tool. The new

2D designutilizes a pair of3-axis loadcells thatsupportthe spindle and measuithe magnitude

and direction of the steady-state tootdes. This #ture is in turnsupported on tw@iezoelectric
actuators. Thesare located in atructure thtcan position the center-line of thespindle to
compensatéor the bending ofthe tool in two orthgoral directions. Tl 2D design hadeen
designed, fabricated and calibrated. Initial testing of the prototype is underway.



Capabilities of Micro-Machining

The goal of this research i® reduce feature size amchprove tolerancesusing micro-scale
madining. This sectiorreports on a literate search of currentachiningtechniques thahave
been usedto produce sub-millimeter features, thapplications othese techniques artke features
that can beproduced. Whilemary MEMS (Micro-Electro-Mechanical-Systemgjevices are
fabricatedusingthe silicon &hing techniqueslevelopedor the microelectroniceéndustry, micro-
machining is anattractive alternativdbecause of its @ start-up costrelative to other capital-
intensive technologies, applicability to a wide range of materials, high flexibility of workpiece shape
and aspectatio, and lowcost forprototype manufdaring. Thesearch uooveredpapers in the
areas of proof of capability, companioprocessesprocessanalysis, andhe applications of more
general micromachining technologies.

Fixturing and Alignment of Free-Form Optics for Diamond Turning

The fabrication offree-form opticspresentsunique challenges nobnly to the diamond turning
process but also to the process by which the workpidoeatedwith respect to thenachine axes.
While rotationally symmetrigparts only require alignment in threedirections, free-form optics
requirealignment in up tosix directions. Distinct from alignment in arnoptical systemfixture
alignmentfor diamond turning regjres aseparate set of techniquesaccommodate theofces
encountered in machining. General fixturing principddignment techniques atide application to
a NASA optic are discussed. Whtlee techniqueddiscussed focus ogiamondturning, many of
the considerations apply to other fabrication techniques as well.

Elliptical Vibration Assisted Diamond Turning

Over thepast 3years, a project tdevelop anElliptical Vibration Assisted MachinindEVAM)
systemwasfunded by Kodak. Thegoal wasto create aevicethat could beused to study the
influence of the process variablesthis unique materiaemovalprocessspecifically theshape of
the ellipticaltool motion, themagnitude of the forces, towlearand surface finish.Two different
prototypes(called theUltraMill) were created; lading to a high-speedrersion using piezoelectric
actuators with a light-weight, hollow ceramic tool holder that can operate at@¥@rHz. Features
of this high-speed version includelased looptemperature cdrol system and #ght-weight tool
holderwith a glued-in diamond tool.The performance of the UltraMilvas impressiveand test
cuts were made on plastic, aluminum aiidon carbide.The sirface finishwas nearly agood as
diamond turning if the speeaf the workpiece was lowvith respect tahe oscillationspeed of the
elliptical motion. The peak cutting forces were reduced by 50%. The UltraMill can projphicz
quality surfaces and the tool wear is ldes conventional diamond turnifay difficult to machine
materials such as steel and ceramics.

4) CONTROL
Control of a precision fabrication processes wolves both the characterization of the
electromechanicadystem andhe selectiorof hardwareand software tamplement the control



algorithm. As a consequence, studies of each of dgses are importantesearch topicfor the
PEC.

Error Compensation using Inver se Actuator Dynamics

The use of fagbol servogFTS) tocreatenon-rotationallysymmetric opticakurfaces igrowing.
However, the amplitude and phase response of this dynamic system can resuleindosnon the
machined part. The motivatidor this work is toimplementopen-loop mdifications ofthe input

signal to the Variformfast tool servo to correcfor its dynamics. Analgorithm using signal
deconvolution was developed to generateajygropriate input commands thabguce the desired
response. Deconvolution is a mathematical procetthatecan produce modified input toreverse

the effects of attenuation and phase if the impulse response of the dynamic system is known. Since
this modified command is natalculatedfrom the position feedback, there is ndelay in the
response. The result is dramatically improved following error especially for high frequency motion.
An off-axis spherical surface feature has been selected for machining tests of these algorithms. The
spherical profile is easily measuratterferometrically and the machining parameters can be
adjusted to study a wide range of frequencies and amplitudes in the FTS command signal.



1 FABRICATION, DISTORTION, AND METROLOGY
OF SHRINK FIT ELECTRICAL CONNECTIONS

Patrick D. Morrissey
Graduate Student
Jeffrey W. Eischen
Associate Professor
Department of Mechanical and Aerospace Engineering

The fabrication of pulse power experiments at Los Alamos National Labs requires assembly of a
combination of shrink fit, press fit, and bolted compression joints that are used to carry large
electrical currents. These joints are also called on to support some mechanical stresses. As a
result, the integrity of these joints is critical to the success of the mission. The primary issues at
hand include the following: mechanics of the interference fits, physical description of the contact
surfaces between the liner and glide planes, joint void description. To investigate these issues,
finite element simulations have been carried out. The focus of this report is on the current
generation liner glide plane system, which represents a significant departure from previousy
designs and associated reported results.




1.1INTRODUCTION

After running severalpulsed-powerexperimentsusing the ATLAS design described in previous
reports, problemswere encountered anthus design changesere needed. Theravere minor
complicationswith the axial alignment of componentsiring the shrink fit assembly, but more
important were the problems associated with atadility during the experimenteemselves. The
ATLAS Generation | shrink fit gemetry lackedsupport for various componer(isamely the liner
and glide plaeg in the axial direction. This often resuéid in slippageduring the high-energy
experiments, sometimes completely separating electrical connections. There wa$oa aeadre
robust geometry, and thus ATLAS Generation Il was developed.

The concept behind ATLAS Generation Il are identicshéodesign of Generatidn Large current
pulses (> 10MA) are passed through the liner, resulting in a radial implosion. The liner implodes at
speeds on the order of 10-20km/s, contacting a target contaitingd the liner. Major differences

in this design include the following: the useaahechanical press fiaither thara thermalshrink fit

for liner/glide plane assembly, mified liner dimensions andoverall geometry,and a new
mechanism through which current flows fromthe liner. Across section othe originaldesign
(Phase 1) of ATLAS Generation Il is shown in Figures 1 and 2.
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Flgurel Cross section drawing of ATLAS Generation Il (Phase I)
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Figure 2. Zoomed view of ATLAS Generation Il (Phase I)

One of the major differences of this design isliter shape. The geomeis/no longera cylinder
and lackghe “bump” features oreach liner ed. The liner dimensionsnamely thickness, are
easily adjusible during fabrication tomeet performancedemandsdetermined byexperimental
parameters (currennagnitude,sinusoidalrise-times, etc). Secondly, theper glide plane is
broughtinto contactwith the liner via amechanicapressfit rather than a thermashrink fit, as in
ATLAS Generation |I. Finally, theompression ring ac&sthe new mebanism to transfer current
from the liner tothe return conductoplates, where theurrentcircuit is completed. The ATLAS
Generation ldesignusedthe lower glideplane as theurrent exit route fronthe liner. Here, the
compression ring is slippealer the end ofthe linerwith 0.254mm(0.010in) of rdial clearance.
This clearance ixompensatedor by a sharpooth on theconductor fate, which distorts the
compression ring from the top, thus forcing contact witHitlex. The integrity of this interface is
vital to the success ofthe experimentsand thereforeghe design ofthe compression ring and its
surrounding componen(se., theliner, ring compressor, anldwer conductionplate) arecritical.
For directional control of current flow, LANL placashigh strength insulatidape aroundhe liner
OD in areas of close proximity to the lower conduction plate to ensure that the currerariipies
the compression ring immediately after exiting the liner.

1.2 FINITE ELEMENT ANALYSISAND RESULTS

Once againthe systemwas modeledvith LS-DYNA using axisymmetric elements. The parts
surroundingthe compression ringvereslightly altered byLANL to overcomeproblemswith the
experiments, mainly unwantedistortion of other components.One suchmodification was
placement of théooth on thdower ring compressorhiat distortsthe compression ring from the
bottom rathethan fromthe top asdescribedearlier. The geometry of thepperglide plane and
liner remained the samtkrough this desigtransition. The LS-DYNA model of thanost recent
component geometry is seen in Figure 3.
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Figure 3. ATLAS Generation Il finite element mesh (final design iteration)

The glideplanesare composed otopper, the lineand compression ringre 1100 aluminum, the
lower conductorplate is6061 aluminum,and thelower ring compressor ixomposed 01304

stainless steel.

The six components noted in Figures 1 arattheones ofgreatest interegbr analysis, and the
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number of elements used for each of these components is listed in Table 1

Table1l. Number of elements used in the ATLAS Generation Il model

Component # of Elements
Liner 5,002
Small GlidePlane 1,179
Lower ConductoPlate 1,155
Compression Ring 775
Large Glide Plane 774
Lower Ring Compressor 471
Total Elements 9,356




1.2.1 RESULTS-UPPER GLIDE PLANE/LINER INTERACTION

During the assembly process, a ring bolts executegshe small glideplane’s upwardnotion and
torque specifiations araised toindicate the final axigbosition ofthe glide plane. A geometric
interference created by a radially tapered le®surescontactwith this upperglide plane, which is
essential for proper currefibw from the glide plane into the liner. To simulate the gliiene’s
upward motion, adisplacement wasnposed on aode corresponding tthe location of the bolt
centerline. An additional, equivalatisplacement was ingged ontie bp nodelocated at the inner
radius of this glide plane torevent detrimentalotation in the FEA model. The locations of these
displacement vectors aghiown in Figure 3, anthe magnitude ofhese displacementsas such
that thefinal axial position ofthe glide plane mimickethat of the actuahssembly. Aplot of the
radial stress contourfor this region can be seen ifrigure 4. Notethe highy localized stress
concentration, which coincides with the relatively small region of radial interference between the two
components. Also note the equilibrium of the stress distriblitween the two coporents near
this interface.
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Figure4. Radial stress (x-stress) of liner/glide plane interface for ATLAS
Generation Il

The maximum radial stress is approximately 9,500psi. hbog stresselBavesimilar distribution.
This suggests a maximum hoop stressapproximately7,700psi. Therefore,some localized
yielding occurs in the 1100 aluminum liner, but not in the mating glide plane.



1.2.2 RESULTS-COMPRESSION RING/LINER INTERACTION

During these pulsed-power experiments, the current flowstfientop glide plane to thaer, and

exits the liner via the compression ringihe integrityof the contacbetween theeompression ring
and the liner is contingent on the actaifrthe lower ringcompressorA sharptooth located on the
ring compressor acts as a mechanism to digtertompressiomning, thus forcingcontactwith the

adjacent liner. A contour plot of the radstless is shown iRkigure 5. The stresdistribution and
magnitude in the radial direction were used to gauge the contact integrity aointipgession ring’s
y-faces(interfaces® and @), whereas thexial stress distrilition and magnitudevere used to
gauge contact of the ring’s x-face (interf&a@g
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Figure5. Radial stress (x-stress) in the compression ring for ATLAS
Generation Il

The stress level in the y-faces of the compression ring is a maximum at the regions near the tooth of
the ring compressor.Moving in the positive y-direction along these sanfiaces yietls smaller

radial stresses. Such a trend suggests a tapered compreggiovhichindeed coincidesvith the

shape of the ring compressor’s tooth. It is clear that the tooth directly affects théestissalong

each interfaceand thereforealternativeshapes foithis featurewere investigated. Since current

flows through each of these three interfaces as illustrated in Figure 4, it is important to maximize the
level of contact intheseregions. Byaltering theshape of this tooth andvestigating theaverage

stress x-stresalong interface ® and @, and theaveragey-stressalong interface®, it can be
determined which geometry changes shoulthbde. Thignvestigationcould beused to possibly
enhance the effectiveness of these pulsed-power experiments.

Three new geometries thfe lowerring compressomere modeledor the purpose of investigating
which models, ifany, impoved contact on thiéree pertinent interfaces of tloempression ring.



These geometries included a sharper, narréeath (Redesigrl); a toothwith a flattop surface
(Redesign #2); and a shorter, wider tooth (Redesign #3). They are shown in Figure 6.

Original TOOth. Tooth Tooth
Design Redesign #1 Redesign #2 Redesign #3

IITTHEFRng Tooth - frrprry

Flgure6 Design changés éuggested for thé -r'i'hd'co-mpressor’s tooth -ge.or_netry

The average normal stress valdeng each interface was determinéat comparison. Average
radial stress (x-stress) was calculated for the inner and \@rtial faces of thecompression ring,
andaverage axial stregy-stress)was calculatedior the top, horizontasurface. A largeraverage
stressover agiven interfacewould suggesenhancedcontactwith the mating compaert on that

particular surface. Stresses othe differentdesigns in comparison tealues obtainedrom the

original geometry are summarized in Table 2.

Table2. Average stress magnitudes of compression ring elements on each interface

Radial Stress Radial Stress Axial Stress

(inner) (outer) (top)
Original Design -3300 psi -2850 psi -4500 psi
Redesign #1 -3500 psi -3000 psi -4050 psi
Redesign #2 -2900 psi -2700 psi -4150 psi
Redesign #3 -2050 psi -1850 psi -4250 psi

Whereaghe average stressmagnitude is quantifiable, it is difficult tquantify the actuallevel of
contact for each interface. The stress leletsveen eackesign do nbconsiderablyfluctuate, but
they doindeedvary. This suggests thathe tooth geometrgoes affect the compression ring
interfaces to some extent. Determiningich interfacentegrities are otitmostimportancewould
be vital to determiningwhich redesign, ifany, should beimplemented in ATLASGeneration Il



Regardless, finite element analysis provittesopportunityto further explorealternativegeometric
designs without the concerns associated with actual testing.

1.2.3 COMPOSITE LINERS

Composite liners, i.diners composed dfvo dissimilar materials havebeenproposed for use in
certain experiments. These liners consist of inner and thinewalled cylinders thatare press fit
together, though cooling sometimes uset assistthe assemblyprocess. Thenotivationbehind
the use of corposite liners comes fronthe machiningprocess. Problemsan arisewhen
machining thin-walled cylinders, with vibration often encountered during the finapéssies. The
current fabricatiorprocess for compositliners issuch hat theinner cylinderwall thickness is
much greater during the initial assempipcess than theequiredfinal dimensionwhich mayalso
be true for the outer cylindefhe proposed configuration contains an octdinder composed of
1100 aluminumwith aninner cylincder composed otopper, tantalum, stainlesssteel, or6061
aluminum(Figure 7). Forassembly, aominalslip fit exists between thanating cylinders over
most of their length. The OD of the inner cylinder is machined oversize at one end in order to form
atight joint. This is alsathe casewith the ID of theouter cylinder on thepposite end. Upon
completion ofthis initial machiningprocessthe two components argipped togetheusing a
minimal press force over the final few millimeters of insertidhe ID of theinner component and
the OD of the outer component can themtaehined with fewer complications, the presdit joint
carries much of the torque mced by the machiningrocess. Thénal liner productcan then be
assembled with the glide planes via a shrink fit, as previously described in this thesis.
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Figure 7. Schematic of a composite liner, shown in configuration just prior to
lockup




Therewere severafjuestionsthat arose when consideringthe use of compost liners. Such
concerns included: the shape of the transitemion and iteffect on thecontact interfacéetween
the two mating components, tradedftstweenpressfits andthermalshrink fits, and prevention of
yielding with the use of desirable geometric dimensions.

Composite Liner Geometry Effects

There are three main parameters that cavalied in gemetry of the composite liners: tlogerall
length of thetransition regiorL,, the length of thdaperwithin the transition regionL, and the
radial interference that is created bthis taper. Each ofthese parameters wagpected to affect
the results of interest, and the geometric representatonise seen ikigure 7. Tanvestigate the
effects of these varying parameters, LS-DYNA was utilized once again. Axisymmetric medels
composed of 8 elements through the thickness of eating cylinderthus providing 16 elements
through the thickness of the assemldecdhposite liner.Copper andL100 aluminumwereused as
the materialdor the innerand outercomponentsrespectively. Thenodesalong the harontal
boundary athe bottom end of the outer cylindeere constrained irthe y-direction, allowing for
radial displacement only. The nodes along the horizbtahdary athe top ofthe innercylinder
weresubjected to nodal displacemesizecified in thenegativey-direction, which mimiked the
pressing action. The displacement occurred over the entire simulation using 100 iimglisieps,
and the magnitude of the displacement was such that the cydindswere perfectly aligned at the
condusion of thesimulation. Themoving inner cylinder wasalso able to deflect in the radial
direction, as it was natonstrained in anyvay. Thermalcooling wasinitially not used. It was
decided thataoling would only beused ifproblems arose durinifpe simulation due texcessive
interference or sudden surface directl changes thatere tooextreme to moded(i.e., a veryshort
taper length).

The assembled lengthwas aconstantt1.445mm (2.0254inkimilar tothe ATLAS Generation |

liner length. The inner component had a constant ID of 97.409mm and the outer component had an
OD of 100.000mm. The thickness of each component was equal to a constant 0.64Benstipn

fit sections. Theverall length of the transitionshapel , was established at7.5mm and also
remained constant. Prior to this analysis, very few guidelines for the dimensionalaraegeh of

the varied parameterswere provided; hence0.0008in (20.3@m) was chosen asthe baseline
interference valué. This value closely matched the interferenalele of ~1pm for the liner/glide

plane interface in the ATLAS Generatiomésign. The desiganalysis began by firgtitering the

taper length. For the selected interference value, five models of varying tapemteregjienerated.

A schematic of this shape variation is shown in Figure 8.
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Figure8. Schematic of a composite cylinder transition shape variation
Radial Gap Analysis

The interfaces okach of theassembled compits liner designswere first investigated. Gaps
between thenating componentaere céemedundesirable, as #dy would obviouslylimit contact
and therefore lower the integrity of theessfit. To do this, final x-and y-coordinate locations of
the nodes along the interfa@ong theinner cylinder ODand theouter cylinderlD) were plotted
for the find time step inthe simulation, whicliepresentedhe state of completeassembly. Plots

for three of these designs are shown in Figure 9.
60
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Figure 9. Nodal coordinate locations after composite liner assembly for nodes
falling along press fit interfac& & 0.0008in, 20.32m)
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Similar to an actual composite liner, the LS-DYNA mddeluded an iitial radial clearance (&m)

between thanner and outer ciylder walls. This clearance asted in theregion between the
transition shapes located at either end, which is somewhat evident in the plots in Figure 9. It is clear
from these plots thawith a shortertaper lengthL, comes a larger gap. To quantifyis, the
maximum radial distance between the inner@utdr components watetermined. This maximum
separation was consistently located at the point vthereadial taper beginghen movingfrom the
cylinder’'s mid-length position towards the free end. These gap sizes are summarized in Table 3.

Table3. Maximum radial separation between inner and outer cylinders in a
composite linerd= 0.0008in, 20.32m)

Design Number
#1 #2 #3 #4 #5
Gap Size 20.Jum 15.Qum 12.5um 7.6um 5.0um

The resultsare indeedntuitively saund. A more graduataper allowsor the matingcylinders to
remain in contact over a greater percentagkeeobverall length, thus reducing the gap si®eich a
reduction in gap provides a stronger composite timetrcan carry mor®rque inducedy the final
machining of both components.

1.3 CONCLUSIONS

Finite elementanalysis ofthe AtlasGeneration llliner/glide planesystem haseen carried out
successfully. Théocus ofthe analysiswas on the stresdistributionin the vicinity of the upper
glide plane/liner jointand on the stresand deformation distribution ithe vicinity of the
compression ring/liner joint. Results weakso generated to gaian understanding dhe response
of a proposed composite liner.
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2 CHARACTERIZING SCRIBING BEHAVIOR ON
SINGLE CRYSTAL SILICON AND THE EFFECT OF
HIGH PRESSURE PHASE TRANSFORMATION

Travis Randall
Graduate Student
Dr. Ron Scattergood
Professor
Materials Science and Engineering

With the appropriate conditions, a diamond tip can produce scribes on single crystal silicon that
are ductile in nature due to a brittle-to-ductile transformation of the material beneath the scribe.
This anomalous plastic flow has been attributed to a high-pressure phase transformation from
diamond cubic (dc) to a metallic (-tin phase. The residual stresses within the scribe traces that
result from the elastic-plastic constraint of the displaced material create a bending distortion in
a flat-plate geometry wafer sample. The deflection is measured and extracted using optical
interferometery techniques and will be correlated to the residual stresses created using a bend
effect model developed for previous scribing research. SEM and AFM characterization is used to
aid understanding of the material removal. Raman will be used to study the nature of the
material within the scribe region and will indicate whether the hypothesized transformation has
occurred. The effects of tool geometry and loading, as well crystallographic orientation and
direction of the wafer are tested.
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2.1 INTRODUCTION

This investigation is part an NSF-sponsored research program aimed at characterizing the effects
of high-pressure phase transformations of silicon, germanium, and silicon nitride during
manufacturing processes such as slicing, grinding, or diamond turning. Silicon, a normally
brittle material, is subject to subsurface fracture damage associated with material removal
processes that reduces part quality and lifetime. Extensive research has shown that under the
intense pressure of diamond indenters and other tool tips, silicon will undergo a phase
transformation from its brittle diamond cubic (dc) phase to a metallic B-tin phase and exhibit
plastic flow. [1] It can certainly be argued that exploitation of this atypical plastic behavior could
be used to improve machinability of this material. It is hoped that better understanding of the
mechanics of the transformation can be used to improve the manufacturing processes to produce
devices at lower cost and higher quality.

The scope of this investigation is the study of the stresses generated within scribe grooves of
single crystal silicon to better understand the nature of material removal during machining.
Scribing tests act to model the grinding and polishing process by replicating the material
deformation behavior of an individual grinding or polishing particle. Residual stresses are the
result of the elastic-plastic constraint of the deformed and displaced material. As the material is
released from load it acts to push on the elastic half-space of the surrounding material. If the
scribes are placed on one face of a thin plate of Si, the difference in stress states on the opposing
faces creates a bending distortion. This bending distortion can be used to corroborate the
residual stress model that has tensile dipole forces to predict the bend effect. [2]

During the investigation, scribing data was obtained for various directions on (100) and (111)
crystallographic planes of silicon. The effects of loading and tip geometry are also considered.
Scribes are studied with scanning electron microscopy to determine the nature of material
removal within the scribe trace and to observe the fracture behavior/plastic deformation in
relation to crystallography. Atomic Force Microscopy allows for depth of cut measurements as
well as reinforces SEM study. Raman spectroscopy will be used to identify differences in
structure between the untouched silicon and that within the scribe. It is hoped that either
crystalline or amorphous phases of silicon that are indicative of -tin phase transformation can
be identified within the transformation zone. What is not known however is the role of high
pressure phase transformation (HPPT) in the generation of residual stress.

2.2 DETAILS OF THE PROJECT
The initial stages of this investigation entail collecting bend data as well as Raman measurements

for (100) and (111) crystallographic orientations of silicon. Scribing along the <100> and <110>
will be studied for the (100) orientation. <110> and <112> directions will be studied for the
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(111) orientation. Various loads with in the ductile range and extending into the fracture region
are tested for two different geometries of tip interaction with the surface.

2.2.1 EXPERIMENTAL SETUP
Scribing

A Zwick micro hardness tester is fitted with a Dynatex diamond tip (Figure 1(a)) in a custom
holder as pictured in Figure 1(b.) To produce a scribe, the sample is translated under the
diamond tip such that either the cutting edge or table is oriented in the scribe direction,
depending on the desired tip geometry. The samples are held firmly in place between two metal
slides mounted to a custom stage. This motorized stage is used to create translation at a constant
rate of 0.250 mm per second. Samples are scribed at various loads ranging from 20-250 mN.
Multiple, evenly spaced (50-100 um) scribes are placed on the surface to generate measurable
deflection (the effects of multiple scribes are additive to the bend) and to produce a more
statistically significant measurement than that of a single scribe.

Heel

/”i_ Toe
Table _T:: \
<]~ Flat
Cutting Edge
Figure 1(a.) Dynatex Tip [2] Figure 1(b.) Picture of scribing setup [2]

A tool holder was designed to hold the cutting edge of the diamond tip at an angle of 3.3 degrees
from the sample surface as shown in Figure 2(a.) Figure 2(b.) is an SEM image of the area
enclosed in the circle in Figure 2(a.) The tip orientation allows for two different geometric
interactions with the surface depending on which way the stage is translated. Translating in one
direction creates a ploughing action of the table into the surface, which is nominally termed
“blunt” cutting. Translating in the opposite direction creates a slicing action of the cutting edge,
which is nominally termed ‘“sharp” cutting. The two different geometric interactions create
vastly different responses in the material.
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Figure 2(a.) Geometry of tip to sample Figure 2(b.) SEM of area encircled in Fig. 1a
surface [2]

Interferometric Analysis

Topographic data is collected for an as-received Icm x 2cm x 525 pm Si sample using a Zygo
GPI Laser interferometer pictured in Figure 3. The sample is measured again using the
interferometer after scribing.

Figure 3. Image of Zygo GPI Laser interferometer

MetroPro, the software suite used to analyze the interferometer data, allows the user to subtract
the data collected before scribing from that collected after scribing. The resulting profile created
is the net bending effect. The data collected from the Zygo is then converted with a utility to an
ASCII format. The Y and Z data for an X approximated as the center of the long axis is then
used to create a plot of the bend profile. Microsoft Excel is used to graph these values. The
generated plot is then used to approximate the angle of deflection from the initial state. The
deflection angle data is then correlated to the residual stresses created by scribing using a bend
effect model.
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Characterization

Raman Spectroscopy Characterization of the scribe/indent region was accomplished with
Micro-Raman spectroscopy done at room temperature using an ISA U-1000 scanning
monochromator. Raman excitation was done with the 514.5 nm line of an Argon-ion laser, with
a spot size of approximately 3 to 4 um in diameter. An Olympus BH-2 optical microscope
produced laser focus. Raman spectra were taken in the 200-600 cm-! range, which contains the
characteristic peaks normally associated with crystalline, amorphous, and various metastable
crystalline phases seen in other research. A spectral resolution of = 4 cm-! was utilized, and the
laser power was = 5 mW.

Scanning Electron Microscopy SEM was carried out using a Hitachi S-3200N is a Scanning
Electron Microscope operating at 20 keV at varied working distances. The Everhart-Thornley
detector was used for topographic imaging of the scribes. Digital image capture was done using
NIH Image collection.

Atomic Force Microscopy AFM was done with a VISTA-100 Scanning Probe Microscope. A
low stiffness cantilever was used to perform contact mode measurements of the sample surface.
Image studio 3.0 was used to capture images as well as interpret data.

2.2.2 ANALYTICAL APPROACH
Measurement of Bend Deflection

A 3-D oblique plot as shown in Figure 4 as generated by MetroPro represents the bend profile.
The data is then converted to a line plot format with a conversion utility. An X is selected that is
estimated to be the center of the long axis. The Y and Z data for that X is used to generate a 2-D
profile in which the flat portions of the profile can be fit to lines and the angle of the deflection
from the flat position can be calculated. Figure 5 illustrates an example of a 2-D bend profile
generated with fitted lines.

Chligue =lot &Y

+0.42640

Lm

-0.38810
15.4

Figure 4. Oblique plot of bend angle effect generated in Metropro.
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Subtracted

X Fit Line
N\
\\
Figure 5. 2-D profile of bend effect showing line fit to flat portions and bend angle [2].
\

2.2.3 EXPERIMENTAL RESULTS
Scribing Behavior

Tip Geometry Effects Figures 6 a, b and ¢ show SEM images of the three general material
responses seen due to scribing with the Dynatex tip. Figures 6a and 6 are of ductile cuts
generating no debris and debris, respectively. Figure 6¢ displays the third response, fracture. It is
important at this point to distinguish between a purely ductile and the combination of ductile
/elastic fracture as a response to scribing. Each sample was viewed under an optical microscope
to make an initial observation on material removal processes. If no chipping is present along the
scribe traces, it is reasoned that the material removal is mostly by plastic mechanisms. If
chipping is apparent, it is reasoned that the material removal is influenced by elastic fracture
mechanisms, and that the plastically deformed material will be removed in the process.

a. Ductile (no debris) b. Ductile (plastic debris) c. Fracture
Sharp (ductile regime) Blunt (ductile regime) Either (above fracture
threshold)

Figure 6. General material responses to scribing with Dynatex Tip
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Ductile responses shown in Figure 6(a.) and (b.) were seen when scribing within the ductile
regime for a particular direction. The “ductile-no debris” response seen in Figure 6(a.) was
created by translating the stage to cause the sharp geometry interaction while translation in the
blunt geometry direction would elicit the “ductile-plastic debris” response in Figure 6(b.).
Figure 6(c.) is a generic fracture response (fracture pattern depends on geometry and
crystallographic orientation and will not be discussed) created by either geometry when scribing
above a particular direction’s fracture threshold.

AFM imaging afforded a look at the profile of a scribe to determine shape and depth of cut.
Figures 7(a.) and (b.) show profiles within the ductile regime of blunt and sharp scribes,
respectively, made on a (100) wafer, scribing in the [100] direction. Additionally, as the load
applied to the tip increased, the depth of cut also increased until the fracture threshold was

achieved.
i [ Prgijle 1
162.12 ] Delta Z= 1048.43
Delta X¥ = 744485
Theta = 8.02
nm
-1002.12 1
0 nm 19058.8

Figure 7(a.) AFM profile of blunt scribe on (100) in [100] direction in ductile regime.

i Hiofile 1 1]
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Figure 7(b.) AFM profile of sharp scribe on (100) in [100] direction in ductile regime.

Within the ductile regime for a particular direction, cuts made with the blunt interaction created
scribes that where deeper than those made with the sharp interaction. This was true for all cutting
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directions tested within the ductile regime. The difference in the depth of cut could be due to two
things. First, the area of contact of the tool in the material is much smaller for the blunt
interaction than it is for the sharp interaction. This creates a larger pressure for a given normal
load, resulting in a deeper penetration of the tool into the material. Secondly, it is thought that
within this regime, blunt cutting tends to remove more of the plastically created material
resulting in a greater depth of cut as well as the presence of debris. The absence of debris and
shallower depths of cut during sharp cutting indicates little removal of the plastic material, but
rather a displacement of that material into the surrounding elastic matrix. The sharp interaction
also seemed to create larger pile-ups on the edges of the scribe, as well.

Crystallographic Orientation/Scribing Direction Effects For ease of explanation, it is
important at this point to distinguish between a good cutting direction and a poor cutting
direction. A good cutting direction for a given tip geometry is that which creates ductile cutting
with no fracture through a range of loads that is larger than the other possible directions. In other
words, a good cutting direction will exhibit a larger fracture threshold than a bad cutting
direction. On the other hand, a poor cutting direction will create fracture at a relatively low loads
rather than a ductile response.

At low loading, for each cutting direction tested a given tip geometry will elicit a ductile
response. As load is slowly increased a threshold will occur and fracture will initiate.
(Threshold occurs at a much lower load with a freshly sharpened tip.) The initiation point is
dependent on cutting direction and either tip will produce a different response.

For example, given a (100) Si wafer, scribing with the blunt geometry interaction would create
good cutting in the [100] direction, and bad cutting in the [011] direction. Oppositely, scribing
with the sharp geometry interaction would reverse the response making [011] a better cutting
direction than [100].

A similar effect was noted in a (111) wafer; the blunt geometric interaction gave the opposite
cutting behavior than that of the sharp. Tables 1 and 2 summarize the general cutting behavior as
a function of direction and tip geometry on (100) and (111), respectively.

Table 1. Cutting behavior for (100) wafer Table 2. Cutting behavior for (111) wafter
Blunt | Sharp Blunt | Sharp
[100] | Good | Poor 1-10] | Good | Poor
[011] | Poor | Good -1-12] | Poor | Good
11-2] | Poor | Good

The good/bad behavior for blunt cutting seems to match up well with directional dependencies
seen in diamond turning work [3,4]. Figures 8(a.) and (b.) are schematics of (100) and (111)
wafer faces, respectively. As the wafer was turned using conditions close to the fracture
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threshold for the poor direction, a cross pattern on the face could be seen (pitting creates
cloudiness on the reflective surface, while ductile regions are reflective.) The white regions are
those where purely ductile cutting was achieved (good cutting direction) and the dark regions
indicate areas of pitting fracture (poor cutting direction.) The directional dependency seems to
sync up with the blunt cutting and be opposite of the sharp cutting.

[011]

[100]

N

Figure 8(a.) and (b.) Diagram of (100) and (111), respectively, diamond turned wafer. The
white regions indicate areas of ductile cutting while the gray and black regions indicate areas of
mild and extreme pitting, respectively.

Residual Stress Generation

As a scribe is created within the ductile regime the plastic material is either removed (debris) or
displaced into the surrounding elastic material. The plastically displaced material, whether
driven by the B-tin metallic phase or not, is pushed by the tip into the surrounding elastic
material. This creates residual stress, which generates the deflection in the sample geometry.
This stress is due to the elastic-plastic constraint associated with the deformed material that is
displaced from the scribe region. Figure 9 depicts the expansion of the constrained plastic zone,
creating the resulting distortion of a flat wafer due to the difference in stress states between the
two wafer faces. [2]

SCRIBE

>
Displacement |
Sample beforeh /.J Bend Angle

after scribing

o
~

Figure 9. Illustration of expansion of constrained plastic zone and resulting deflection.
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Figures 10 and 11 show deflection data and the corresponding optical micrographs of scribes
made at various loads for the [1-10] and [-1-12] directions, respectively, on a (111) wafer. Both
blunt and sharp geometries were tested. The two general cases of behavior seen for all the
directions tested can be seen in the two directions presented in Figures 10 and 11. The first case
(Figure 10) exhibited what was termed good cutting with the blunt geometry and poor cutting
with the sharp geometry, as seen in scribing in the [1-10] direction. The second case (Figure 11)
exhibited the opposite behavior in which the blunt geometry created poor cutting while the sharp
direction created good cutting, as seen in scribing in the [-1-12] direction.

(111)[1-10] Angle/Scribe vs. Loading

1.000 .
— 0.900 - c@ d@ Sharp
9 0.800 | -
g 0.700 A b . = Blunt
& 0.600 - ® =
o <
2 0.500 - . d@
gom o, o
(3] . N
20200 * ©
< 0100 | o

0.000 ‘ ‘ ‘

0 5 10 15 20
Load Applied (g)

a. Angle/Scribe vs. Load Applied

b. Sharp- Ductile ¢. Sharp- Ductile d. Sharp-Fracture
Blunt-Ductile Blunt- Ductile Blunt-Ductile

Figure 10. (a) Deflection vs. Load for (111)[1-10]. Sharp and Blunt cutting geometries are
indicated on the graph. (b-d.) Optical micrographs corresponding to those circled and lettered on
the graph.

Figure 10a is a plot of the angle/scribe vs. load applied for scribes cut in [1-10] on (111). A
higher angle/scribe indicates the presence of higher residual stress within the scribe region. (The
bend effect model has not been used to quantify the value yet.) Until a fracture threshold point
is reached, cuts appeared to remain purely ductile (as indicated by a diamond or box.) Dashed
lines on the plot indicate the presence of fracture under optical microscopy. Both sharp and

21



blunt geometries are indicated on the graph. The letters on each plot (b,c and d) correspond to
the micrographs in figures 10(b.), (c.), and (d.), where a comparison is made of the two
geometries. For this direction, sharp cutting produced good ductile cuts until a load of 9 grams
was applied. Within the ductile region, the bend/angle increased linearly with load applied. This
indicates that increasing the load applied increased the amount of residual stress within the scribe
trace. At the onset of fracture, the behavior deviated from linear, and the bend/angle dropped
considerably. Because fracture alleviates some of the residual stress accumulated in the scribe
region, the deflection amount decreases. Blunt cutting produced good ductile cuts, with the
onset of small amounts of fracture at 15 g applied load. The debris seen in each of the
micrographs was created by blunt cutting only, and appeared ductile in nature.

The residual stress as indicated by the angle/scribe is considerably lower for blunt cutting than it
is for sharp in the range tested. This is perhaps due to the amount of plastic material constrained
within the scribe region. Observations of the presence/absence of debris and depth of cut
measurements may be indications of this. The observations support the idea that for blunt
cutting, the plastic material is predominantly removed, creating less residual stress than seen in
sharp cutting, where the material is thought to be displaced into and constrained by the elastic
material, creating large residual stresses. Similar behavior was noted for [100] cutting on a (100)
wafer but will not be presented here.

(111)[-1-12] Angle/Scribe vs. Loading
2.500
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e
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0.000 e = ‘ ‘ ‘
o 5 O 10 O15 Blunt 20
Load (g)
a. Angle/Scribe vs. Load Applied
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b. Sharp- Ductile ¢. Sharp- Ductile d. Sharp- Ductile
Blunt-Ductile Blunt- Fracture Blunt- Fracture
Figure 11. (a) Deflection vs. Load for (111)[-1-12]. Sharp and Blunt cutting geometries are
indicated on the graph. (b-d.) Optical micrographs corresponding to those circled and lettered on
the graph.
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Figure 11(a.) is a plot of the angle/scribe vs. load applied for scribes cut in [-1-12] on (111) .
The letters on each plot (b,c and d) correspond to the micrographs in figures 11(b.), (c.), and (d.),
where a comparison is made of the two geometries. For this direction, sharp cutting produced
good ductile cuts through the load range tested (onset occurred around 20 g applied load).
Again, within the ductile region, the bend/angle increased linearly with load applied. This
indicates that increasing the load applied increased the amount of residual stress within the scribe
trace. Blunt cutting produced ductile cuts at low loads, but rapidly saw the onset of heavy
fracture damage at loads above 5 grams. The debris seen in each of the micrographs was created
by blunt cutting only, and appeared as fracture chips, rather than plastic in nature. The residual
stress as indicated by the angle/scribe is considerably lower for blunt cutting than it is for sharp
in the range tested. Fracture alleviates the residual stress induced by the scribing operation,
producing relatively no deflection in the sample. For sharp cutting the plastically generated
material is displaced and constrained, leaving residual stress as indicated by the deflection
generated [11-2] cutting on (111) wafers and [110] cutting on (100) wafers saw the same
behavior, but will not be presented here.

Raman Measurements of Scribe Regions and Debris

Raman was performed on scribes with both geometries, displaying no apparent sign of peaks
corresponding to the phases commonly seen after scratching tests. It is unknown to the authors
why this has occurred. It could be possible that the phase transformation may not be occurring
with the Dynatex tip due to the nature of the geometry tip and that the plastic displacement is by
some other mechanism, for example, dislocations. The detection proficiency of the Raman unit
may be responsible as well. The transformation zones are thought to be very small (on the order
of a few hundred nanometers.) If the penetration depth of the laser is much greater than that of
the depth transformation zone, or if the laser spot size is large compared to the scribe width, the
Raman spectra for the transformation product may not be detected. It is reasonable to make this
conclusion, because at the very least, the nature of the material seen around in and around the
scribe regions appears plastically generated. It is assumed that such material would be
amorphous in nature, if not by a HPPT, then by extreme dislocation generation and motion by
shear. Because no amorphization has been shown, it may be reasonable to assume that the
Raman system cannot detect this small region. Sufficient data is not yet available to draw a
conclusion for scribing experiments. Raman performed on debris created has not drawn any
conclusions. Problems occur with sample heating that could be misinterpreted as the presence of
nanocrystalline domains within and amorphous matrix.
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2.3 CONCLUSIONS
2.3.1 SCRIBING BEHAVIOR

Scribing behavior as a dependency of load applied, cutting direction, and tool geometry was
investigated. Both the (100) and (111) wafers exhibited ductile material generation for a range
of loads on the order of a few grams. It was found that certain directions were less prone to
fracture damage depending on the tool geometry. There were three types of material responses
including ductile with material displacement, ductile with material removal, and fracture.
Cutting into the surface with a sharp edge (sharp cutting) produced scribes in which the plastic
material was condensed into the surface resulting in smaller depths of cuts and no apparent
debris generation. The ploughing action of a flat triangular face (blunt cutting) in which
plastically generated material was removed and left on the surface as debris produced a larger
depth of cut. Both geometric interactions could create fracture depending on the cutting
direction and the load applied. Cutting directions that exhibited ductile cutting through a large
range of loads (good cutting) given a particular geometry would see the opposite response from
the other geometry.

Additionally, the blunt geometry displayed the same crystallographic dependencies as previous
diamond turning work. Cutting directions shown to be the most easily fractured directions (poor
cutting) in diamond turning matched those created by the blunt geometry.

2.3.2 RESIDUAL STRESS GENERATION

Stress generation was related to the amount of distortion measured in a small section of wafer.
Larger residual stress equates to a greater degree of bend. For scribes created in the ductile
regime, deflection appeared to be a linear function of the load applied. This could imply that the
constrained plastic zone may increase in size, or become denser with increased loading. Sharp
cutting, which is thought to displace the plastic material in the surrounding matrix, generated
higher residual stresses than that of blunt cutting, where the material is predominantly removed.
This is thought to occur as the majority of the plastically generated material becomes constrained
within the elastic matrix, generating greater stress. If the material is mostly removed by the
operation, the remaining material is under less residual stress. The onset of fracture also
decreased the amount of residual stress within the region as indicated by a drop in the bend
angle.

2.3.3 RAMAN MEASUREMENT

Raman analysis has proven difficult for both the scribe region and debris analysis. There has
been a lack of sufficient data that can attribute the plastic behavior to a high-pressure phase
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transformation. At this point the authors will not comment on the mechanism for the anomalous
plastic flow seen in the scribing experiments

2.4 FUTURE WORK

Stress Modeling At the current time stress modeling for directional dependencies of machining
behavior as well as the bend effect model for quantification of residual stress is being
undertaken. The models have not been developed extensively and will

Bend Effect Model A model shown in previous work [2] to accurately reflect the bend effect
generated by the line- force dipoles created from a scribe will be used to characterize residual
stress in the single crystal silicon. A line-force dipole, shown in Figure 12, will be used to model
the elastic-plastic deformation zone along a scribe path. The dipole forces act outward from the
scribe trace since the plastically deformed material region forces the surrounding elastic material
outward after unloading. The line-force dipole model was extended from a model created by
Yoffe [5] in which orthogonal dipole forces acting on an elastic half space describe residual
forces left by indentation. The line-force dipole model is derived by the superposition of the
dipole “blister” fields proposed by Yoffe. Standard elasticity solutions [6] are used to obtain the
line-force dipole stresses for a limiting case of infinitesimal dipole spacing. By applying the
line-force dipole stresses to a beam bending problem the stresses will be then be approximated as
a function of loading and bend angle from prediction curves created in previous work.[2] The
parameter derived from the bend effect model, force dipole strength is a direct measure of the
magnitude of the residual stresses produced by scribing.
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Figure 12. Line-force dipole model.

Crystallographic Dependency Models Models used in previous work [4] to explain the
crystallographic dependency on the appearance of fracture during diamond turning are being
modified to include explanation for the tip dependency demonstrated in this investigation. The
original model predicts directions of easiest fracture using a point force which resolves tensile

25



stress on planes of high cleavage creating fracture. The current model will be adjusted for a
different stress field which can better account for the tips geometry. Other crystallographic
planes of easiest fracture are also being considered. Figure 13 shows a preliminary result of the
modeling.

Orientation
(100)

“Sharp”

4

SR
SELASE
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Figure 13. Stress modeling of scribing operation used to show directions of easiest fracture for
blunt and sharp cutting.

The shade lobes in Figure 13 indicate directions of easiest fracture for both blunt and sharp
cutting on both (100) and (111) wafers. The model is still in experimentation, but initially it is
thought to match the behavior seen. The authors will not elaborate on the model or its validity as
it is still preliminary modeling.

Diamond Turning Diamond Turning operations are currently under way to confirm past results
of machining behavior as well as allow for Raman analysis of turned surfaces and debris.
Dependencies on crystallographic orientation and cutting direction will be explored. Parameters
found to be important such as tool rake angle and feed rate are being explored.

Scribing with DTM Axes Scribing will also be performed under penetration depth-controlled
conditions using the DTM axes. Force measurements may also be taken to better understand the
magnitude of forces creating the ductile behavior.
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3 METROLOGY ARTIFACT DESIGN

Karalyn Folkert
Graduate Student
Dr. Thomas A. Dow
Professor
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The objective of this project is to develop a transfer standard to relate previous measurements
using rotary contour gages with current measurements using CMMs. In the past, artifacts have
been developed for numerous applications. These range from a gauge block to an optical
artifact. In this case, a ring gauge was chosen for the first fabrication. This ring gauge also
included a swept sine wave feature on the inner surface of the ring. The completed artifact was
measured before being given to Y-12 for evaluation.

28



3.1 INTRODUCTION

The Y-12 National Security Complex (Y-12) relies on its ability to manufacture precision work
pieces to develop parts for other government agencies or private companies. To quantify the
shape of a part, it has to be dimensionally inspected. In the past, Y-12 has used rotary contour
gages to measure parts. More recently, they have been switching to Coordinate Measuring
Machines (CMMs). However, Y-12 does not have a transfer standard to relate the previous
measurements using the rotary contour gages to the current measurements using a CMM.

A rotary contour gage consists of a rotary table and an LVDT on a tilting stage. The part, such
as a hemishell, is placed on the table where it is inspected by the LVDT probe that can move in
the Y and Z directions. The inspection of the part is accomplished in one of two ways. One
approach is to place the probe at a particular LVDT

location on the part and then rotate the table to
make the latitude measurement. The other
method keeps the table stationary while moving
the probe to make a longitudinal measurement.
Some machines may have dual opposing probes
that are able to measure the ID, OD and thickness
at the same time.

Figure 1. Rotary contour gage.

A CMM is a much more versatile machine. It consists of three carriages that are mutually
orthogonal. Each machine can have a different configuration. In Figure 2, the three axes are
able to move while the table remains fixed. Displacement transducers are fixed along each linear
axis of the CMM. This allows a spatial reference point on the probe to be used to determine the
displacement along a coordinate path in the working volume of the CMM.

Figure 2. Moving bridge CMM at NCSU.
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Another aspect of a CMM is its use of a probe. In Figure 2, the probe is attached to the end of
the z-axis carriage. As the carriages move and the probe contacts the surface of a workpiece, the
probe takes a coordinate measurement reading at the point of contact. The probe is an integral
part of the CMM but increases the inherent error of the CMM.

3.1.1 PROBES

A probe can be classified into one of two categories: contact and non-contact. Within the contact
group, there are touch-trigger probes and scanning probes. Occasionally, a probe may exhibit
both capabilities.

Touch-Trigger Probes

A touch-trigger probe examines the surface of a part by contacting a point on the
surface, where it takes a reading, and then moves out to engage another point to
inspect on the workpiece. The axes on the CMM can be moved manually or
programmed to touch the surface in a pre-determined pattern. The armature of
the probe consists of three arms that rest on three sets of two balls or cylinders
located 120° apart [2]. The stylus of the probe deflects when it comes into
contact with the workpiece and causes one or two of the arms to lift out of its
neutral position. The electronic interface notices the change and triggers the
CMM to take a reading [2]. After a number of readings, the CMM can relate the
measurement data to basic geometric shapes [3].

Figure 3. Touch

The accuracy of the touch-trigger probe depends on the inherent errors of the trigger probe [1].

probe. Pre-travel variations are the main source of its error. A pre-travel variation is defined as
the “distance traveled by a probe between the actual touching of a surface and the trigger event
[4].” Lobing errors are an example of a variation.
The kinematic arrangement of the arms permits
different probing forces to produce a signal,
depending on the direction of approach [2,4]. A map
of the displacement of the lobing errors can be seen
in Figure 4. Lobing errors are dependent on the
reference plane and the orientation and length of the
stylus [2].

Figure 4. Example of lobing in
the X-Z plane [2].
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Scanning Probes

A scanning probe remains in constant contact with the workpiece as the measurement is
performed [3]. There are two types of continuous analog scanning probes. They are proportional
displacement and nulling [5]. The photodiodes of a proportional displacement probe (shown in
Figure 5) are electrically connected in a differential mode to sense the movement of LEDs to
determine the deflection of the probe [6]. The nulling probe instructs the machine to reset itself
to zero after each reading to ensure that it takes a new reading when it finds an error [5].

Figure 5. Proportional displacement probe [1].

During a scanning measurement, the CMM maintains a constant gauging force through feedback
control and detects the deflection of the probe. The accuracy of the measurement depends on the
linearity of the probe as it responds to changes in the surface [3]. The increased amount of
measurement readings as compared to the touch-trigger probe also improves the quality of the
measurement. There are two methods for using the probe to obtain measurements. The probe
can provide feedback to the CMM to maintain a constant displacement on the workpiece, which
requires no prior knowledge of the shape of the surface, or if the shape was known, the probe
could operate independent of CMM controls to re-trace the fabrication tool path and make a
faster measurement through open-loop control [5].

3.2 ESTABLISHED ARTIFACTS

Throughout the years, there have been a number of artifacts [7-15] developed to evaluate the
performance of a coordinate measuring machine and/or to assist in its calibration. The artifacts
may be used for a specific application or for a more generalized purpose. Artifacts may also be
classified by the methods in which they are used to assess the accuracy of a CMM. Those
methods include kinematic reference standard technique, the parametric calibration technique,
and the transfer standard technique [12].
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3.2.1 GAUGE BLOCK

One of the most straightforward methods to test CMMs is by use of a gauge block. A gauge
block is a piece of metal of calibrated length. It is measured in various orientations and positions
on the working volume of the CMM. A variety of gauge blocks can be used as length transfer
standards [7].

3.2.2 RING GAUGE

A ring gauge is a circular artifact with calibrated diameter and circularity. It should be measured
in at least two positions in space along with various stylus configurations. Two of the positions
in space may be in the horizontal or vertical orientations. To accurately calibrate a CMM, it is
suggested that 30 points be probed or scanned. The probed data is compared with the calibration
data of the ring gauge. The lobing error is based on the geometry data comparison, and then
machine errors are determined from the error pattern of circular error in the gauge [7].

Figure 6. Ring gauge.
3.2.3 BALL BAR

A ball bar consists of a rigid bar with a sphere at each end. Multiple types of ball bars exist
today. They can be free-standing or have fixed magnetic sockets. The length from the centers of
each sphere remains constant. The free-standing ball bar is placed on a gauge stand in a number
of orientations in the working volume of the CMM. Each ball is probed and the difference in the
length measurement between ball centers is compared to the calibrated distance. The magnetic
ball bar includes a magnetic socket fixed to the CMM table while the other magnetic socket takes
the place of the probe. The ball bar is kinematically supported in the sockets. The CMM can be
moved to different positions to take the length measurements. The machine errors are
determined using this technique without finding the probe errors [7].

Figure 7. Ball bars [8].
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3.2.4 Hole Bar

The hole bar is another artifact. It is approximately 540 mm in length with an I-beam cross
section. As seen in Figure 8, the bar includes 11 holes along the length. These holes have a
diameter of 13 mm with a uniform distance between any two hole centers of 50 mm. The artifact
can be used to determine the 21 parametric errors of the CMM. The artifact is oriented and
mounted in 17 different positions to evaluate the performance. The location of the hole centers
are used in the transfer method in the validation of the CMM [9].

Figure 8. Hole bar.

A variation in the basic hole bar involves mounting spheres in the center of each hole to
transform the hole bar from a two-dimensional artifact to one that is three-dimensional. The
Geostep™ 10, Figure 9, has a length of 850 mm, a width of 101.6 mm, and a thickness of 38.1
mm. The ten, 19 mm diameter spheres are mounted along the centerline of the beam. Center to
center distance between the spheres is approximately 85 mm. The center-to-center dimensions
are varied to separate the systematic errors from the step standard. The three-dimensionality of
the spheres negates the possibility of alignment or cosine errors of the artifact or positioning on
the CMM because the origin of a sphere is characterized by its radius as an infinitely small value

in three-dimensional space [10]. The spheres are treated as single points rather than 3D objects.

Figure 9. Geostep' ™ 10 hole bar [10].
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3.2.5 BALL PLATE AND HOLE PLATE

The ball plate is comprised of a square plate with ceramic or stainless steel spheres arranged in
space. The balls may be resting on the surface of
the plate [12] or positioned at various heights.
Four points on each sphere need to be probed to
determine the center of the ball. If bending of
the plate occurs, due to thermal expansion or
other external forces, the center dimension is
susceptible to change [11]. The ball plate is
predominantly used for day-to-day verification
of CMM parametric errors. Figure 10. Ball plate [12].

The hole plate is very similar to the ball plate. Instead of balls configured in space, precision-

machined holes are configured on the plate at — 610 i
qualified distances. Each hole has three points f - i —~

probed to determine the center. Bending of the plate

polished inside

surface

— ) -

does not have much effect on the center dimensions - —polished I e T

inside dia. 30 i
—a0—

because bending would occur along the same plane «.»
as the centers. The hole plate is used for the

Flate thickness 30

Eleclronic Level

parametric error calibration of a CMM [11]. e S DO 8 stand position
| ey

Figure 11. Ceramic hole plate [11].
3.2.6 SPACE FRAME

The modular space frame includes a triangular e Master sphere

Maognetic ball link

Ball plote

plate along with three magnetic ball links
attached to a sphere at the apex. The links are
made of carbon reinforced plastic for its low
coefficient of expansion and high stiffness-to-
weight ratio [7,13]. It is important that the
spheres resist corrosion and be accurate in
shape and size. With the space frame, it is only
necessary to calibrate the magnetic ball links
and the plate before use with a CMM [13]. The Figure 12. Modular space frame [13].
main function of the space frame is to indicate error tendencies of the machine and where
adjustments are needed without representing a large amount of detail of machine errors [7]. To
accommodate different CMMs, the space frame should be moved and measured to characterize
more of the working volume.
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3.2.7 MODULAR FREEFORM GAUGE

The modular freeform gauge is intended for the task-specific measurement of complex parts such
as turbine blades. This artifact models a freeform object with regular geometric shapes. For a
turbine blade, two cylinders of different diameters are chosen. Each shape can be calibrated
separately to reduce the calibration uncertainty. For measurement, the calibrated shapes are
placed on the CMM, and their relative positions are determined. The assembly is modeled in

CAD with the relative position points. The experimental uncertainty can be established and used
with the calibration data to ascertain the uncertainty of the freeform measurement. This artifact
is not useful with objects that have varying shapes and concave surfaces [14].

(a) (b)

Figure 13. (a) Regular geometric shapes to simulate (b) a freeform object such as a turbine
blade.

3.2.8 OPTICAL ARTIFACT

Some CMMs have the ability to measure an object with a mechanical or an optical probe. An
artifact to take advantage of the optical capability has been developed. The design is based on a
hole or ball plate. It consists of 25 elements mounted in equally spaced holes on a steel plate.
Each element is a thin steel disc with a hole through the center. The surface of each disc is
specially prepared to obtain a scratch-free face. Inside each hole, the disc rests on a ground
surface and is clamped down. The plate can be measured on both horizontal surfaces and the
CMM geometry can be established [15].

3.3 RING GAUGE

The initial artifact manufactured was a ring gauge. One of the important features of the gauge is
a swept sine wave on the inside diameter (ID) of the ring. A swept sine wave is a sine wave that
continuously varies its frequency. In this case, the wave begins at a low frequency and
progresses to a higher frequency in the first 90 degrees. At this juncture, the wave is “flipped” to
line up with the last wave and then the frequency decreases to the starting frequency as it reaches
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180 degrees. From 180 to 360 degrees, the wave is a mirror image of the first 180 degrees.

Figure 14 below illustrates these characteristics.
a0

270

Figure 14. Swept sine wave on the ID of the ring.

The purpose of the swept sine wave is to simulate the effect of small features on a part to be
measured. Depending on the radius of a probe, the ability to detect small features varies. If a
small-radius probe was used to measure a part with small anomalies, the question arises whether
the overall measurement would be significantly influenced. The different frequency of each
wave creates a range of values to be evaluated. The ring gauge includes a reference cylinder
groove on the outside diameter (OD) and on the inside diameter (ID). The swept sine wave is
inscribed into the ID groove.

3.3.1 INITIAL PREPARATION

The disk, spacers, and ring were machined from 60GI T6 Aluminum. The disk and spacers were
necessary for mounting the ring gauge on the Rank Pneumo ASG25001 diamond turning
machine (ASG). The vacuum chuck on the ASG cannot secure a hollow cylinder like the ring
gauge. The solid disk was manufactured for this purpose while the spacers allowed for clearance
for the cutting tool and fast tool servo. Each face had to be diamond turned to obtain a better
surface finish and to improve the flatness of the surface profile. First, the three spacers were
bolted to the aluminum disk. The disk was placed on the chuck of the ASG and held by a
vacuum of approximately 20 in. Hg. The ring was attached to the spacers by bolts with spherical
washers between the bore and the bolt. The spherical washers were used to keep the ring from
warping on the spacers under the screws. With the spherical washer, the screw allows for all
three moments while restricting the three translational directions. Figure 15 demonstrates the
assembly of the disk, spacers, and ring gauge.
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Figure 15. Assembly of fabrication.

It is important that the ring is centered with respect to the spacers. An electronic encoder probe
was placed on the ID of the ring was used to take readings. As the vacuum chuck was rotated by
hand, the indicator needle moved left and right to indicate where the “high” and “low” spots on
the ring occurred. The bolts on the ring were loosened. By slightly tapping the ring, the center
was adjusted to within = 2 pum.

After the ring had been centered, the ID, OD, and top of the ring could be turned. The first step
was to “touch-off” on the ring. The z-axis on the ASG had to be zeroed so that a specific depth
of cut could be selected. The x-axis was set off approximately 10 mm to the right of the ring.
Because the width of each face was 17 (25.4 mm), the computer could be programmed to have
the x-axis traverse across the width. Due to the approximate origin of the x-axis, the ASG was
programmed to travel 50 mm. The spindle speed was 500 RPM. A feed rate of 20 mm/min was
used to obtain a theoretical PV roughness of approximately 10 nm using a cubic Baron nitride
tool. The depth of cut on the top face was 40 um. It took four passes to achieve a flat surface.
During the operation, oil was used on the tool as a coolant.

The bottom of the ring also had to be turned. The ring was flipped over and bolted down. The
ring was centered again before it was turned. The depth of cut was set to 40 um and three passes
were necessary. After machining, it was clear that a small portion of the top of the bolts were
trimmed off. To protect the diamond tool later, the tops of the bolts were ground. The OD of the
ring was turned in the same fashion except that the x-axis was used to touch off while the z-axis
was set off the part. The OD needed three passes with a 40 um depth of cut to obtain a flat
surface. However, during the operation, the chips collected on the tool and may have contributed
to some scratching on the surface. The setup to turn the ID of the ring was somewhat
complicated. The z-axis was set slightly off the edge of the face. The tool would traverse from
the inside to the outside so that the clearance between the tool holder and the disk would not
become a problem. Once more, the depth of cut was 40 um, and it took two passes to obtain a
flat surface.
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The ring gauge includes a hole through its thickness that will serve as a theta reference during
the measurement process. The perpendicularity of the hole was checked using an electronic
indicator. Beginning at the edge of the hole and proceeding to the opposite edge, the values
ranged from —2 pum to 12 pum or approximately 0.03 degrees. It was determined that this error
was not significant enough to warrant improvements on the hole.

3.3.2 NATURAL FREQUENCY ANALYSIS
Ring Analysis

To select the operating conditions to machine the artifact, a finite element analysis was
completed on the ring gauge in SolidWorks. The first natural frequency would occur around
1500 Hz. Figure 16 represents the mode shape at this frequency. It simulates how the ring
would deform.

Figure 16. First natural frequency mode shape.

One of the requirements of the swept sine wave was that it had to range from 80 waves per inch
to 4 waves per inch. It was possible to meet this requirement and stay below the ring’s natural
frequency if the ring was spun at less than 50 RPM.

FTS Analysis

The natural frequency of the Fast Tool Servo (FTS) was another consideration. The
piezoelectric stacks of the FTS are excited by the signal from a high voltage amplifier. The
frequency and voltage signal affect the movement of the tool on the FTS. Any unexpected
vibration of the tool would change the amplitude of the wave. Therefore, it is important to know
the natural frequency of the FTS. The Stanford Network Signal Analyzer was used to generate a
swept sine wave. The output from the Stanford was sent to dSPACE. dSPACE is a piece of
hardware connected to a computer that facilitates the input and output of a Simulink control
model. In dSPACE, the wave was offset to make it entirely positive. The servo cannot handle a
negative signal. The modified signal entered the high voltage amplifier where the signal was
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multiplied by 10 before it could reach the fast tool servo. The Stanford then captured the output
of the servo. The swept sine wave began at 1 Hz and increased to 7000 Hz. The range of the
signal could be decreased to focus on some of the irregularities. It was observed that an
irregularity occurred close to 600 Hz. The fabrication of the wave onto the ID now would have
to occur below 600 Hz.

A Live

400 Hz

Transfer Func. Log Mag 6528
B Live 60750372 Hz 165.035 deg
3

400 Hz 800 Hz
. Transfer Func. Unwrp. Phase 6525

Figure 17. Transfer function and phase angle of FTS between 400 and 800 Hz.

3.3.3 FTS CONTROL

The capacitance (cap) gage on the FTS is used to measure the displacement of the tool as it is
moved by the piezoelectric stacks. The control of the fabrication was to be open loop. This
being the case, the cap gage was not needed to monitor the displacement. However, it was
needed to verify the output of the FTS as commanded by the controller that was used for the
fabrication prior to fabrication. Before it could be used for verification, it had to be calibrated.
The Federal gage was calibrated using the laser interferometer on the ASG before it was used to
calibrate the cap gage.

There is a rotary encoder mounted onto the ASG that keeps track of the number of rotations of
the spindle. In effect, it measures the rotational speed. The encoder output can be monitored
through the program ControlDesk that displays the Matlab/Simulink model. The pin connectors
were re-wired to create the correct configuration before being inserted into the dSPACE board.

Simulink was used to develop control of the movement of the FTS. One of the key elements to
the Simulink program was the look-up table, Figure 18. A Matlab program generated the points
of the swept sine wave. Inputs to the program included amplitude, starting frequency, ending
frequency, length, and number of data points. The length was equivalent to a quarter of the
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circumference. The number of data points was limited to the number of counts of the encoder.
Each point from the look-up table is referenced by a single point on the encoder. The function
box, the box labeled Fcn in Figure 18, linearly corrects for the displacement of the FTS when a
specific voltage is present. Finally, the signal was sent to the FTS. Figure 18 represents the
Simulink model.

DE1104ENC_POS_C4 Look-Up

ENCODER

Outl MASTER SETUR

_DS1104ENC_HW_INDEX_C1 DSTIOENC_SETUP

Figure 18. Simulink model of FTS control.
3.3.4 FABRICATION

Before the swept sine wave could be cut into the ID of the ring, the ID, OD, top, and bottom of
the ring had to be turned with a diamond tool. This was |<_25_4 mm_,l

completed in much the same fashion as was done with the CBN
tool. The ring gauge was centered within 4 um. Each bolt had a }

100 in-Ib torque applied to it. The surface finish improved with b

a 2.1 mm/min feed rate and a 200 RPM spindle speed in the
clockwise direction. A total of 22 um was taken off each face. e

On the OD, a 30 um, off-center groove was added to act as  30um

another reference surface. The groove was cut with the same Figure 19. Ring
feed rate and speed as each face. Figure 19 displays a cross cross section.
section of the ring gauge with grooves.

The ID was faced off with the FTS. Figure 20 illustrates the following setup description. The
servo was attached to a mounting block and placed on the micro height adjuster. A thin piece of
aluminum was inserted between the mounting block and the height adjuster. Minor adjustments
were made with the micro height adjuster to achieve a height of 6 inches as defined by two gauge
blocks. The height adjustment was necessary for vertical centering of the tool. The ID was
finished at a feed rate of 8.4 mm/min and a spindle speed of 200 RPM. Another groove was cut
into the ID with the same feed rate and spindle speed; it was also 30 um. Finally, the swept sine
wave was cut into the groove on the ID. The feed rate was 0.84 mm/min with a spindle speed of
20 RPM.
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block

Micro
height
adjuster

Figure 20. Setup with FTS and ring gauge.
3.3.5 MEASUREMENT OF THE ARTIFACT FEATURES

After the swept sine wave was cut into the surface, it was measured using an LVDT. The LVDT
was calibrated using the ASG and an oscilloscope. The probe tip radius was determined using
the Zeiss microscope. It is approximately 1 mm, which is significantly larger than the radius of
curvature of the smallest wave. The measurement demonstrated a decrease in amplitude from
the £ 2.5 um goal. Figure 21 displays the measurement.

Figure 21. LVDT measurement of swept sine wave.

The figure indicates “dips” in the LVDT measurement. This may be attributed to the high
frequency of the waves. The natural frequency of the LVDT may have been exceeded which is
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disallowing the electronics to take a correct reading. The minimum constant rotational speed of
the ASG is too fast for the LVDT measurement.

Distortion of the Ring
The profile of the surface around the bolt holes was observed before and after the bolts were

loosened. The PV values for the surface while the bolts were still torqued were 380 nm, 712 nm,
and 858 nm. Figure 22 shows the surface/wavefront map at one bolt location.

]yl |56

Figure 22. Surface profile of ring gauge with bolts in place.

When the bolts were untorqued and taken out, the difference in PV values was almost a factor of
10. Those values were 3.3 um, 4.4 um, and 4.7 um. The high amount of torque on the bolts was
arbitrarily chosen which may have caused a distortion on the surface. This can be seen in Figure
23.

-16508 .46

Figure 23. Surface profile of ring gauge with bolts removed.
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3.4 FUTURE CONSIDERATIONS

The evaluation of the ring gauge by Y-12 will be the basis for the decision of another artifact. A

second artifact will be designed and fabricated. However, the artifact may be an improvement
on the first model or be a completely new design. The ability to mount the artifact in a variety of
orientations on the CMM is another consideration. The final artifact will include an instruction

manual on how it should be used and how to evaluate the performance of the CMM based on the
calibration of the artifact.
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A polar profilometer, Ultraform 2D, has been built by Precitech and the Precision Engineering
Center under a technology transfer license agreement. The design is based on the Polaris
machine that was developed at the PEC in 2000. Ultraform incorporates numerous
improvements in packaging, axis design and the control software to produce a commercially
viable machine. Both the measurement volume and resolution have been increased and
controller level support for improved operating procedures has been incorporated into
Ultraform. In particular, a means of following an arbitrary surface using the LVDT probe as an
auxiliary axis feedback has been developed. Updating the user interface software to take
advantage of these new hardware features and implementation of improved probe waviness
compensation algorithms are the principal tasks remaining.
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4.1 INTRODUCTION

Profilometers for form and roughness measurements have traditionally been based on Cartesian
geometry. Large aspect ratio parts present significant challenges for commercially available
measurement systems. Optical profilometers are limited to a few degrees of slope by the ratio of
fringe spacing to camera resolution. Mechanical profilometers are usually limited by the
clearance angle of the tip and the non-perpendicular loading direction of the probe — both of
which often limit the measurable slopes to less than 45°. Certain industries, in particular those
making high aspect-ratio optics, require the measurement of geometries more polar than
Cartesian in nature. A polar profilometé&rolaris, was designed and built in 2000 at the
Precision Engineering Center to address this fiked]. The device is capable of measuring
figure as well as roughness on hemispheres and aspheres both concave and convex inside &
circular measurement field 50 mm in diameter. This design can be used to measure surfaces
with a resolution of 20 nm and an overall accuracy of 200 nm.

BASE ASSEMBELY - A11100
PART POSITIONING STAGE

R-AXIS
A11095

MTB PANEL
ADBAT0/A08472

Figure 1. Ultraform 2D.
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Ultraform 2D, shown in Figure 1, is a commercial prototype of the polar profilorRetaris.

As a joint project with Precitech Precision, Ultraform 2D maintains the layout and concept of
Polaris while changing certain components to make the instrument commercially viable. The
most significant change is an increase in both R-axis travel and measurement range. The travel
of the Ultraform R-axis has increased to 70 mm. With the addition of a manually adjustable
LVDT gauge mount the overall measurement field has been increased to a diameter of 1200 mm.

4.2 CHANGESFOR COMMERCIALIZATION

4.2.1 HARDWARE CHANGES

Several changes were made to the hardware to either improve performance, reduce cost or both.
Some components were not suited to a production machine whereas others that were purchased
from other vendors could be produced by Precitech. A summary of the components of each

machine are shown in Table 1.

Table 1. Hardware comparison of Ultraform 2D aRdlaris.

MAJOR COMPONENT COMPARISON
Component Polaris Ultraform
Vibration Isolation Fabreeka Precision Aire Fabreeka Precision Aire
Machine base Rock of Ages Rock of Ages
Three-axis part NEAT Stepper NEAT Stepper
positioner
Part mounting plate Bolt Grid Vacuum Chuck
Rotary Air Bearing Precitech RT 200/270 Precitech RT 200/270
Rotary encoder Heidenhain Renishaw
Linear Air Bearing Slide |Dover Precitech Custom
LVDT Support Fixed Adjustable
Air-Bearing LVDT Lion/Colorado Precision Precitech
Rotary Stage Motor Aerotech Brushless, Frameless |Hathaway Brushless, Frameless
Linear Motor Trilogy MTS
Controller Cabinet ElectroRack/Desk Type Precitech Custom/In machine base
Linear scale Heidenhain Sony
PC IBM NetVista Panel PC
Motion Controller Delta-Tau UMAC Delta-Tau UMAC

The Fabreeka vibration isolation system performed flawlessly and exceeded all performance
expectations oRolaris. This system was retained based on this experience, reasonable cost and
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the importance of the isolation system. Similarly, the granite slab to provide mass for effective
damping and a stable platform for the machine continues to be sourced from Rock of Ages.

The three-axis part positioner remains the same for both machines with the exception of a longer
travel (100 mm) in the X and Z directions to accommodate the longer travel of the R-axis. The
Y-axis still has a range of 50 mm. All three positioning axes are driven by microstepping motors
to give an overall position resolution of 0.5 um. The part mount on the positioner has been
changed from the grid of bolt holes usedRmtaris to a vacuum chuck for Ultraform.

The rotary stageBfaxis) has been modified. While the Precitech air bearing table remains the
same, the rotary encoder and the motor are somewhat different. The Renishaw rotary encoder
has increased the rotary axis resolution to 0.02 arcsec from the previous 1.8 arcsec Heidenhain
encoder, mainly due to a tenfold increase in interpolation. The Hathaway rotary axis drive motor
is of the same type as the previous Aerotech model, with a three-fold reduction in torque from
11.7 N-m peak to 3.8 N-m peak. It was selected primarily to save space and reduce cost. Since
the B-axis does not need to accelerate or decelerate rapidly, this reduction in torque should have
little impact on the operation of Ultraform.

SCALE/SCALE MOUNTING READHEAD
BRACKET f

BEARING PAD — "”_1. BEARING PAD

SN\ u/"”// .

Guide Rail [ o
(Stationary)

BEARING PAD w Baseplate - Stationary

"= BEARING PAD

Figure2. Cross section of linear air bearing slide. Note the dovetail shape and center mounted
linear scale. The linear motor resides immediately behind the scale.

The linear (R) axis has changed significantlyolaris used a Dover box-slide of anodized
aluminum with encoder and motor on either side outboard of the slide. Precitech has designed a
new dovetail slide with 70 mm of travel that is based on the aluminum dovetail slides used in
some of the Optoform diamond turning machines. Shown in section in Figure 2, the slide is
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constructed of stainless steel and accommodates both the linear motor and encoder in the center
of the dovetail. This eliminates Abbé offset in the tangential direction which was present on the
Dover slide and contributed to yaw errors. The motor on Ultraform is an MTS model with 43 N
peak force as opposed Rolaris’s Trilogy model with 133.5 N peak force. Due to space
constraints, the coil size was reduced along with the force. The Heidenhain Diadur linear scale
with 20 nm resolution has been changed to a Sony scale, also with 10 nm resolution.

A new mount has been constructed for the air-bearing LVDT gauge. Adjusting the position of
the gauge for probe centering Baolaris required tapping the monolithic mount. Ultraform has a
fully adjustable base as shown in Figure 3. A differential thread screw allows fine adjustments
of the LVDT’s tangential position. Additionally, the bottom of the mount is dovetailed to allow
the LVDT to be positioned manually in the axial or R-direction, increasing the coverage area for
measurements to a diameter of 100 mm.

i

DIFFERENTIAL LATERAL
ADJUSTMENT SCREW
(0.00625" PER TURN)

|
NENNNEY

SECTION A—A

Figure3. The LVDT holder is now adjustable with a horizontal differential screw that is
perpendicular to the LVDT axis. The mount also slides on a dovetail on top of the R-axis to
allow a larger measurement envelope.

The control system has been changed by placing all components on a single machine base.

Polaris had a separate desk, which contained the control components, provided workspace and
the host PC. In place of the desk, Ultraform uses a panel PC mounted on a stalk on the side of
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the machine. The Delta Tau UMAC motion controller is the same &wotaris. While the
controller hardware has not changed, software changes are significant.

4.2.2 SOFTWARE MIGRATION

Migration of thePolaris software to the Ultraform platform requires significant modifications to

the code at three different levels. At the lowest level is the Delta Tau firmware and the data
structures that configure it to control the hardware. Included in this category is the 512K x 24-bit
data acquisition buffer. The next level includes the software PLCs and motion programs that
implement the operational functions required to setup, perform axes calibration and measure a
specimen. The top level is the User Interface (Ul) software that executes on a PC host computer
connected to the UMAC controller via USB. With the exception of the handwheel jogger, the
mounting of a specimen on the 3-axis part positioner and the power on/off, emergency-stop and
emergency-stop reset switches, all user interactions with the machine are through the Ul
program. Communication among the software components is through global access to the
UMAC's internal variables and the acquisition buffer. The division of operational tasks among
the Ul, control PLCs and motion programs is the principal update required of the prototype
software.

Perfor mance I mprovements

Crowning and Calibration Several operational tasks in the Polaris need to be improved. The
auto-crowning and calibration procedures can occur faster if the process of nulling the probe
against a part is performed by a triggered jog procedure (PLC or motion program) on the UMAC
instead of by incremental jog and test loops on the host PC. Probe nulling is performed by
moving the Z axis during crowing, the R axis during calibration and both R and Z when initiating
a measurement.

Triggered Moves To move a specimen into contact with the LVDT probe, two triggered move
commands been implemented in the jog PLC. One moves the R axis (for calibration operations
and measurement setup) and the other moves the Z axis (for horizontal and vertical crowning).
Currently these operations are performed by the Ul as a sequence of discrete UMAC commands:
move wait for motion to completandcheck LVDT position and statusThe sequence is
repeated until the LVDT signal is sufficiently close to zero. Finding the part with the probe can
be time consuming as the R or Z axis commanded motion cannot exceed the range of the LVDT.
Thus, many iterations are required if the part and probe are not jogged close to one another by
the operator before starting these automatic motion command sequences. Replacing this, rather
tedious technique with triggered moves represents a significant time savings for the operator.
Zeroing the LVDT now requires approximately 10 seconds at a typical stand-off distance of 5
mm. In the worst case, less than one minute is required when the probe is as far away from the
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measurement artifact as possible. The process is repeatable to about 100 nm when moving the R
axis and 300 nm when moving the Z axis.

Data Acquisition The time to uploading data after completion of a measurement can be reduced
by utilizing the PMAC library routines for transfer of binary data. Presently the data is
“dumped” to the host PC in ASCII format and converted to a numeric format for analysis. The
conversion process is insignificant, but transferring the data as characters requires about twice
the USB bandwidth. Also, the USB channel incurs significant setup overhead for each
communication cycle relative to its ultimate per byte transfer rate. Thus a large data transfer
buffer is desirable.

Data Analysis Two types of least-squares curve fitting are implemented by the Ul software:
linear (slope and intercept) and circular (radius and center coordinates). Both are performed on
the data after it is converted to Cartesian coordinates. This transformation of the data leads to
uncertainty in both the independent variable (the abscissa or X axis) and the dependent variable
(the ordinate or Z axis). In addition, the required least-squares assumptions of independence and
Gaussian error distributions are violated as a result of the transformation. The technique used for
the circular fit is known to be very susceptible to round-off errors and to fail completely in some
trivial, degenerate cases (e.g., when the data forms a vertical, straight line). The preferred
algorithm for general linear least-squares is known as the Singular Value Decomposition (SVD).
Either the SVD or a general purpasen-linear algorithm (e.gLevenberg-Marquardt) will be

used for all curve fitting. It may also be possible to implement the fitting routines with the polar
coordinate data to avoid problems associated with the transformation.

Control

The machine control software is logically divided into two categories: PLCs and motion
programs. Essential functions such as emergency stop, jogging and homing are controlled by the
PLCs. Motion programs are used for activities that require both synchronized motion along a
prescribed path and data acquisition. The fipalt] calibration stepf calibration and part
measurement are done with motion programs. The calibration motion programs are stored in the
UMAC's non-volatile program memory. Coarge () calibration and X,Y crowning were
performed by the Ul issuing jog commands directly to the UMAC and waiting for motion to
complete. These functions will be improved with saved motion programs to simplify the Ul
interactions with the control system. Improved performance is also expected.

LVDT Following Mode ForPolaris, a new part measurement motion program that drives the R
and@ axes along a nominal part profile was generated by the Ul software and downloaded to the

UMAC for each measurement setup. For Ultraform, a more generic measurement mode will be
implemented that does not require a nominal probe trajectory. Techniques for using the LVDT
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signal as a secondary feedback for the R axis motion control are being investigated. This will
eliminate the need for generating nominal part profile motion programs and measurement
offsets and permit the measurement of surfaces of unknown cross-section. It may still be
desirable for the user to specify whether the part is concave or convex at its apex although this
information may be available from the crowning procedure. During measurement of an
unknown surface, the axis will be commanded to rotate slowly through a prescribed arc length
while the controller maintains a null LVDT feedback signal by moving the R axis in response to
displacements of the probe. Four approaches for implementing LVDT following mode have
been identified.

1. Periodic modification of the commanded position for the R axis. A test was performed

with the prototype instrument using a simple motion program. In this test, the R motor was
defined as the W axis in a coordinate system and commanded to follow an appropriately
scaled LVDT feedback signal. Rotary table motion via incremental jog commands were
generated by the handwheel jog PLC. The trade-off between delay timing and motion
velocity was found to be critical as the R axis has a high bandwidth (~50 Hz) relative to the
LVDT and can “bounce” the probe. The resulting instability is a major obstacle to measuring
parts with large local slopes.

2. Dual feedback. That is, the controller uses a linear combination of the LVDT signal and the
R axis encoder signal as the control feedback for the R axis. The UMAC firmware allows for
both position and velocity feedback as well as master-slave following modes. A typical
example is the slaving of an axis to a manually operated handwheel or a spindle.

3. LVDT-only feedback for the R axis. A significant problem occurs if the probe looses
contact with the surface during measurement. Switching between the two feedback signals is
also problematic.

4. Theinverse kinematics facility of the UMAC provides a means of “getting inside the loop”
with respect to trajectory command generation. Although similar to the dual feedback
technique, the inverse kinematic PLC is executed on every servo cycle (currentiyetl0
The constant timing simplifies the task of implementing a low pass filter to avoid problems
associated with the low bandwidth, directionally dependent response the LVDT air bearing.

With all four techniques, two issues must be resolved. First, rapid corrective motions of the R

axis must be filtered or the air bearing LVDT will loose contact with the surface; second, the
transition into and out of following mode must be smooth.
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User Interface

The user interface is a Windows application written in C and C++ using the Borland C++
Builder integrated development environment. The Delta Tau PComm32 library provides
functions to communicate with the UMAC controller and the locomp Plot Pack and Instrument
Pack component libraries provide 2D plotting facilities and instrumentation display capabilities
(e.g., analog gauges, LEDs, progress bars, etc.).

Data Files Three types of files are created and maintained by the Ul:

1. The Preferences file (Polaris.ini) is a binary format file containing the user selectable
preferences accessed via Brefer ences menu and the results of the most recent calibration.

2. Part data description files (*.pdm) are the result of processing a G-code file to create a
motion path for the UMAC axes to follow. These files will no longer be needed after the
LVDT following mode is implemented.

3. Measurement data files (*.mdm) are the saved ASCII data acquired by the controller during
a measurement scan. They consist of six columns of numbers preceded by a single header
line containing column labels. The columns labels bmdex, X, Z, R, Theta andRho.

Index is simply a sequence number for the each data row, X and Z are the data points
expressed in Cartesian coordinates and R, Theta and Rho are the positions of the moving
axes at each data collection interval. X, Z and R are in units of millimeters, Theta is in
degrees and Rho is in micrometers. The data is saved after compensation for LVDT
linearity, R axis pitch,d, 1) offsets and probe radius are performed. The X,Z Cartesian
transformation is relative to Z,)= (0,0). Improvements in the measurement file format are
needed. In addition to column labels the header should contain the data and time of the
measurement, the calibration information used to compensate the data, the LVDT range
setting, the data acquisition rate and the spatial filtering parameters used to calculate surface
normals.

Code Modules The most significant Ul code change needed for the migration Palaris to
Ultraform is the separation of the command and control functions from the data analysis and
plotting functions. Polaris Ul software also contains numerous interaction sequences with the
UMAC PLCs and motion programs. Simplification of these interactions by directing all
communication activities through a single module will facilitate debugging, code maintenance
and the possible future migration to different controller hardware. From experience with the
Polaris prototype, it is also apparent that the mechanisms employed for data allocation and
thread management (ie, multi-tasking) are not robust. The separation of code modules into
functional groups and redesign of these features will reduce the occurrence of errors and speed
execution of code.
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4.3 TESTING

Preliminary measurements have been made to characterize error motions of Ultraform 2D.
Straightness measurements of the linear (R) axis revealed horizontal straightness of 160 nm and
vertical straightness of 100 nm over the axis travel of 70 mm. Compensation will be performed
for the horizontal straightness to achieve overall measurement accuracy of 100 nm. R-axis
pitch, of particular concern due to the large Abbé offset between the linear encoder and the
LVDT gauge, was measured to be 0.4 arcsec on Ultraform. This is a significant improvement
over the 1 arcsec value obtained Rwlaris. It does, however, still produce an error of 230 nm

over the axis range. As witPolaris, this error will be compensated in software. Finally,&he

axis roundness was found to vary by as much as 180 nm over the measurement range. This errol
will also be mapped and compensated.

4.4 PROBE WAVINESS COMPENSATION

Of significant concern for achieving an overall accuracy of 100 nm with Ultraform is the
waviness of the probe tip. Typical carbide or ruby probe tips are available with a grade 5
roundness (5 pin or £127 nm). This represents an appreciable error, which must be accounted
for in each measurement. To eliminate this error, a calibration technique will be used. Each time
a probe tip is placed on the machine, a flat will be measured ne@vattie center of rotation.

For a perfectly aligned probe tip with no waviness, there will be no deflection of the LVDT
during the measurement. Any displacement will be a combination of misalignment and tip
waviness. Since these errors manifest themselves in the same way on the measurement as th
calibration (they are distinguishable only by their degree of symmetry), they need not be
separated, only mapped and removed from measurement data.

The process of waviness compensation requires that, first, the waviness of the probe tip be
evaluated and, second, the result be applied to every subsequent measurement. The unique
geometry associated with a polar measuring system allows a certain degree of self calibration.
This feature of the profilometer was exploitedHalaris to align the instrument’'s measuring

probe with the rotary axis, thus establishing a true polar coordinate system. Two orthogonal
alignment errors are identified: radial offsgt)( and tangential offsetr{). Radial offset has a
straightforward effect on a measurement in that it merely needs to be added to the measured
radial positionR in order to obtain the correct position.

R'=R+p, 1)

The impact on a measurement of the tangential offset is a bit more involved, since it influences
bothR and6f. The corrected radial position is given by Equation (2).
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R" = (RIZ +T§)1/2 (2)
While the corrected angular position is given by Equation (3).

0T, O

r— —1
0'=6+tan O O 3)

Waviness ), on the other hand, is a function of the probe contact apyglevitich is itself a
function ofRand8’. As shown in Figure 4, radial offset errg)( tangential offset errorry)
and waviness erronf))) are all present in any measurement.

Yy Z

Figure4. Probe error is a combination of radial offset erggy, (
tangential offset errorrf) and waviness erron(}))).

441 WAVINESSEVALUATION

Evaluating the waviness of a given probe tip is inexorably linked to evaluation of probe
misalignment. Probe misalignment can be considered as a special case of waviness with a high
degree of symmetry. Unfortunately, this does not alleviate the need to find the relative position
of the probe tip with respect to the axis of rotation of the rotary stage. A method for evaluating
probe tip alignment has been developed that uses a flat surface as a reference standard.

For a probe tip with a radius of r, the probe position will be —r for all positioAsfahe center

of the tip is positioned with its center@t 0. One means of achieving this is by placing a flat
plate 7/20) at —r as shown in Figure 5. If the probe is truly centered, the probe output will give
only the probe waviness as the rotary axis is traversed through the angular extent of the probe tip.
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Figure5. When the probe tip’s center is aligned with the machine origin,
rotation of thef axis will yield only waviness data.

However, if there is an offset in either theor 1 directions, the probe output will change in a
characteristic way for each direction that is a linear combination of all these errors. As shown in
Figure 6, for an offset g, in the p direction, the output of the LVDT will change as a function

of the rotary axis positiorf . Equation (4) describes the LVDT response as a function of probe

offset and rotation angle.

_.01 .0
p_pOEbO§ lD (4)

After a calibration measurement is performed pnd found, theR axis zero position can be
offset in the control software. In addition pooffsets, there can be an offset in theirection.
This offset produces a different response when measured using the flat method.

The response of the LVDT toteoffset is a function o8 as shown in Figure 7 can be written as
Equation (5).

p=T1,tan0 (5)

This characteristic output can be used to detect and correct the offset — this timerin the
direction.
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Figure6. Schematic and plot of LVDT deflection due to an offsgt,0h thep direction. The
probe response as a functionBafan be used to determine the offset and adjust the machine.
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Figure7. Schematic and plot of LVDT deflection with an offsetrgin the r direction.

The actual alignment procedure is slightly more complex. A combination of offsets will produce
an output of the probe according to the sum of Equations (4) and (5) as shown in Equation (6).

O O
= pyo—— —1-+r1,tand 6
,0 pOEbOSQ D 0 ( )
Least squares can be used to find the valugs aid 7, that are maximum likelihood estimators

for the data from a calibration measurement. The residual error can be considered the waviness
of the probe since, for a fla= y
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The disadvantage of this method is that, for large amounts of waviness, the determinagion of
and 1, via a curve fit can be affected, increasing uncertainty in the location of the rotary axis
center. Fortunately, by limiting the magnitude of the waviness to +125 nm, the influence on the
fit is minimized.

4.4.2 ERROR CORRECTION

Once the tip waviness and probe alignment errors are known, data from subsequent
measurements can be corrected in software. None of the errors are of sufficient magnitude to
require real-time alteration of probe position during a measurement. Gauge misalignment and
nonlinearity are easily corrected by applying their compensation formulas sequentially. Once the
misalignment errors have been compensated using Equations (1-3), the procedure for probe
radius and waviness correction is similar to that of modifying a tool path prior to a machining
process. An important difference for a metrology instrument is that for each point in the data file
the direction cosines of the correction vector must be estimated from the data itself.

Figure 8. As the probe tip traverses the surface, the contact angle changes. This contact angle
can be determined from the slopes of the interpolated line segments between data points.

Figure 8 illustrates the procedure for estimating a sequence of surface datalpgifitsm

probe center locationsl,. In its most basic form, the probe radius correction and waviness
compensation is numerical and requires a minimum of three data points. The first step is to
estimate the surface normal vector at each probe center location. The normal Neetoa (

point, d,, cannot be calculated directly, but it can be estimated as a perpendicular to the line
segmentT) throughd, that connectsd, , andd,,;. The slope oT, m, is given by Equation (7).

Zpg T2y

Xir1 — X
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The inverse of this point slope is the slope of the normal veldtoBy substitutingm, andd,
into the point-slope form of the normal line given in Equation (8), the location of the
corresponding surface poif,, can be found.

Zk_Zk:mk(Xk_xk) (8)

Considering waviness as a polar variation in probe radius, a combined correction for probe
radius and waviness is found using Equations (9) and (10) to find the compongptaafmely
X, andZ,.

_ m,
X, = G 9
« = X T ry) \,7mk2+1 9)
-1
Z, =z +1y) E-ITZ 1 (10)
v

The functionr(}) is the probe radius as a function of contact angle or the sum of the nominal
probe radius and the waviness(y).

r(y) =r+w(y) (11)

The contact anglgis a function of the local slopg, and the probe angular positiah,.
0 10
=0 -tan'— 12
y g m A (12)

The special cases of zero or infinite slope are easily detected before applying Equation (12) and
compensated by addim@y) to x, if the slope is zero g if the slope is infinite.

For smooth surfaces with slowly varying slopes this process is relatively straightforward and
effective. However for high aspect surfaces, care must be taken to design a filtering process that
removes the effects of noise without obscuring the presence and location of important surface
features. The effect of probe waviness on measured data is a convolution of the probe and the
actual surface. Although implemented iteratively as a filtering process, the extraction of
corrected surface data from measured data is equivalent to spatial deconvolution. As such, the
techniques developed for scanned probe microscopy are relevant to our implementation [3].
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4.5 CONCLUSION

The commercial prototype of Ultraform 2D is expected to be completed by June 2004. The
principal tasks that have not been completed are: implementation of LVDT following,
enhancement of the user interface to accommodate controller level code changes and probe
waviness compensation. Production versions will follow and the control system may be ported
to the QNX-based UPX controller platform by Precitech. The prototype will returned to the PEC
and used as a development platform for the Ultraform 3D, for full 3D profilometry.
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An overview of the development of a high-speed fast tool servo is presented. The technical
challenges of the project are enumerated and addressed. A comparison of drive techniques is
included and a preliminary decision is made. Finally, calculations are used to show the
feasibility of the project, and future work to be completed is explained.

61



5.1 INTRODUCTION & BACKGROUND

Machining surface features onto a part has always been a need of the manufacturing industry.
These features may be used to obtain a desired optical property, texture or design. Often, these
features are very small, even on the order of micrometers, and must be machined onto a very
large surface. That is where a fast tool servo can be used. This tool, when used in conjunction
with a diamond turning machine, will produce minute features on a work surface. The higher the
frequency of the fast tool servo, that is, the faster it can “get to the next feature,” the more
productive and efficient the entire cutting process can be.

The objective of this project is to design and build a high-speed fast tool servo to create features
on a surface during a diamond turning operation. These features are to be created at frequency of
10 KHz or greater and be at least 5 um peak-to-valley.

The PEC has built a number of piezoelectrically driven fast tool servos over the past 20 years.
The first device was part of a diamond turning machine designed and built in the Center, the
second was a long range actuator (100 um range) for Oak Ridge National Labs and the third was
a low-amplitude system built for Los Alamos National labs used to generate harmonic or random
features (10 um P-V) on sub-millimeter diameter targets for laser Inertial Confinement Fusion
experiments. Each of these designs was based on a common theme: a cylindrical high-voltage
piezoelectric element preloaded by a diaphragm, a capacitance gage for position feedback and a
tool holder for a standard diamond tool. These actuators were integrated into a digital controller
with closed-loop feedback from the capacitance gage to reduce the hysteresis in the actuator and
improve the fidelity of the machine features.

Specifically there were three PEC projects that have a direct bearing on the proposed FTSrurso:
the first is the fast tool servo, the second is the actuator built for the elliptical vibration assisted
machining and the third is the ultrasonic actuator motor. Each of these will be described below.

5.1.1 FAST TOOL SERVOS

When the PEC began operation in 1983, one area of emphasis was feedback control of the
repeatable errors in a precision machining operation. The first technique pursued was the use of a
fast tool servo to correct for spindle errors. To that end, a machine tool called the PAUL (Parallel
Axis Ultra-precision Lathe) was built. This machine used a pair of vertical axis, airbearing
pindles: one holding the workpiece and the second holding the tool with on a swing arm that
could pass over the workpiece. This geometry produced a compact yet rigid design. Integral with
this machine was a Fast Tool Servo (FTS) powered by a piezoelectric actuator. This servo was
built into the arm to change the depth of cut. A photograph and a cross-section of the actuator are
shown in Figure 1. This FTS has a range of motion of 20 um and a first natural frequency on the
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order of 8 KHz. The closed loop bandwidth - the maximum speed for controlled motion — is
approximately 2 KHz. The size of the unit is about 100 mm long and 50 mm high. The cutaway
shows the piezoelectric actuator (a hollow cylinder with an OD of 25 mm, ID of 13 mm and a
length of 18 mm) that moves the tool holder and the cylindrical diaphragms that guide the tool
holder in a linear motion. A capacitance gage is inserted through the center of the piezoelectric
element to sense the position of the tool. This position measurement is used as feedback in the
digital controller to reduce the error due to hysteresis and other disturbances. This servo has been
in continuous operation since it was built in 1988.

A second FTS with a similar design was built for Los Alamos National Labs (LANL) in 1996.
The actuator length was shorter (12.7 mm) and the system had a slightly higher natural frequency
of 9500 Hz. This actuator has been used at LANL to fabricate sine wave features on 0.5 mm
diameter aluminum targets that are used in Inertial Confinement Fusion experiments at Lawrence
Livermore Labs and the University of Rochester. The goal was to produce 1 um P-V sine waves
with less than 10 nm form error. The FTS was able to achieve the goals but the maximum
operating frequency was on the order of 1000 Hz.

Cylindrical Diaphi
ylindrical Diaphragms Capacitance Gage

Diamond Tool

a) Photo of the Fast Tool Servo b) Cross section of the actuator
Figure 1. Fast tool servo used at the PEC

5.1.2 ELLIPTICAL VIBRATION ASSISTED MACHINING (EVAM)

A new technique for precision machining of ferrous and ceramic components is to add vibration
to the tool motion to change the chip geometry and bring the tool tip out of contact with the part.
For EVAM, the motion of the tool cutting edge is a combination of the elliptical motion of the
actuator and the linear motion of the workpiece. The goal of the recent work at the PEC was to
understand the effects of the size and frequency of this elliptical tool motion. To create a
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versatile actuator, the structure was designed to operate below its first natural frequency so that
the shape and magnitude of the motion could be easily changed.

Two generations of piezoelectric tool holders were built at the PEC to study the EVAM process.
They are both shown in Figure 2. The first (shown in the background) used long, cylindrical
actuators to create elliptical motion of a standard diamond tool. The maximum operating
frequency of this system was less than 500 Hz. Significant experience was gained with this
design that led to the second-generation system shown in the foreground. This new design has a
hollow alumina tool holder that combines lightweight with high-stiffness and includes a fluid
cooling system to allow continuous high-speed operation. The Generation II device can displace
the tool in an elliptical or circular path with a maximum stroke of the major and minor axes of 60
um and 10 pm respectively for frequencies up to 5,000 Hz or the equivalent of 300,000 rpm for a
single flute flycutter.

Figure 2. Photograph of UltraMill Generation II (foreground) and Generation I (background)

The hollow ceramic tool holder with a glued-in diamond tool was a key technology for
increasing the natural frequency of the system. The total mass of the tool holder is on the order
of 3 grams compared to 200 grams for the FTS described in Figure 1. The tool is 1x1x5 mm in
size and is glued into a groove in the ceramic holder using epoxy. To remove the diamond for
resharpening the holder is heated to soften the glue. This is a technique that is used often and will
be an important part of the new FTSrurso design.

5.1.3 ULTRASONIC PIEZOELECTRIC ACTUATOR

To achieve the high speed needed for the proposed FTSrurso design, different actuator designs
need to be considered. One example is the high-speed piezoelectric actuator that was developed
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as a compact drive system for linear or rotary motion. Several designs were evaluated and the
best is shown in Figure 3.

This actuator utilizes longitudinal and bending motions of a piezoelectric material, each driven
by a sine wave of the same frequency to move the slideway. The longitudinal vibration mode
changes the load on the surface and the bending mode moves the tip along the direction of
motion of the slide. The direction of motion coincides with the bending displacement at the high
normal load and a change in the phase of the bending displacement will reverse the direction.
The tip of the device displaces about 1 um in an elliptical path at one of the system’s resonant
frequencies at 50 KHz. By changing the phase of the tangential and longitudinal vibrations, the
shape of the path can be changed.

This design indicates the potential of piezoelectric designs to operate at high frequency. A
photograph of the ultrasonic actuator is shown in Figure 4. This picture calls attention to the way
that the actuator is attached to the support structure. For a machining configuration, two changes
are necessary. First, a diamond tool must be attached to the end of the actuator. The Ultramill
described previously used a ceramic (Al20s) holder into which the tool was glued. The actuator
shown could also be configured in this manner. Second, the support structure must be more rigid
than the design shown in Figure 4. One solution is to create supports on both sides of the actuator
at the front node (see the mode shapes in Figure 3).

Longitudinal Mode Shape

Bending Mode Shape

N T\
N

Ground 6

Electrode

Figure 3. Ultrasonic piezoelectric actuator design. The numbers in the side view (a) indicate the
size of the actuator in mm. This design has three active elements and the six electrodes are
indicated in the top view (b). The graphs at right are the mode shapes at 50 Khz.
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Figure 4. Photograph of ultrasonic actuator with flexures for loading against slideway.

The actuator shown in Figures 3 and 4 operates at a resonant frequency well above the first
mode; and as a result, the motion cannot be controlled in real time. The goal was to design the
shape of the actuator that will produce the mode of operation desired. However, this design
emphasizes the experience of the PEC in producing high-speed piezoelectric actuators and the
experience gained will be valuable in producing the desired system.

5.2 TECHNICAL CHALLENGES

The design of an actuator capable of 5 pm stroke with a closed-loop bandwidth of 10 KHz will
be a challenging undertaking. The specific technical challenges to be addressed are described
below. The solution to these challenges is the subject of the Plan of Work that follows.

5.2.1 ACTUATOR AND TOOL HOLDER DESIGN

A high-speed fast tool servo capable of producing a 5 um stroke with a bandwidth of at least 10
KHz implies a natural frequency of five times that value and pushes the design envelope for
weight and stiffness. To meet these performance specifications, the actuator must be carefully
chosen. Different piezoelectric designs developed at the PEC were discussed in the last section.
Piezoelectric elements are attractive for their small size but hysteresis can create heating
problems that must be addressed. New piezoelectric materials with reduced hysteresis as well as
temperature control schemes used in previous designs will be evaluated. Whatever the drive
system, the moving mass must be kept as light as possible to retain a high natural frequency.
System natural frequency and heat generation will be the main factors limiting the maximum
operating frequency of the fast tool servo.

Other actuators that are being considered for FTS operations are both linear and rotary electric
motors. Two different designs were described at the recent ASPE meeting [1,2]. To provide the
required force and stiffness, these devices are relatively large, consume enough power to get hot
and have not yet demonstrated the bandwidth required in this project. However, the advantages
and disadvantages of such drive systems will be evaluated based on the published results.
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5.2.2 POSITION FEEDBACK AND CONTROL

The motion of the tool will have gain and phase differences with respect to the commanded
motion as a result of the electromechanical system that drives it and a controller must be used to
ensure the accuracy of the cutting path. The control strategy can take two forms: open loop and
closed loop. Closed loop control uses the known dynamics of the electromechanical system with
feedback from the cap gage to modify the input signal to maximize rise time but reduce
overshoot and steady state error. Open loop control can be used to modify the input signal to
correct it for the effects of gain error and phase delay for multi-frequency signals. Panusittikorn,
Dow and Garrard are working on a project [3] that should improve the fidelity of the surface
features at speeds approaching the natural frequency of the actuator. The results of this work will
be incorporated into the controller implementation.

The closed-loop controller for the servo uses the feedback from the capacitance gage to position
the tool. This controller can reduce the effect of steady state errors due to signal gains or actuator
nonlinearities as well as correct for external disturbances introduced to the actuator system. To
design the control algorithm, a generalized block diagram must be created that includes the
amplifier, actuator, cutting forces, structural dynamics and position feedback. The transfer
function for this electromechanical system can be found with the help of the Stanford SR780
Signal Analyzer. The Signal Analyzer generates a sign wave with constant amplitude and
varying frequency that is input to the actuator system. It then monitors the output from the cap
gage and creates the transfer function (amplitude and phase as a function of frequency) between
the input and output of the system. This relationship can then be used to find a control algorithm
that will provide optimal response of the tool without undesirable overshoot.

The open loop controller uses the dynamics of the closed loop system to modify the input signal
to compensate for different gains and phase lags at different frequencies. For example, if the
desired trajectory has components at different frequencies, the electromechanical system will
distort this trajectory and produce an error. By modifying the input to include these effects, the
error can be reduced.

After design, the controller will be prototyped using the DSpace hardware and the Simulink
software available at the PEC. The block diagram with all the control gains is constructed in
Simulink and then downloaded to the DSpace CLP1104 processor board to control the system.
The position sensor in the FTS sends its data to the DSpace board, which it turn uses it as
feedback in the control loop. The DSpace board then outputs the proper voltage to the system,
resulting in accurate and controlled tool movement. The CLP1104 can operate at 100 kHz, so the
high frequencies of this application will not present any problem.

67



5.2.3 COOLING SYSTEM

An important natural characteristic of piezoelectric elements is hysteresis. Hysteresis is defined
as a loss of energy as a result of reversing driving direction. At high frequencies, the piezo
element is reversing quickly, causing much energy to be lost. This energy appears in the system
as heat. Too much heat generation can damage the structure, thus making it necessary to use
some type of cooling system. Cooling has been used often in high frequency applications, and
the analysis involves the use of basic heat transfer relationships. However, it is possible that new
reduced-hysteresis materials have eliminated the need for a cooling system. These new materials
can operate at very high frequencies with relatively low heat generation. The total heat
generation of the selected piezoelectric actuator will be calculated, and an according cooling
system, if necessary, will be designed.

5.2.4 COMPONENT LIFE AND RELIABILITY

Piezoelectric actuators have been tested and have shown no loss of performance up to billions of
cycles. However, no formula exists to calculate the lifetime of a piezoelectric element due to the
many parameters that have a nonlinear influence on performance. These parameters include
temperature, humidity, voltage, acceleration, load, operating frequency, and insulation materials.
It is imperative that a suitable orientation of the actuator and an optimized set of working
conditions are chosen to maximize its life.

5.3 DRIVE TECHNIQUE COMPARISON

One of the first decisions is to select the type of actuator to be used to drive the servo. Many
aspects such as size, cost, heat generation, necessary control scheme and potential acceleration
are evaluated. The following is a comparison of four different types of actuation:
magnetostrictive, Lorentz force, variable reluctance (electromagnetic), and piezoelectric.

5.3.1 MAGNETOSTRICTIVE

Magnetostrictive materials expand when exposed to a magnetic field. Conversely, a strain in
these materials will result in a changed magnetic field (also called the Villari effect). This
property is caused by magnetic domains inside a material. When exposed to a magnetic field,
the randomly oriented domains align, causing a strain in the material. Controlling the initial
configuration of the domains through the fabrication processes using thermal annealing and cold
working can optimize this effect. Some common magnetostrictive materials include iron, nickel,
cobalt, and terfenol.
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According to NASA [4], these materials can operate at higher temperatures and generally
undergo higher strains with lower input voltages than piezoelectric materials. However, limited
work has been done with magnetostrictive materials. Eda [5] developed a magnetostrictive
actuator with a 2 um stroke, although no frequency response was provided for this device. Liu
[6] created a 50 um stroke magnetostrictively actuated tool holder. This system had a natural
frequency of 1.5 KHz, but no closed loop bandwidth was specified. Other problems associated
with these materials are the fact that they are not easily integrated into a control system and also
have a hysteresis effect (heat generation).

5.3.2 LORENTZ FORCE

Another possibility for diamond turning applications is a fast tool servo driven by a Lorentz
force actuator (moving-magnet galvanometer). One application of this drive technique is a
rotary servo. This type of servo is especially useful for machining spherical workpieces. The
tool holder is placed on a rotational axis attached to the base structure. This enables the tool to
access a spherical piece at its pole as well as its equator, as shown in the figure below.

workpiece workpiece \
1|FTS

spindle =] i

|

i B-axis FTS atpole

' |

cross-feed slide in-feed slide B-axis FTS at equator

@ - b

in-feed slide

Figure 5. An example of a rotary fast tool servo set up for operation on a two-axis lathe. Side
view (left). A top view (right) shows the servo’s ability to engage the workpiece at its pole and
equator by rotation about the B-axis.

A rotary servo offers other attractive qualities as well. The reaction forces created during the
cutting process are significantly reduced when compared to a more traditional linear servo. A
balanced rotary design can essentially eliminate linear reaction forces, leaving only torque
forces. Also, it is claimed that rotary servos have higher achievable accelerations, lower cost,
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and a more compact size than a linear FTS [7]. Finally, heat generation is not an issue for this
type of drive technique.

Much literature exists on this type of actuation. Douglass [8] developed a linear slide fast tool
servo. It was powered by a large voice coil motor. The stroke was 500 um and it has a 100 Hz
bandwidth. Greene and Shinstock also developed a linear voice coil based fast tool servo [9].
This FTS had a very large stroke of 6mm. However, the bandwidth was only 100 Hz. Due to
the low bandwidth and low mass, the dynamic system of the system was so low that the design
was not feasible for cutting applications. Todd and Cuttino [10] built a long range FTS with a
stroke of 1 mm at 20 Hz . It was driven through a rotary motor through a steel ribbon. Ludwick
and Trumper developed a rotary FTS with a bandwidth of 200 Hz, 50 G peak acceleration, and a
stroke of 30 mm [11]. This servo was driven by a commercial brushless motor and had a
resolution on the micrometer scale. Additionally, the use of a balanced rotary design cancelled
reaction forces.

Although designs using Lorentz force actuators have had success in the past, there are some
problems associated with this type of drive technique. The maximum achievable acceleration of
the motor is severely limited by the heat generated and the magnetic flux density. The
acceleration of this type of actuator falls below 100 G’s in the literature. This value is
considerably less than the necessary 1000 G’s needed for operation at 10 KHz with a 5 um
stroke.

5.3.3 VARIABLE RELUCTANCE

Another design that has been introduced is that of a variable reluctance (electromagnetically
driven) fast tool servo. This design is based around an armature that is push-pull driven by two
high frequency solenoids. A high bandwidth linear power amplifier powers these solenoids.
Attached to the armature is a very light moving mass and cutting tool, and position feedback is
obtained with a capacitance gauge observing the back of the armature. A general schematic of
the design is shown below.
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Figure 6. A schematic for an electromagnetically driven FTS

Not many researches have focused on variable reluctance actuators, most likely because of the
inherent non-linearity in such a system. Gutierrez and Ro [12] developed a magnetically driven
fast tool servo with a stroke of 800 um and a bandwidth of 100 Hz. However, the control
scheme used to improve the tracking performance had a negative effect on the resolution.
Currently, Liu et al are developing a prototype with proposed specifications of a 50 um stroke
and 20 KHz bandwidth [2].

There is no doubt that very high accelerations are achievable with the use of electromagnetic
actuators. Additionally, no problems with heat generation were described in the literature.
However, because of the inherent nonlinearity of the actuating force (proportional to the current
squared, inversely proportional to the air gap squared), the system is very hard to control.
Another problem with this method is the induced Eddy currents by the high frequency magnetic
field. These currents may reduce the force density, limiting the bandwidth. It is therefore
necessary to use materials with low conductivity properties in this design.

5.3.4 PIEZOELECTRIC

Piezoelectric materials are those that deform when subjected to an applied voltage and,
conversely, produce a voltage when subjected to a mechanical stress. In this way, piezoelectric
materials are similar to the magnetostrictive materials described earlier. Because of their high
stiffness and high achievable bandwidth and acceleration, most FTS’s use piezoelectric
actuators.

Much research has been done in this area. Patterson and Magrab designed a FTS with a 2.5 ym
and 660 Hz bandwidth [13]. The natural frequency of this design was above 1 KHz. The basis
of this servo was a moving cylindrical shell that held in line by two diaphragm flexures.
Rasmussen and Tsao used a piezoelectrically actuated FTS for asymmetric turning purposes
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[14][15]. The tool was driven with the help of a lever assembly and had a 50 um stroke and 200
Hz bandwidth. Okazaki developed a fast tool servo with 15 um stroke, 2.5 KHz bandwidth and
2 nm resolution [16]. A 19 mm long stacked ring piezoelectric actuator was used to achieve a
primary resonant frequency of 10 KHz.

Piezoelectric actuators do have some undesirable qualities. One of these is the heat generated
due to dielectric loss in the material, also known as hysteresis. Often, a cooling system must be
implemented to account for this heat generation. Another problem with piezoelectric actuators is
that expensive high-voltage amplifiers must be used to drive the system. However, new
innovations in the piezoelectric industry include much smaller piezo stack sizes as well as low
voltage/low heat generation materials. These discoveries are very promising for the possibility
of creating a FTS with a much higher bandwidth than before.

5.4 PROPOSED DESIGN

Based on preliminary evaluation of the alternatives, it appears that a piezoelectric actuator will
best fit this application. The very small sizes that are available (5 X 5 X 9 mm) as well as the
development of the low voltage piezo stacks weighed heavily in this decision. This new type of
actuator will lead to a compact design in which cooling will likely not be a major issue.
Additionally, piezoelectric actuators can be controlled through fairly conventional methods,
unlike an electromagnetically driven system. A general schematic of one possible design for a
piezoelectrically actuated system is shown in the figure below.

Ceramic tool holder

Cap gages looking at back of tool holder

PZT actuator
(5x5x9 mm long)

Figure 7. General schematic of a possible piezoelectric FTS
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5.4.1 NATURAL FREQUENCY

For the servo to have a bandwidth of at least 10 KHz, it is imperative that the first natural
frequency occurs at a much higher value. Through the use of published material properties and

estimated values for certain components it is possible to predict the natural frequency of the
system. These predictions are shown below for previous projects at the PEC in Table 1.

Equation 1 (given below) may be used to obtain the theoretical natural frequency. (Values based

on published values for PI-885.10 piezoelectric stack).

1 |k
D0 = 1)
o, = natural frequency (Hz)
k = piezo stiffnes (N /m)
m = effective moving mass (kg)
Substituting values for upcoming project,
1 [115e6N/m
"“2x\ .003kg
o, =31KHz
Table 1. Properties of previous fast tool servos developed at the PEC.
Moving Mass (g) | Stiffness (N/um) | Theoretical Experimental
Natural Natural
Frequency (KHz) | Frequency (KHz)
FLATS 225 720 9 8
TARGIT 100 484 11 9.3
FTSturbo 3 115 31 27?

This value for the natural frequency

bandwidth and should be acceptable.

of the FTSwmo 1s considerably higher than the desired

The phase lag associated with operation at 10 KHz for this system is given in Equation 2.
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-1 f
=2 o
¢ tan ( fo )

@ = phase angle (deg) (2)
f = operating frequency (Hz)
fo = resonant frequency (Hz)

Substituting,

10000
=2tan ' (———
¢ (31000)

¢ =~37°

Traditional control techniques should be able to compensate for this amount of phase lag.
5.4.2 PEAK FORCE

The maximum force created by the servo motion is an important calculation, as it will be used to
determine the preload of the piezoelectric actuator. A preload is important because such
actuators are not designed to act in tension. The maximum force (based on 10 KHz operation) is
given in Equation 3.

F. . =mAo’
m = effective moving mass (kg) (3)
A = amplitude of motion (m)
® = frequency of operation (Hz)

Substituting,

F, = (.003kg)(2.5¢ — 6 m)(27 *10000Hz)
F, =29.6N

This force will be multiplied by a safety factor but should not be so large as to be a problem.
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5.4.3 HEAT GENERATION

It is also important to determine the heat generated by the piezo. If it produces too much heat,
another alternative must be used. However, a cooling system may be developed to account for a
modest amount of heating. This calculation is obtained through the use of Equation 4.

cVif
=K——
Q 2
K = proportion of power lost to heat (4)

¢ = capaci tan ce of piezo (F)
f = frequency of operation (Hz)
V = voltage (V')

Substituting,

(0.6e— 6 F)(1007)? (10000 Hz)
2

0=.25
0 ="17.5Watts

This is not a huge amount of heat generation. However, the very small size of the piezoelectric

stack will mean a considerable rise in temperature. This temperature change is given by
Equation 5.

AT = £

mC

m = mass (kg)

C = specific heat ( ) &)

kg -°C
Q = heatin system(Watts)

AT = changeintemperature (°C/sec)
7.5Watts

AT = 7
.003kg)(430 ———
(0034e)(430, 7 )

AT =5.8°C/sec

The small surface area of the piezoelectric stack will make it difficult to remove the required
amount of heat with room temperature air. A cool air convection system or some type of fluid
cooling system will most likely have to be implemented to control the temperature of the system.
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5.5 CONCLUSIONS

Research as well as basic calculations show that a piezoelectric actuator will indeed be suitable

for this application. This type of material provides a high natural frequency without generating a
very large amount of heat. While a foundation has been laid, much work remains to be done.

Each challenge enumerated above must be carefully considered. Future work includes plans to

design the housing and moving sections of the FTS, design and implement a control scheme, and
create a cooling system, if necessary. The system will then be rigorously tested under a variety

of different conditions to assess accuracy. Final adjustments will be made, and an in depth thesis

will be written which describes all phases of the project in detail.
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6 FORCE FEEDBACK CONTROL OF TOOL
DEFLECTION IN MINIATURE BALL END MILLING

David W. Hood
Graduate Student
Gregory D. Buckner, Thomas A. Dow
Department of Mechanical and Aerospace Engineering

This research demonstrates that force feedback can be used to predict tool deflection and
compensate for deflection during the milling operation, reducing susceptibility to uncertainties
in model parameters and workpiece alignment. Two specific force feedback approaches are
presented here: cutting depth prediction (based on a non-dynamic cutting force model) and tool
deflection prediction (using a non-dynamic model of tool stiffness). Real-time control algorithms
incorporating both methods were implemented and evaluated on a high-speed air-bearing
spindle. A non-dynamic tool force model developed previously at the Precision Engineering
Center used measured forces to predict depth of cut. A separate tool stiffness model was
developed to predict tool deflections (axial and radial) based on measured forces. Experiments
involving machined grooves in hard steel workpieces, including simple slotting cuts and three-
dimensional finishing operations, were conducted at various tool tilt angles to evaluate the
effectiveness of force feedback control. Results indicate that profile errors can be reduced up to
80% compared to non-compensated cases. These results confirm that real-time force feedback
control can significantly improve the dimensional tolerance and accuracy of injection molds
created using miniature ball end mills.

Z

Actual depth
y X

Desired depth

Deflection

78



6.1 INTRODUCTION

Injection molding is an important manufacturing process for optical and mechanical components.
The hard steel dies used in this process play a direct role in the quality of molded parts.
Traditionally, fabricating these dies involved rough milling followed by heat treatment, grinding,
and polishing to the desired shape. Recently, high-speed machining of heat-treated steel
(hardness > 55 R.) has become a viable approach for reducing fabrication times while retaining
the necessary shape control. However, as feature sizes drop below 1 mm with dimensional
tolerances on the order of 10 um, tool deflection can create significant errors in the shape of
mold surfaces. Deflections associated with miniature ball end tools can exceed 30 um, rendering
finished dies out of tolerance.

To date, most of the research associated with milling tool deflection compensation has involved
open-loop techniques that use non-dynamic models of the cutting process to modify the desired
tool path prior to cutting [3, 4, 5, 6, 7]. Research conducted at NCSU’s Precision Engineering
Center (PEC) resulted in open-loop correction techniques for tool deflection of miniature ball
end mills [2]. This effort used a non-dynamic tool force model developed for diamond turning
and modified it for ball end milling. These modeled cutting forces were used to predict tool
deflections for specified machining conditions, and to modify the tool path before cutting. The
specified tool path, together with a CAD model of the workpiece surface, were used to determine
the depth of cut, feed rate, and normal cutting force vector. This information was then used to
predict the magnitude and direction of cutting forces and tool deflections, which were used to
modify the tool path off-line (prior to cutting). Form errors were reduced from 50 um to less
than 10 pm with accurate knowledge of the cutting conditions and parameters.

Despite the promising results obtained from off-line tool deflection prediction and open-loop
compensation, these methods rely on accurate models of the cutting process and cannot adapt to
changes in model parameters, disturbances in the cutting process, or uncertainties associated with
workpiece alignment. Thus, open-loop compensation results are only as accurate as the assumed
model parameters and workpiece characteristics. For example, a worn tool may have wearland
and radius dimensions different than expected or the workpiece may be inaccurately positioned,
resulting in cutting depths that are larger or smaller than expected. Critical model parameters
such as tool wearland, workpiece material properties, and instantaneous spindle speed are
difficult to estimate, and may change dramatically during milling.

This report demonstrates that force feedback can be used to predict tool deflection and
compensate for deflection during the milling operation, reducing susceptibility to uncertainties in
model parameters and workpiece alignment. Two specific force feedback approaches are
presented here: cutting depth prediction (based on a non-dynamic cutting force model) and tool
deflection prediction (based on a non-dynamic model of tool stiffness). Real-time control
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algorithms incorporating both methods were implemented and evaluated on a high-speed air
bearing spindle. A non-dynamic tool force model developed previously at the PEC used
measured forces to predict depth of cut. A separate tool stiffness model was developed to predict
tool deflections (axial and radial) based on measured forces. Experiments involving machined
grooves in hard steel workpieces, including simple slotting cuts and three-dimensional finishing
operations, were conducted at various tool tilt angles to evaluate the effectiveness of force
feedback control. Results indicate that profile errors can be reduced up to 80% compared to non-
compensated cases. These results confirm that real-time force feedback control can significantly
improve the dimensional tolerance and accuracy of injection molds created using miniature ball
end mills.

6.2 MODELING TOOL FORCES AND DEFLECTIONS

The tool force model developed by Clayton [12] can be used to calculate cutting and thrust
forces during milling operations. Inputs to this model include material properties and friction at
the rake and flank faces of the tool. Tool geometry and cutting conditions are used to find the
cross-sectional area of the chip and the area of contact between the flank face of the tool and the
workpiece. The model can be expressed:

F = 35WA, cot(y)+1 v A | 217w 1505w (0
3043
F = 35uWA. ( cot(y) 1]+ 4] 217w 1505w @)
3 J3 E
where:
F. = cutting force u = friction coefficient on the rake face
F; = thrust force W = volumetric work
A." = cross-sectional area of the chip ¢ = shear angle in the workpiece
Ay "= area of the tool flank face E = Young’s modulus of the workpiece

ur= friction coefficient on the flank face

These forces rotate with the flank face of the milling tool, but can be readily converted to
orthogonal forces (in the x, y, and z machine directions) for comparison to experimental
measurements using the three-axis load cell.

*parameter is a function of depth, d, and feedrate
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6.2.1 MEASURED TOOL FORCES

Preliminary cutting experiments were conducted on a Nanoform 600 Diamond Turning Machine
(DTM) (Figure 1) to validate the tool force Equations (1) and (2). Cutting forces were measured
using a Kistler three-axis piezoelectric load cell, shown in Figure 2. This load cell was mounted
below the workpiece on the x-axis of the diamond turning machine, while the high-speed spindle
was mounted on the y-axis slideway (Figure 1). Experimental results for an S-7 steel workpiece
machined at a spindle speed of 10,000 rpm, a feed rate of 100 mm/min, a tool tilt of 25 degrees
with respect to the z-axis, and a cutting depth of 100 pm, are presented in Figure 3.

Figure 2: Workpiece mounted on three-

Figure 1: Nanoform DTM machine and setup e )
axis piezoelectric load cell

This plot compares modeled cutting forces I —Fredeed X —Predicedy
. . . - - - Predicted Z o Measured X
with measured cutting forces for a single 7 . MeasuredY o Measured Z

revolution of the tool. The z-component of
force in Figure 3 is dominated by thrust force
(2). The x and y force components are
influenced more by cutting force (1), which 1
rotates in the plane of the workpiece and
changes from an x-direction force to a y-

direction force every quarter rotation of the 0 30 60 90 120 150 180 210 240 270 300 330 360
tOOl Tool Rotation (deg)

Force (N)
w

-3

Figure 3: Measured and predicted orthogonal
cutting forces: 25 degree tool tilt
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6.2.2 TOOL STIFFNESS AND DEFLECTION

The long shank, ball end milling tools used in this research have a 4.0 mm shank with a 0.8 mm
ball diameter end. When used to fabricate free-form surfaces, the tool can be loaded in the axial
direction, the radial direction, or both. The tool stiffness is significantly lower in the radial
direction (Table 1), therefore regions of a machined surface where the tool is loaded primarily in
the radial direction will be subject to large tool deflections and form errors.

Table 1: Measured and computed stiffness values for long shank, ball end tools

Axial Stiffness (N/m) 1421000
Radial Stiffness (N/m) 98930
25 degree Tilt Stiffness - Calculated (N/m) 419565
25 degree Tilt Stiffness - Measured (N/m) 455120

For most of the experiments presented in this section, the tool was tilted at a 25 degree angle
with respect to the z-axis to emphasize the effects of tool deflection. For arbitrary cutting
conditions, the tool stiffness in the direction orthogonal to the workpiece (normal tool stiffness
k,) can be determined by the experimentally validated expression:

L=k, = . )

where:
0, = normal tool deflection k. = radial tool stiffness
F,, =normal tool force @ = tool tilt angle

k, = axial tool stiffness

6.3 CLOSED-LOOP COMPENSATION OF TOOL DEFLECTION

Real-time force feedback can be used to
predict and compensate for tool
deflection during milling operations,

reducing susceptibility to uncertainties z

in the model parameters and workpiece
Actual depth
y X

Desired depth

alignment. Two specific force
feedback approaches are presented
here: cutting depth prediction (based on

a non-dynamic cutting force model) and
tool deflection prediction (using a non-
dynamic model of tool stiffness).
Figure 4 illustrates the effect that tool

Deflection

Figure 4: Tool deflection with desired and actual
depth
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deflection has on a groove profile. The tool tip is programmed to follow a desired path.
However, due to deflection the tool tip, the tool actually creates a depth of cut less than desired
(labeled “actual depth” in the figure). The shaded area in this figure represents material not
removed due to tool deflection.

6.3.1 CUTTING DEPTH PREDICTION

Nanoform 600 DTM

Figure 5 shows a block diagram for the :r Cuting
|
|

1 s gl PMAC Controller Conditions
cutting depth  prediction  control

Actual
Cutting

Programmed Servo and Spindle

|

|

|

|

|

|

Tool Path Controller —m Slideway (mf and Tool Force |

- | Dynamics Dynamics :

Predicted ot | |
Depth Hting Low-Pass ! Load Cell

Force } :

' |

the instantaneous depth of cut, and then Cutting

calculate an error equal to desired depth e |
minus predicted depth. Once this error
is known a motion program either holds

Cutting

|
|
algorithm. The concept behind this !
algorithm is straightforward: start with | :
. . |
a desired tool path, measure real-time i Foree Fitorng [+} Dynarmics
Filtered,
cutting force, use cutting conditions and ! omeasured o=
a non-dynamic force model to predict l :
| |
| |
| |

Figure 5: Diagram of predicted depth algorithm

z-axis position (depth of cut), advances z-axis position, or reduces z-axis position. The error
calculated by the PID control algorithm is:

error = desired depth — predicted depth (4)
&= Xa — JE(F, l//)

Using the validated cutting force model, cutting depth can accurately be predicted based on
cutting conditions. This predicted cutting depth #(F,y) is a function of the cutting force model
that includes 14 cutting parameters y. In this way the system can correct for errors associated
with tool deflection and misalignment of the workpiece.

Advantages of Cutting Depth Prediction

* Precise alignment of the workpiece with respect to the axes of the machine is not necessary
as this method uses only force feedback in the control algorithm without reference to
machine axes

* The created profile is referenced to the workpiece surface; therefore precise knowledge of the
workpiece surface before cutting is not necessary

* Cutting parameters required by the cutting force model (spindle speed, feed rate, material
properties, etc.) are not difficult to determine
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Disadvantages to Cutting Depth Prediction

*  Wearland of the tool is difficult to measure and changes during machining
* Because it relies solely on force feedback to predict cutting depth, stability is a major concern
for this control algorithm. During tool breaks and interruption of cuts, the instantaneous

force goes to zero and thus the predicted depth of cut is zero. If the desired depth of cut is
not zero, a large error exists in the control algorithm, resulting in large corrective federates
and possible tool breakage and damage to the machine.

* Implementation and changes from encoder feedback to strictly force feedback is difficult
because of the disadvantages listed above. To implement force feedback, both desired depth
of cut and predicted depth of cut need to be approximately the same value, otherwise large

errors can appear in the control algorithm.
* The algorithm is sensitive to drift and electrical noise in the load cell

6.3.2 TooL DEFLECTION PREDICTION

A block diagram of the control
algorithm predicting deflection
using a model of tool stiffness is
shown in Figure 6. The concept
behind  this  algorithm s
straightforward: start with a
desired tool path, measure real-
time cutting force, use the tool
stiffness model and measured
force to predict tool deflection,
calculate an error equal to
desired position minus DTM

PMAC Controller Nanoform 600 DTM

Cutting
Conditions

Actual |
Servo and Spindle Cutting |

Controller |——m| Slideway and Tool Force -
Dynamics Dynamics

DTM Encoder Position

Programmed l
Tool Path +/~~

Y

+
-

' |
PredicledL Tool |
Deflection Stiffness Low-Pass :
|

|

|

Dynamics [

|
I I
| I
| I
| Load Cell |
| I
| |

Filtering
Model | Fijtered,

Measured
Cutting Force

Figure 6: Diagram of predicted deflection algorithm

encoder position plus predicted deflection. Once this error has been calculated, PID control
either holds position, moves further into the workpiece in the z-direction increasing the depth of

cut, or moves out from the workpiece decreasing the depth of cut. With a validated stiffness

model, deflection can accurately be predicted based on tool stiffness and a measured real time
cutting force. In this way the system uses real-time force feedback to correct for errors

associated with tool deflection and uses encoder feedback to maintain tool path stability. Error

calculated by the PID control algorithm is:

error = desired tool position —encoder axis position + predicted tool deflection (5)

E=Xx,—X+0,
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Advantages to Deflection Prediction

* Wearland, spindle speed, feed rate, material properties, and depth are no longer required
inputs to the cutting force model

* Deflection is dependent only on tool stiffness (which is a function tilt angle)

* Tool stiffness is easily calculated from measurements of axial and radial tool stiffness

* Encoder feedback ensures stable and reliable execution because it is a continuous, additional
feedback mechanism. If cutting force goes to zero, the predicted deflection equals zero and
the machine operates as if there was no force feedback in the control algorithm

* Load cell noise and drift are still critical to machining stability and accuracy, however, they
affect predicted deflection only (which is typically of a smaller magnitude than DTM
encoder position)

Disadvantages to Deflection Prediction

*  Workpiece alignment with respect to the machine axes plays a direct result on the completed
cut profile

6.4 EXPERIMENTAL IMPLEMENTATION

All experiments were conducted using a Nanoform 600 DTM with 3 orthogonal linear axes and a
high-speed milling spindle (Figure 1). The spindle is a Westwind air bearing, turbine unit with a
maximum speed of 60,000 rpm. The cutting tools are two-flute, long shank, ball end milling
cutters with a diameter of 0.8 mm and a length of 4 mm. A Kistler three-axis piezoelectric load
cell supports the workpiece, and is used to measure the tool forces in real-time. A Delta Tau
Programmable Multi-Axis Controller (PMAC) system collects data from the load cell in real
time, controls the DTM milling machine, computes the corrected slide command, and
incorporates constant feedback for all three axes.

Originally, implementation of force feedback algorithms involved taking a desired profile and
breaking it into a large number of incremental steps. Thus a cut might be broken down into
thousands of increments each spanning tens of micrometers depending on the desired resolution
and groove profile. Each increment was programmed as a separate line in a PMAC motion
program. This approach, however, required relatively high federates and resulted in excessive
accelerations that were prohibited by PMAC limits.

Real-time implementation of force feedback algorithms was accomplished using a custom
motion program, written in machine g-code, which performed the following functions:
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e read axis encoders

e calculate desired tool path

e calculate tracking error

e acquire force measurements

o filter force measurements

e calculate predicted cutting depth/tool deflection
e compensate for error in depth/deflection

e output control voltage to each axis servomotor

The PMAC was setup such that all three DTM axes were in a “dwell state”, allowing the motion
program to completely determine the voltage commands for each axis servo. Each of the three
axes was controlled using custom digital proportional+integral+derivative (PID) algorithms. To
ensure real-time  execution, a

dSPACE 1102 data acquisition
(DAQ) system was used in —

DSPACE Digital Controller

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

—»|  First Order Digital Filter

conjunction with the PMAC. This P Fer vae Caplure ﬁ>ﬂ 3
system acquired the x, y, and z- 3 ! U

t tool fi t li 1 Reset ToolStffnes | | ineor | |
component tool forces at a sampling ; ingFore | |

rate of 10,000 Hz. It also filtered the s vty pes R
force data, captured the maximum
force, and calculated either the
predicted cutting depth or predicted

! i
! Predicted Predicted |
| |
| |

Deflection Depth

While Loop
Execution

then transferred as an analog signal to
the PMAC for axis control. Figure 7 T PAG Contater
shows a functional diagram of the Figure 7: Diagram of dSPACE peak and hold
real-time signal processing performed
on the dSPACE 1102 system.

tool deflection. This prediction was

algorithm

6.4.1 MAXIMUM FORCE IDENTIFICATION

The success of both force feedback approaches depended heavily on accurate, real-time
identification of the maximum cutting force. This identification process was complicated,
however, by the fact that cutting forces vary from a minimum value (which can be zero or even
negative) to a maximum value at twice the rotational speed of the tool (Figure 8).
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A “maximum force identification” 16

Measured Cutting Force

algorithm was programmed using 18 \sentfod Maximum Force
Simulink software and implemented on 49 | [ Fitered Maximum Force
the dSPACE 1102 system. First, the
cutting force data was filtered using a
5" order Butterworth low-pass filter
with a 400 Hz cutoff frequency to

-
o

Normal Force, F, (N)
o (o)

L L L
S

eliminate noise above the spindle 1 LN W ' ‘ |
frequency (333 Hz). Next, a Simulink 21 | u
“maximum capture” function identified 01

the peak force per spindle rotation. This -2

0 5 10 15 20
x Position (mm)

rotations of the tool based on a trigger  Figure 8: Experimental cutting force measurements
pulse is acquired from the spindle. and identified maximum force

Figure 8 shows measured cutting force

maximum force was reset every two

and maximum force identified using this algorithm from a typical cutting experiment (feedrate =
100 mm/min, spindle speed = 10,000 rpm, depth = 70 um).

Because the dSPACE system processed cutting data at 10,000 Hz, no fewer than 60 force
measurements were acquired per rotation of the tool (30 per tooth). Sampling at this frequency
improved the accuracy of the maximum force identification, and enabled effective
implementation of the deflection compensation algorithms.

6.4.2 DEFLECTION COMPENSATION

Once the maximum cutting force was identified, the predicted cutting depth or predicted tool
deflection was calculated (depending on which compensation algorithm was selected), and this
value was transferred to the PMAC motion program as an analog signal. In the PMAC motion
program, a first-order digital filter was implemented to filter the predicted cutting depth or tool
deflection. Since the maximum force was reset every two rotations of the tool, step changes in
this predicted value occurred from one revolution to the next. These step changes had
destabilizing effects on the axes controllers, but the low-pass filter reduced abrupt variations and
improved the robustness and performance of both compensation algorithms.

6.5 EXPERIMENTAL EVALUATIONS

To evaluate the effectiveness of the force feedback deflection compensation algorithms,
extensive series of machining experiments were conducted on the Nanoform 600 DTM. Groove
profiles were machined in S-7 tool steel samples (hardness > 55 R.) mounted to the three-axis
load cell (Figure 2). The workpiece was aligned with the axes of the Nanoform and cuts were
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made along the x-axis (left to right) with the tool tilted at 25 degrees from the z-axis to
emphasize the effects of tool deflection. The following sections detail these experimental
evaluations.

6.5.1 LINEAR SLOTTING CUT EXPERIMENTS

Slotting cuts with linearly varying depth were made with and without compensation to evaluate
the performance of real-time deflection compensation. Slots spanning 20 mm and 0-80 pm in
depth were programmed, using a spindle speed of 10,000 rpm and a feed rate of 100 mm/min.
This spindle speed was determined to be the minimum speed that provided adequate torque to
make cuts in tool steel, and the feedrate was chosen to give a chip load of 5 um/flute (which is
on the order of the wearland of the tools and is acceptable machining conditions). The tool tilt
angle, 25 degrees, was chosen to emphasize the effects of tool deflection.

Predicted Depth Compensation

Typical results for closed-loop compensation using predicted cutting depth and a non-dynamic
cutting force model are shown in Figure 9, with the upper plot representing the uncompensated
cutting profile, the middle plot representing the compensated profile, and the lower plot
representing the desired profile. These profiles were measured using a Talysurf profilometer.

Profile errors were not significantly improved at the start of the groove, as both the compensated
and uncompensated cases reveal similar errors (approximately 0-6 pum) for the first § mm of
cutting. From this point forward, however, predicted depth compensation significantly reduced

profile errors and produced more 20

desirable results. Maximum error in the __Compensated

compensated groove is on the order of 8

um (at a horizontal location of 8 mm), Uncompensated

N}
S
|

while maximum error (deflection) in the

uncompensated groove reaches a
Desired

z Position (um)
A
o

maximum of 14 pm at a location of 18

&
S
|

mm. This equates to a 43% reduction in

grOOVe prOﬁle CITor. -80 4 — Uncompensated profile
— Compensated profile (predicted cutting depth)
— Desired profile

-100

There are several reasons for this lack of . : o s %

error reduction at the start of the groove. x Position (mm)
One involves implementation issues Figure 9: Experimental profile measurements:

associated with the Nanoform 600 DTM. predicted depth compensation, linear slotting cut

When transitioning from encoder
feedback to force feedback, measurable
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force needs to exist for cutting depth prediction to prevent a tool crash into the workpiece.
Therefore, this method of compensation must be implemented after the tool begins to impart a
force on the workpiece. A rotating tool is incremented toward the workpiece until a small force
(on the order of 0.1 N) is measured. The axes are disabled and then the mode of machine
operation is changed from encoder feedback to depth prediction compensation (force feedback).
The axes are enabled, and the experiment begins. Initially, the desired cutting depth is zero.
However, there is a measurable force, thus the predicted cutting depth is greater than zero. As a
result, the control algorithm commands an initial move away from the workpiece, resulting in
significant profile errors at the start of the groove.

Another source of error in the compensated profile involves the theoretical cutting depth vs.
normal cutting force relationship, which has a very small slope at small cutting depths, making it
difficult to measure forces at this operating condition due to their intermittent behavior. Thus, a
small change in depth has a large effect on the force and limits this method’s accuracy. As the
depth increases, the forces become less intermittent (more consistent), resulting in more accurate
predictions of cutting depth.

It should be noted that the results shown in Figure 9 represent the only acceptable results out of
approximately 35 experiments conducted using this method of compensation. As a result, the
second method of compensation using deflection was investigated to a much greater extent.

Predicted Deflection Compensation

Next, the predicted deflection compensation method (6) was compared to uncompensated

machining. A typical set of results is 0

shown in Figure 10, with the upper plot
representing the uncompensated cutting

0

-10 4

profile, the middle plot representing the

-20 4

compensated profile, and the lower plot £ 40 — Uncompensated
representing the desired profile. § w0l
8
o .50 4
. . N
Profile errors were significantly and N
. . -60 7 — Uncompensated profile Desired
consistently improved throughout the
. . . 70 71— Compensated profile Compensated
cutting experiment. Maximum profile (predicted tool deflection) P \
. . . -80 1| — Desired profile
errors  with  predicted  deflection

-90 T T T T
compensation are approximately 4 pm, 0 5 10 15 20 2

X x Position (mm)
compared to 21 um with  the Figure 10: Experimental profile measurements:
uncompensated cut. This equates to an

80% reduction in groove profile error. In

predicted deflection compensation, linear slot cut
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contrast to the predicted depth compensation, errors are initially small and remain small
throughout the experiment (between +4 pm and 0 um), resulting in depth error at the end of the
groove of -2 um.

6.5.2 MODIFIED SINUSOIDAL SLOTTING CUT EXPERIMENTS

Slotting cuts with harmonically varying depth were also made with and without predicted
deflection compensation to evaluate the performance of this approach. Trials were not
conducted using predicted depth compensation due to problems with initial transients leading to
tool breakage. Grooves spanning 20 mm with a two-period modified sinusoidal profile and peak
depth of 80 um were programmed, using a spindle speed of 10,000 rpm and a feed rate of 100
mm/min with the long tool. The resulting sine wave frequency was 1.05 Hz. As before, groove
profiles were measured on the Talysurf profilometer.

A typical set of results is shown in 10 A——

Figure 11, with the upper plot

representing the uncompensated cutting ™

profile, the middle plot representing the 30|

compensated profile, and the lower plot g

representing the desired profile. Error -g 501 Compensated
in the groove profile is significantly N

improved throughout and the results Desired

show that this method of compensation 90 1{  —Uncompensated profile

reduced the form error from a maximum :gzzf;nzf;:ipmﬁle (predicted tool deflecton)

of 27 pm to 13 um. This is a 52% -1100 5 10 15 20 25
reduction in error. It can be seen that  Position (mm)

groove profile error at the start as well Figure 11: Experimental profile measurements:

predicted deflection compensation, two period

as during the groove cut is bound ) ) )
sinusoidal slotting cut

between +14 pm and —1 pum.

Profile errors in all experiments result from many different sources. Capturing the maximum
cutting forces and filtering these forces both make significant impacts on the profile created.
Also, there are significant transient responses in the DTM axes that create variations in the
modified sine wave cuts. Another source of error involves interpretation of the data measured on
the Talysurf profilometer. These and other error sources are discussed in greater detail in
Section 6.5.5.
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6.5.3 REPEATABILITY EXPERIMENTS

To evaluate the repeatability of the force feedback deflection compensation results of Figures 9-
11, each of these cutting experiments was repeated with different tools. Closed-loop cutting tests
were conducted with one tool, then repeated with a different tool on the same workpiece in a
different location. The workpiece was not removed from the DTM fixture from one experiment
to the next to eliminate misalignment errors.

Linear Slotting Cut Experiments

A typical set of repeatability results is shown in Figure 12, with the upper plot representing the
compensated profile errors for Tool 1,
and the lower plot representing the
compensated profile errors for Tool 2.

Although these results indicate excellent 7 /
repeatability, profile errors associated p R\/W (i

10

Tool 1

o

with Tool 1 are less than those associated g Nf/ W \]\/\J\WN\'\VQ
with Tool 2. These variations can be  § \
attributed to differences in the workpiece ]
surface before cutting, as well as, o
differences in tool stiffness and flute wear ™ ool T compensated rfie e redied ol cefcton
from one tool to the next. — Tool 2 compensated profile error (predicted tool deflection)
: " " 2 2
x Position (mm)
As stated previously, the workpiece was Figure 12: Experimental profile repeatability

errors: predicted deflection compensation, linear
slotting cut

not removed from the DTM fixture
between cutting tests. However,
“touching off” the surface of the part was
necessary in each case, possibly introducing errors into the experiment. It is not likely that the
precise surface location was found with the same accuracy each time, resulting in profile errors
from one tool to the next that could not be determined from a Talysurf measurement only. This
“touching off” the workpiece surface is a procedure where a rotating tool was incremented 1 pm
in the z-direction toward the workpiece surface while measuring z-force on the load cell.
Incremental movements were continued until a force of approximately 0.1 N was seen. At this
point it was determined that the surface of the workpiece was found.
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Two-Period Modified Sinusoidal Profile

Another typical set of results is shown in Figure 13, with the upper plot representing the

compensated profile errors for Tool 1,
20

and the lower plot representing the Tool 1

compensated profile errors for Tool 2. 1 / W;/‘/\
This experiment reveals that the 10 l
correspondence between both 51 W w \ // W LK
experiments with the same compensation g o J WMN L

algorithm and cutting parameters is good. g s \

There is some error at the end of the
groove profile for Tool 1 that is not seen

for TOOI 2 The reason for thlS iS nOt — Tool 1 compensated profile error (predicted tool deflection)
-20 L
clear hOWGVer, as all parameters are the — Tool 2 compensated profile error (predicted tool deflection)
1 25 . . ; ,
same and the part was not realigned . : . - - N
between each experiment. x Position (mm)

Figure 13: Experimental profile repeatability
errors: predicted deflection compensation, two
period sinusoidal slotting cut

6.5.4 INVESTIGATING PROFILE ERRORS IN SMALL GROOVE CUTTING
EXPERIMENTS

The causes of profile errors in the small groove experiments are difficult to determine
exclusively from Talysurf measurements. To investigate the effects of controller inputs on
groove profiles, cuts were made while the following variables and parameters were measured:

e unfiltered cutting force

o filtered cutting force

¢ identified maximum cutting force
e encoder position

o filtered tool deflection

e PID compensation errors

e workpiece surface before cutting

Groove profile measurements were made and compared statistically with these acquired

measurements. To make these statistical comparisons, cross-correlation coefficients were
computed between each gathered variable and the measured groove profiles.
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Uncompensated Linear Slotting Cut: Cross-correlations

An uncompensated linear slotting cut was made as outlined in Section 6.5.1, and the variables
highlighted on page 94 were acquired during cutting. For this uncompensated experiment, the
correlations between cutting force to groove profile and controller variables to groove profile are
easily separated, as encoder position is the only feedback variable (cutting force is measured but
not used in the algorithm). Therefore,
the effects of controller variables and

— Butterworth filtered force Maximum IfOI'C
cuttmg force on groove proﬁle 1] —Maximum captured force /

measurements should be apparent, as
should the relationship between each.
Figure 14 shows the filtered cutting force
and maximum capture force for this

Normal Force, F,, (N)
w

uncompensated  experiment. The 27

resulting profile measurement is shown in i

Figure 15, where the maximum cutting 01

force appears to be strongly correlated to -1 e

this profile. Comparing Figure 14 to -20 : . . ” )
Figure 15 reveals similar irregularities at x Position (mm)

approximately 3 mm, 11 mm, and 20

mm. Thus it is expected that the Figure 14: Experimental force measurements:

filtered and captured maximum cutting force,

maximum cutting force and groove ) .
uncompensated linear slotting cut

profile should have a strong correlation.

The workpiece surface profile before cutting is shown in Figure 16. This surface appears to have
irregularities as well, and could possibly play an important role in the groove profile created.
This figure reveals a significant variation in workpiece surface between 3 and 4 mm that appears
to have an effect on cutting force. Therefore, is seems likely that cutting forces are dependent on
workpiece surface profiles, and measured groove profiles are dependent on cutting forces. To
validate these expectations, a cross-correlation analysis was performed on the acquired data, with
results presented in Table 2.
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Figure 15: Experimental profile Figure 16: Experimental workpiece surface
measurement: uncompensated linear slot cut profile measurement before cutting

The wvariables with the strongest
correlation coefficients are PMAC z-

; .. linear slotting cut
axis encoder position (-0.9989), PMAC

Table 2: Cross-correlation coefficients for uncompensated

filtered tool deflection (-0.9693), and Control Cross-correlation
dSPACE captured maximum force (- Variable coefficient
. Unfiltered cutting force (1SPACE) -0.4808
0.8634).  The strong correlation 1o o o o force (dSPACE) 20.5134
between PMAC encoder position and  |Captured maximum force (dSPACE) 20.8634
groove profile is expected; it implies Filtered tool deflection (PMAC) -0.9693
that the tool tip is following axes Z-axis gncoder position (PMAC) -0.9989
. Proportional error (PMAC) 0.1881
movement and creating the profile Integral error (PMAC) 20,2892
measured on the Talysurf. There is also Derivative error (PMAC) 0.0612
a strong cross-correlation between  |Servo voltage (PMAC) 0.0499
PMAC tool deflection and dSPACE Workpiece surface before cutting -0.2097

captured maximum  force  with
measured groove profile, so it can be concluded that the maximum force during machining has a
strong relationship with groove profile created.

Compensated Linear Slotting Cut: Cross-correlations

A linear slotting cut was then made using the deflection compensation algorithm and the same
cutting conditions outlined in Section 6.5.1. The variables highlighted in Section 6.5.4 were
again acquired during cutting. In this experiment, the correlations between cutting force to
groove profile are related, as the control algorithm includes force feedback. Figure 17 shows
the filtered cutting force and the capture maximum force for the compensated experiment. The
resulting
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Figure 17: Experimental force
measurements: Butterworth and maximum
force capture, compensated linear slot cut

groove profile is shown in Figure 18. It can be
seen that the maximum cutting force appears to
be correlated to the groove profile. Comparing
Figure 17 to Figure 18 at approximately 3 mm
that both profiles have similar
irregularities. A similar irregularity occurs at 11
mm and again near the end of the groove. Thus
it is expected that the maximum cutting force and
groove profile should have a strong correlation,
and this is validated in the correlation
coefficients presented below (Table 3).

shows

The variables with the strongest correlation to
groove profile are the same as in the
uncompensated case: PMAC z-axis encoder

z Position (Om)
I
o

-50 \_\/\
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-70 4
-80 1
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x Position (mm)

Figure 18: Experimental profile
measurement: compensated linear slotting
cut

position (-0.9989), PMAC filtered tool deflection (-0.9693), and dSPACE captured maximum
force (-0.8634). The strong cross-correlation between encoder position and groove profile is
expected, and implies that the tool tip is again following axes movements and creating variations

in measured groove profiles.

Because of the high cross-correlation between PMAC tool deflection and dSPACE captured
maximum force with groove profile, and the direct feedback of cutting force in the algorithm
controlling the DTM axes, improvements to the peak force measurements during result in groove

profiles with less error and reduced variance.
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Table 3: Cross-correlation coefficients for compensated
linear slotting cut

Control Cross-correlation

Variable coefficient
Unfiltered cutting force (dSPACE) -0.4623
Filtered cutting force (dASPACE) -0.4936
Captured maximum force (dSPACE) -0.8569
Filtered tool deflection (PMAC) -0.9707
Z-axis encoder position (PMAC) -0.9989
Proportional error (PMAC) 0.183
Integral error (PMAC) -0.3003
Derivative error (PMAC) 0.0415
Servo voltage (PMAC) 0.0235
Workpiece surface before cutting -0.2299

6.5.5 ERROR SOURCES IN SMALL GROOVE CUTTING

The investigation of cross-correlation between different machining variables and resulting
groove profiles for small groove experiments led to several important results. As discussed in
the last section, dSPACE captured maximum force and PMAC filtered tool deflection have the
strongest relationships with groove profile. This suggests that, for closed-loop machining,
removing variations and inaccuracies in peak cutting force results in reduced tool deflection
variations and therefore smoother and more accurate groove profiles. Other sources of profile
error were identified in these experiments, however, and are addressed in the following sections.

Talysurf Profile Measurement Errors

One source of profile error involves Talysurf 10
measurement processing and comparison to o@\
desired profiles. This error should not be -10

confused with workpiece alignment error,
which  occur  while taking  Talysurf
measurements. Instead it involves interpreting

z Position( pm)
, ) b
o

the measured profiles. Figure 19 shows three ~— Measurerment nurmber 1
60 +| — Measurement number 2 N
groove measurements made on the Talysurf. — Measurement nuber 3
-70 T T T T
0 5 10 15 20 25

x Position (mm)

These three profile measurements were made
on the same groove. For each measurement,

the workpiece was removed from the Talysurf Figure 19: Repeatability measurements made

- ] on Talysurf
stage, repositioned and to the Talysurf axis.

Figure 19 shows that measurements 2 and 3 are well aligned (left to right). However,
measurement 1 is considerably shifted with respect to the other two. This alignment error is a
result of data interpretation after making a Talysurf measurement, not the actual measurement
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process. Misalignments in measured data are difficult to separate from error introduced through
compensation technique.

This misalignment problem arises from the fact that it is difficult to determine exactly where a
groove begins and ends. Thus, the proper relationship between desired groove profile and
measured groove profile from Talysurf data is difficult to determine. Small variations in
alignment of the measured groove profile with respect to the desired can result in drastically
different measurements of the error. All such errors are interpreted as performance limitations of
the compensation algorithm, when in fact they result from misalignment of the measured groove
profile to desired profile.

Another source of error related to processing and interpreting Talysurf profile measurements
involves workpiece tilt. Following each measurement, a linear regression is performed to
remove “workpiece tilt” from data. This regression is performed separately for each
experimental groove, thus points used from one groove to the next are different and could lead to
differences in measurement. Figure 20 shows profile measurement data with (modified profile)
and without (unmodified profile)
workpiece tilt removed.  Figure 20

= N
o o

shows that before removing workpiece
tilt from the data, the unmodifed profile
starts at —10 um and ends at 10 pm.
This effect results from the Talysurf
stage or the workpiece surface being
misaligned with the Talysurf probe tip

1 —.
Modified profile
o

Unmodified profile

N

0 5 10 15 20 25
x Position (mm)

z Position (um)

S b A LN 4
S © o & © o o
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axis. By removing this tilt from the data,

4
o
‘

the measurement can be compared to

. — Unmodified profile
desired profile that starts at 0 pm deep 80 1 _ Modified profile
and ends at 80 um.

@
o

o
<3

The highlighted regions on the

unmodified profile show the portions of Figure 20: Removing workpiece tilt from Talysurf

. rofile measurement data
the measurement used (by the linear P

regression) to remove workpiece tilt.
Clearly the selection of reference points used in the regression process could lead to variations in
the comparison to desired profiles.

Transient Response of the DTM Axes

The DTM axes used in the small groove experiments have inherent transient response
characteristics that affect the machining performance. These transient responses would typically
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be neglected in experiments with limited travel and federates. However, in experiments where
the z-axis travel is on the order of 100 pm with feedrates of 100 mm/min, the z-axis transient
response has an effect on groove profile created. Figure 21 shows the transient

response of the z-axis (without cutting) tracking a linear groove profile. At the start of motion,
the z-axis has a small transient characteristic, an undershoot, where the axis actually moves
backwards and then along the correct path. This transient effect is more evident in the two-
period modified sinudoidal profile.

Similar undershoots are evident at the

start of the groove and upon changes in 10

direction at approximately 3, 6, and 9 01

seconds. Ultimately, these undershoots 107

appear as groove profile errors and due

to the limited bandwidth of the DTM, 27

they are difficult to remove. Each DTM ‘2 :Z

axis weighs approximately 500 pounds, ~ 60

thus controlling transients requires very 70

large actuation forces and torques. As 80 1

stated previously, the DTM is a high- -90 : : : :
precision machine not designed for 0 ° X Position (mm) 2 %

rapid changes in cutting direction.

Although this machine performs well Figure 21: Transient response of z-axis to a linear
when moving in straight lines at groove profile (non-cutting)

constant velocities, it is expected to

have transient response problems when making cuts requiring direction reversals (modified sine

waves, etc.).
6.5.6 LARGE GROOVE EXPERIMENTS

The experimental slotting cut results presented here indicate that the tool stiffness model (6)
accurately predicts tool deflections, as every profile measurement created with predicted
deflection compensation was within 20% of the desired profile.

These cutting experiments were conducted using a fixed tool tilt and varying depths of cut.
However, the situation for most machining operations is more complicated and involves varying
tilt angles as well as varying depths of cut. To verify that predicted deflection compensation is
effective for more general machining, more comprehensive “large groove” experiments were
conducted. The goal of these experiments was to create surfaces in which the cutting forces on
the ball end mill vary in direction and magnitude during machining. These experiments also
investigated the effects of forces that act in the plane of the workpiece surface.
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These “large  groove”  experiments
involved fabricating a 0.5 mm deep groove
in a test specimen using a 3.0 mm ball end
mill and enlarging the groove by 100 um
using a 0.8 mm ball end mill. Figure 22 is
a schematic of the Ilarge groove
experimental setup, where finishing cuts
were made in the +y direction (bottom to
top). The sweep angle (y) was defined to
be the angle between the vertical direction
and the normal surface vector at the point
of interest (as defined in Figure 23). The

sweep angle range for these experiments
was approximately + 51°, and the desired Figure 22: Large groove experimental setup

0.8 mm_

Figure 23: Cross sectional sketch of

 / the tool path and thrust force for large
. groove experiment (where F; = thrust
/ t force and y= sweep angle)

0.6 mm

depth of cut was 100 pm. The spindle speed was 10,000 rpm, the feedrate was 50 mm/min, and
the cross feed was 25 um/pass. The magnitude and direction of cutting forces during machining
depended on the depth of cut as well as the sweep angle. The thrust force was assumed to start
out primarily as an axial force and end primarily as a radial force. This change in tool force
direction is illustrated in Figure 23, where the tool sweeps along the workpiece from left to right.
This change in force direction has a dramatic effect on the deflection of the tool during
machining due to the significant difference in axial and radial tool stiffness.

The air bearing spindle of the Nanoform 600 DTM has very limited torque at operating speeds

below 60,000 rpm. However, the DTM’s y-axis has a limited feedrate capability, requiring low
spindle speeds to achieve proper chip removal per revolution. Proper chip removal is defined as
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a feed per tool revolution on the order of the wearland. For these reasons, single-pass rough
grooves were machined on a HAAS VF-1 CNC machine using a 3.0 mm ball end tool. Figure 24

shows the resulting groove profile error for a single rough pass groove from the desired radius of

1.5 mm.

Subsequent finishing passes were performed
on the Nanoform DTM using a 0.8 mm ball
end tool, requiring accurate alignment of the
workpiece with the x, y, and z axes.
Finishing passes were made with and without
compensation. Since the tool was oriented
with the z-axis of the machine as shown in
Figure 22 (zero tool tilt), deflection in the
axial direction was assumed negligible to that
in the radial direction. Hence compensation
was implemented in the x-direction only. It
was also assumed that the x-direction forces
caused only radial deflections and the z-
direction forces caused only axial deflections

z Position (um)

15

10

-10 -

-15

0 0.5 1 1.5 2

x Position (mm)

25

Figure 24: Rough pass large groove error from 1.5

mm radius

of the tool. Therefore, in the “large groove” experiments the tool path was altered in the x-

direction, whereas in previous experiments the tool path was modified in the z-direction. Figure

25 shows profile measurements, made on a Talysurf profilometer, from an uncompensated

cutting experiment.

For this cut, the tool entered the part at a sweep angle of -51° and moved through the workpiece.

Cuts were made in 25 pm increments from left
to right (Figure 23). The tool then exited the
workpiece at a sweep angle of 51° (on the right
side). The effects of tool flutes leaving the
workpiece were evident when the sweep angle
approaches 46° and tool deflections begin to
decrease. The maximum profile errors in the
uncompensated case range from 35 um to —28
um, giving a peak-to-valley error of 63 um.

Results using predicted deflection
compensation are presented in Figure 26. As
before, the cutting parameters were a feedrate
of 50 mm/min, 10,000 rpm spindle rotational
speed, cross feed of 25 um/pass, and a 0.1 mm

100

40

30 4

20 -

Error (um)

-20 1

-30 1

-40

-60 -40 -20 0 20 40

Sweep Angle, y (degrees)

Figure 25: Experimental profile measurement:
uncompensated large groove error from 1.6 mm
radius
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desired depth. Figure 26 shows the error 40 1
. Uncompensated
from a best-fit radius of 1.6 mm for both - P
20 -

the compensated and uncompensated -

g
profile. T o

&

. . 20 Compensated
Figure 26 reveals that the peak error is A
reduced from 63 pm in the 40 — Uncompensated profile error
uncompensated case to 18 um using fOI‘CG — Compensated profile error (predicted tool deflection)
. . -60 T T T T T

feedback compensation, a 71% reduction. 0 0 2 0 20 2 60

The 1.6 mm desired radius was achieved, Sweep Angle, y (degrees)

convex nor concave. Peak-to-valley error deflection compensation, large groove experiment

Table 4: Large groove experimental results: deflection compensation vs. uncompensated

experiment best fit radius (mm) [ P-V error (um)
uncompensated 1.491 63
compensated: case 1 1.573 20
compensated: case 2 1.523 28

was reduced to 20 pm, a 68% reduction. Table 4 shows the peak-to-valley error comparison for
the compensated and uncompensated cases. A “best fit radius” was determined for both cases,
also shown in Table 4. Compensated groove profiles match the desired radius by 1.6%, while
uncompensated profiles are 7% from the desired radius.

Repeatability of Predicted Deflection Compensation for Large Groove
Experiments

Ten large grooves were fabricated on each workpiece using the HAAS machine. Thus once the
part was aligned with the Nanoform, several different finishing cuts could be made without
having to realign the workpiece. This made repeatability comparisons feasible without having to
account for alignment issues. Two different error profile measurements using deflection
compensation are presented in Figure 27.

Differences in profile errors can be attributed to having to “touch off” the tool for each
experiment. It is unlikely that the touch off for all grooves was exactly the same, thus some
errors were introduced. The accuracy of the Nanoform is considerably better than the HAAS
machine, thus additional errors were introduced because grooves machined on the HAAS were
not perfectly parallel. Nevertheless, these “large groove” experiments showed that force
feedback compensation reduced overall error of the finished part. However, it is difficult to
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50

differentiate  between error introduced
through the HAAS machine, misalignment of %

40 1

the part with respect to the Nanoform, and 2 | /T°°'1
error from the compensation algorithm.

Tool 2

Error (um)

Another source of error was the limited
-20 -

bandwidth of the Nanoform, resulting in
transient axes responses. When making cuts o

-30

—Tool 1 compensated profile error (predicted tool deflection) ||

— Tool 2 compensated profile error (predicted tool deflection) ||

starting out of the part and moving into the 50

-60 -40 -20 0 20 40

part, a force and material is suddenly
Sweep Angle, y (degrees)

encountered, and transient response occurs

. Figure 27: Experimental profile repeatability
leading to error.

errors: predicted deflection compensation, large
groove experiment

6.6 CONCLUSION

The forces generated during milling with a miniature ball end tool are relatively small (less than
10N) because of the limited size and strength of the tool edge. However, tool deflections can be
a significant source of profile error because of low radial stiffness. Two force feedback
approaches to tool deflection compensation are presented with advantages and disadvantages to
each. The compensation algorithms presented here provide an avenue to reduce fabrication times
and improve surface accuracy for hardened steel mold dies.

Predicting cutting depth using real-time cutting force measurements and a non-dynamic cutting
force model can be used to compensate for errors arising from tool deflections and workpiece
misalignment. Predicting tool deflection allows for compensation in profile error using force as
well as machine encoder position feedback with good reliability. In this research, predicting
deflection proved to be more robust and effective than predicting depth when implemented on
the Nanoform DTM.

There are several reasons that predicting deflection yields better results than predicting depth in
the compensation of profile errors. These include limited execution rate of the control algorithm,
limited knowledge of actual cutting parameters, use of a multiplication factor in the depth
prediction experiments, and use of laser feedback in the predicted deflection algorithm. When
implemented on a DTM with higher bandwidth and faster execution rates, depth prediction may
prove to be a viable approach to deflection compensation.

Reduction in error in small groove profiles over non-compensated groove profiles can be as great
as 80% depending on the profile and method of compensation. The success of force feedback
compensation depends heavily on the acquisition, processing, and filtering of cutting forces
during machining. As shown in the cross-correlation analysis, maximum cutting force has a
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strong relationship to the groove profile created. Therefore, smoother and more accurate
maximum force measurements will result in smoother and more accurate groove profiles.

For the large groove experiments, reductions in profile error were not as significant as the small
groove experiments. Several factors account for this difference: fabrication of the grooves on
two different machines, alignment issues, touch off procedures, force measurement, and inherent
complexity of the large groove experiments. Results show a groove was created with a best-fit
radius differing by 27 pm from the desired radius in comparison with 109 um for the
uncompensated case. Peak to valley error from a radius of 1.6 mm was reduced from 63 pum to
20 wm when compared with a non-compensated cutting experiment.

Overall, force feedback control of miniature ball milling proved applicable in many situations for
correcting errors in machined parts due to tool deflection. Significant reductions in profile error
for large and small groove experiments were documented, with error reduction as high as 80%.
The primary contribution of this research is a real-time feedback compensation algorithm that is
capable of reducing form errors in workpieces machined using miniature ball end mills. In
summary, the experimental results show that the force feedback control algorithms developed for
this project were successful.
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The primary objective of this research is to improve dimensional tolerances and reduce total
manufacturing time of precision milling operations through the implementation of force-
feedback machining. Force-feedback machining consists of using real-time force measurement
integrated with high bandwidth actuation to provide active error compensation of tool
deflection. This research focuses on the development and implementation force-feedback
machining using miniature (< 1 mm diameter) ball end mills.
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7.1 INTRODUCTION

One application of this research is in the fabrication of injection molding dies. These dies are
machined from hard steels (Heat treated to ~ 60 Rockwell C) to provide durable, wear resistant
dies. Figure 1 displays a photograph of lenses and gratings fabricated by the injection molding
process. This process has the potential to yield high volumes while significantly reducing the
cost of precision optical components.

Figure 1 Example of Optical Lens Fabricated from Injection Molding

Manufacture of these dies containing small features or precision surfaces require the use of tools
with small radii. These tools (diameters < 1.0 mm) are termed miniature tools and are the
primary focus of this research. To accommodate various applications and die geometries, these
tools are available in several different shank lengths. Figure 2 is a photograph of the 0.8 mm
diameter miniature ball end mills used in this research and an SEM image of the ball end tip.

Figure 2 Miniature Ball End Mills (Left), SEM image of worn ball end (Right)
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As seen from the photograph on the left, the thin geometry of these tools results in reduced tool
stiffness, which becomes a significant factor when machining heat treated steels. Use of these
long thin tools is often required to get into small features. These tools are made out from
tungsten carbide with a titanium aluminum carbide coating. Although the tool material is very
tough, deflections of these tools when used on heat treated steels can lead to undesirable errors in
excess 50 um with a 4.0mm shank tool. The primary goal of this research is to reduce these tool
deflection errors to = 2 um, through the use of force-feedback machining.

7.1.1 PREVIOUS RESEARCH AT THE PEC

The Precision Engineering Center at North Carolina State University has conducted research in
the modeling and prediction of cutting forces associated with milling processes. Previous
research at NC State by Stuart Clayton [1] and David Hood [2] demonstrated that a piezoelectric
actuated tool positioner resulted in significantly improved performance in comparison to the
machine axes for compensation of tool deflection errors [3]. This improved performance was
achieved through the higher bandwidth of the piezoelectric actuator and its significantly lower
inertia.

Stuart Clayton designed and built a one-dimensional piezo actuated spindle using a work piece
mounted load cell to measure cutting force [1]. This piezo actuated spindle is shown below in

Figure 3.

Air-Bearng Spindle
Milling T ool /

Faorce
Transducer

PZT Actuator

Figure 3 Piezo Actuated Spindle [1]

The piezoelectric actuated spindle showed promising results for the application of force feedback
machining and its potential for reducing tool deflection error. Figure 4 displays the results
achieved when comparing the closed loop control to the uncompensated cut machining a groove
of increasing depth of cut.[1] In this figure it can be seen that as the depth of cut increases the
uncompensated groove contains significant error. The closed loop compensation cut using force
feedback significantly reduces this error and follows the desired path closely.
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Figure 4 Closed Loop Error Compensation using Piezo Actuated Spindle [1]

The actuated spindle also contained a force transducer for measuring cutting forces on the
spindle, but force measurements from the spindle were not as accurate as those obtained on the
work piece. In order to improve the accuracy of cutting force measurements, the load cell needed
to be repositioned to decouple it from the forces exerted by the actuator and to be able to remove
the dynamic vibrations of the spindle.

7.2 CUTTING FORCE MEASUREMENT
7.2.1 EQUIPMENT - FORCE TRANSDUCER

A Kistler quartz three-axis force transducer (Model 9251) was used to measure the real-time
cutting forces. This force transducer, shown in Figure 5, consists of three layers of piezo-electric
elements which decompose the resultant force vector into its three (X,Y,Z) orthogonal
components.

s
Zx h
= ey

e e |

b

Three-Component Force Transducer

Figure 5 Three-axis Piezo-electric Force Transducer
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7.2.2 EQUIPMENT - DATA ACQUISITION

The data acquisition of load cell measurements was performed using the dSPACE DS-1104
controller board with a CLP1104 connector panel shown in Figure 6.

Figure 6 DS-1104 Controller Board (Left) and dSPACE CLP1104 Connector Panel (Right)

Figure 7 shows the capability of the Kistler force transducer and dSPACE data acquisition
system to sample several data points of force measurement with one rotation of the tool at 10,000
RPM. The sample rate used to acquire force measurements on the dSPACE data acquisition
board was 10 kHz.
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Figure 7 Sampled X, Y, and Z Cutting Forces at a spindle speed of 10,000 RPM
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7.2.3 DUAL LOAD CELL SPINDLE

Measurement of the cutting forces from the spindle has several advantages over a workpiece
based load cell. The primary advantage is that the mass and frequency response of the spindle
assembly does not vary when cutting different work piece masses or geometries. This results in
a consistent calibration of the dynamic cutting forces. The frequency response of the workpiece
based force measurement is a function of the part geometry, modulus of elasticity and mass of
the workpiece. To measure cutting forces from the spindle assembly, it is important that the load
cells are not located inside the force loop between the actuator and ground. For this reason, the
load cells are located directly beneath the spindle block and above the actuator as shown in

Figure 8.

b |
A a%
F
&
1
Fl 000 [ F2

' Actuator

Figure 8 Force Measuring Spindle Design

Static Calibration of Dual Load Cell Spindle

In the force measuring spindle, two load cells are used and spaced equally about the center of
gravity to minimize the effects of vibration. Using a model of a simply supported beam, the
static equations can be derived to calculate the input force using the force measurements at the
two load cell locations F; and F».

Ay A
SM=0
a-F+(b—-a)-F2=0 = F:(F1—Fz) (1)
b-F—(b—a)-Fi=0 [iw]

—da

Static Equations of Force Measuring Spindle
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To test the model as a simply supported beam, the load cell spindle was calibrated by loading the
tool tip in the X, Y and Z directions with fixed weights and recording the measured forces at the
load cells. The coordinate directions are shown in Figure 9. From this data the resulting forces
in each direction for a particular load could be calculated. Three equations were set up for the
measured load in each direction as a function of the three X,Y, and Z forces (Equation 2).

2 Ly a- Fx be c-F:

ﬁ L |=|d-F. e F F. )
Yy ’ ey f
Y L: ng th i-F:

o

Figure 9 Load Cell Coordinate System Loadcell Force Matrix

These values for the coefficients a,b,c...i are determined by loading the spindle in a single
direction at a time. The results of these measurements are shown below.

a b ¢ 0.8874 0 0 Fx Lo+ L2
A=|d e f|= 0 2.9904 0 F=|F B=|Ln—L
g h i 1.3603 0.1625 3.2699 F: La— Lz
AF =B
3)
F=A"'B

Matrix Algebra solution for Input Forces (F)

Solving for F (input force), the matrix equation AX=B is solved by multiplying the inverse of the
A matrix (Equation 3) which contains the coefficients obtained thru loading. The resulting static
calibration equation is given by Equation 4.

£ [ 1127 0 0 T(Lxi+Lx2)
Fl=| 0 -3344 0 |(Ly-Lyn) @)
F-| |-.4688 —.0166 .3058| (Lzi—Lz2)

Input Forces (Fx,Fy,Fz) in terms of the Load cell Measurements (Lx,Ly,Lz)
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7.2.4 DYNAMIC RESPONSE OF SPINDLE

Although the spindle had been calibrated for static loads, the dynamic loading of the cutting
process introduces additional gains which must be accounted for. To measure the frequency
response of the system under cutting force conditions, the set-up in Figure 10 was constructed.

Figure 10 Load Cell Calibration Set-up on ASG Diamond Turning Machine

To measure the frequency response of the spindle assembly, the spindle speed was accelerated
during the cut to increase the forcing frequency on the load cell. The measurements from all
three load cells, two on the spindle assembly and one on the work piece were captured
simultaneously for comparison.

The resulting force measurements displayed in Figure 11 illustrate the frequency response of the
spindle. The force measured on spindle load cells goes thru a local maximum while the work
piece load cell forces remain constant. In this data (Figure 11), the spindle speed was increased
at a constant rate throughout the cut from 7500 — 10,000 RPM.
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Measured Forces
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Figure 11(a) Spindle Force vs. Workpiece Force Figure 11(b) Frequency Domain

As can be seen in both graphs, the magnitude of the cutting force measured on the spindle
increased to a local maximum and then began to decrease as the spindle speed was continuously
increased. This peak is shown if Figure 12 to be at a cutting frequency of 300 Hz or a spindle
speed of 150 Hz. (2 Fluted Ball End Mill)

FFT Waterfall Plot

Amplitude

1X - Spindle Speed \4\ L

v
o

2X - Flute Pass
Frequency

Frequency (Hz)

Figure 12 FFT Waterfall of Spindle Load Cell Measurement during cut
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7.2.5 FORCE MEASUREMENT ALGORITHM

Using the results obtained by increasing spindle speed during cutting, the frequency response of
the spindle assembly can be obtained in the X, Y and Z directions. From this data, a look-up
table is generated in Simulink (Matlab) to cross reference the spindle speed (forcing frequency)
with the appropriate dynamic magnification factor. The force measuring algorithm is shown in

Figure 13.
Look up Table

Spindle IR Y
Speed 1 4 %
— i : Y
FFT iy e
| ", o
P ._..-—»-""’J

Load Cell Z1 » 4 II
FZ
"+

Load Cell Z2

Figure 13 Force Measurement Block Diagram

The results of this force measurement technique very closely match the forces measured on the
spindle to the forces measured on the work piece during a cut. Shown in Figure 14 is a
comparison between the force measured on the work piece and the force measured on the spindle
assembly as output from the force measurement algorithm above.

Z Spindle vs X Waorkpiece (asg cutl 150Hz)

Force (M)

1 1 1 1 1 1 1 1
4 & & 7 g 9 10 1 12 13
Time [Seconds)

Figure 14 Comparison of the cutting forces measured on the work piece and spindle
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7.3 ACTUATOR DESIGN

7.3.1 1-D ACTUATOR CONCEPT DESIGN

A design concept for a 1-D actuator is shown in Figure 15. The force measuring spindle is
located above a piezoelectricly driven flexure plate. With the piezo location underneath the load
cell, the reaction force during actuation does not pass through the load cells.

Cap Gage '

Figure 15 1-D Actuator Concept Design

Extension of the piezoelectric stacks results in vertical tool motion through deformation of the
flexure plate as shown in Figure 16.

Gl Pate2.Defection - Shatc Modl sress
[ Deformation Sose - 1000

Figure 16 Deformation of Flexure Plate during Vertical Motion
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7.3.2 2-D ACTUATOR CONCEPT DESIGN
A two dimensional actuator design concept was envisioned using the same flexure design but
actuating the piezo stacks differentially as shown in Figure 17 creates horizontal motion in a

method similar to the operation of the Ultramill used for elliptical vibration assisted machining
(see section 10).

Horizontal Displacement

Figure 17 2-D Actuator Concept Design

Horizontal actuation of the tool tip is achieved by differential displacement of the two piezo
actuators. This difference twists the guidance flexure and rotates the spindle support to produce
horizontal displacement of the tool. The resulting deformation of the flexure plate can be seen in
the finite element model in Figure 18.

Figure 18 Finite Element Deformation of Flexure Plate
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Displacement Loss — Parasitic Motion

Although this design could produce both horizontal and vertical motion of the tool, further
analysis of the displacement revealed a significant loss in axial displacement during actuation of
the tool. This undesired displacement or parasitic motion can be seen in the deformation model
in Figure 19. As the flexure plate is deformed during vertical actuation, rotation about the
flexure results in additional undesired motion. At full vertical displacement of the piezoelectric
actuator (20um), the tool undergoes an undesired axial displacement of 14um in the direction of
the arrow displayed in Figure 19.

Load Cell PlateS-Deflection :: Static Nodal stress
Units : psi Deformation Scale : 2000

wan Mises
D00e+002
4 583e+002
4 167e+002
3750e+002

53534002
2917e+002

| 250024002

20834002

11 B6Te+002
1 2508+002

333e+001
4 16T e+000
000e+000

Figure 19 Displacement Loss during Actuation of Flexure

Two-Axis Flexure Design

To eliminate the parasitic axial motion of the tool, the vertical flexure must be located along the
center line of the tool. With the vertical pivot point at the tool center, rotation about the pivot
produces vertical motion for small displacements.

In order to produce horizontal motion, an offset between the horizontal pivot and the tool center

must be present. Without this offset, rotation about the pivot would only rotate the tool about its
center without producing any horizontal displacement.
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The solution to this displacement dilemma was to create two flexure axes at the correct locations
to produce the desired displacements. The resulting two-axis flexure design is illustrated in
Figure 20. The dotted lines are the two flexure axes in this design.

Figure 20 Two-Axis Flexure Design

7.3.3 FINITE ELEMENT ANALYSIS

Finite element analysis (model shown in Figure 21) was employed to predict the deformation and
displacements of the flexure design. Through the use of two axes of rotation, the resulting
motion of the tool tip was verified and the undesired motion was eliminated.

Figure 21 Finite Element Deformation of Two-Axis Flexure Design
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7.3.4 DYNAMIC ANALYSIS
Finite Element Analysis was also employed to analyze the vibration modes of the structure and
their natural frequencies. The lowest natural frequency of the total system was a rocking back

and forth about the spindle’s center support (Figure 22). This frequency was calculated to be
475 Hz and was too close to the cutting frequency of 330 Hz.

=) o

Figure 22 Lowest Mode Shape (475 Hz)

The mode shapes and associated frequencies of the support frame are illustrated in Figure 23.
These resulting frequencies were acceptable and well above the tooth pass frequency of 330 Hz.

Mode 1 1.46 kHz Mode 2 1.75kHz Mode 3 2.12 kHz

& Ll &

Figure 23 Mode Shapes of Spindle Support Frame

To increase the stiffness of the structure against the rocking motion illustrated in Figure 22, a
rear nodal support was added to the structure (Figure 24). This nodal support has a high stiffness
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in the vertical direction to create a node at this point while retaining a low stiffness in horizontal
direction to not over constrain the flexure design.
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Figure 24 Rear Nodal Support

The addition of this nodal support increased the lowest natural frequency of the spindle assembly
from 475 Hz to 600 Hz while maintaining the desired motion profiles without introducing any
undesired displacements.

7.3.5 FINAL ASSEMBLY

The final two-axis spindle actuator design can be seen below in Figure 25.
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Figure 25 Two-Axis Force Measurement Spindle Actuator Design
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7.4 CONTROLS
7.4.1 SYSTEM MODELING

The system was modeled as the composition of two-second order systems: one vertical spring
mass damper system and one torsional spring mass damper system. (Figure 26)

System Dynamics

Vertical Motion Horizontal (Rotational) Motion

BRIt L@ K

Figure 26 System Dynamics Model

Using the horizontal and vertical displacements (x; and x3), the state dynamics equations can be
derived as follows.

-b k£,
h=—rih-—x [—J ]553 + {—b’ }53 + [—k’ }53 =0 5)
M M d pzr o pzr A pzr
-4 k

State Dynamics Equations
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Defining state variables x, and x4 as the time derivatives of displacements x; and xj3, the
dynamics can be represented in matrix state space form (Equation 6).

In state

Where:

X=Ax+Bu y=Cx+Du (6)

State Differential Equation

space form, this system model is represented as:

.7 [ o 1 0 0 lr.7 /[0 0
N k b N 1 1
v 0 0 -
LIl M M 12 M Mo
i, 0 0 0 1 || x 0 0 y
3 2
. 0 0 kb spSp
K| J ) o T2
=
y]:_O 01.6O-x2+00.u1 -
Y.l (23 0 0 0]|x 0 0] ]|u,
R

State Space Model

State Variables

x1 = Displacement of (PZT Actuator 1 + PZT Actuator 2) /2 (m)
X2 = Velocity of x4 (m/s)

x3 = Displacement of PZT Actuator 1 — PZT Actuator 2 (m)

X4 = Velocity of x3 (m/s)

us = Input Force of PZT 1 (N)

u, = Input Force of PZT 2 (N)

y1 = Horizontal (X) Tool position (m)

y» = Vertical (Y) Tool position (m)

System Parameters

M = 6.7 Kg
k.= 95 x 10° N/m
b,= 0.1

J=0.02 Kg m?

k= 0.7 x 10° Nm/rad
b= 0.1

sp =2"=0.0508 m
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7.4.2 OBSERVABILITY AND CONTROLLABILITY MATRICIES

From the state space matrix representation, the controllability and observability of the coupled
two-input two-output system can be evaluated.

Controllability
Controllability Matrix
M,=|B 4B 4*B 4B ®)
0 0  —0.149 —0.149  0.0022 0.0022 2.12x10°  2.12x10°
v | 0149 —0.149 0.0022  0.0022 2.12x10°  2.12x10° ~ 63173 ~63173
‘ 0 0 -127  1.27 6.35 -6.35 4.445x107  —4.445x10’

-1.27 1.27 6.35 ~6.35 4.445x107 -4.445x10" -4.445x10°  4.445x10°

Rank = 4, This system is fully Controllable.

Observability
Observability Matrix
T T 2N\T 3N\T
M,=[c" ()’ (4 (4] ©)

0 23 0 0 0 —3.26x10’ 0 4.868x10°
v - 0 0 0 23 0 —~0.0343 0 —-3.26x107
116 0 0 0 -=56x10’ 0 2.8x10° 0

0 0 16 0 -8.0 0 ~5.6x107 0

Rank = 4, This system is fully Observable.
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7.4.3 CLOSED LOOP CONTROL

Closed loop control of this system is incorporated using capacitance gages to provide position
feedback for each piezoelectric actuator. Through the use of closed loop control, the effects of
the hysteresis of the piezoelectric element can be controlled (Figure 27).
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Figure 27 Hysteresis curve for an open loop piezo actuator for various peak voltages

Force Feedback Control Algorithm

The force feedback control algorithm reads the real time measured cutting force and multiplies it
by the compliance of the tool to output tool deflection error. This error is sent to a PID controller
to drive the piezoelectric actuator. A capacitance gage is used as closed loop feedback for the
actuator motion. The force feedback loop for a single axis is shown below (Figure 28). For a
two axis system, two of the force feedback loops will be implemented; one for each axis.

Desired Actuator Actual PZT Actual

Position + N Voltage Spindle Position Cutting Force
_}O_> PI »] and Tool O
Y . - Controller | pynamics
. Measured
Estimated Tool Position
Tool
Deflection
Spindle
Cap Gage Dynamics
Dynamics
Cap Gage

to Tool

Load Cell 1

Dynamic Response Load Cell |
f(RPM) * < Dynamics [
Peak and
' Hold Transducer
Algorithm Calibration Load Cell 2

Tool

Stiffness Spindle + 5NV |¢ Load C.ell <
Speed Dynamics
FFT

Figure 28 Force Feedback Control Block Diagram
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The closed loop diagram for the MIMO two-input two-output controller utilizing coupled
dynamics equations is as follows.

n(s)

Sensor |«

Uy +é Y
K(s) | ) ?
Contraller u2 Plart + y2

) Sensor
7{
n(s)

Figure 29 Closed Loop Block Diagram MIMO Controller

This multivariable control scheme accounts for the coupled dynamics of the system calculating
the input voltage for each piezo based on both the horizontal and vertical dynamics. Work on
this multivariable controller design is presently in process.

7.5 CONCLUSIONS AND FUTURE WORK

Cutting force measurement can be accurately obtained from the spindle assembly once the
dynamic response and the spindle speed (forcing frequency) are known. This on-spindle force
measurement technique can be used to supply a self contained force measurement and tool
positioning system.

Design of the spindle actuator and flexure mechanisms has been completed and parts have been
fabricated for the two axis spindle actuator. The next steps involved in this project are
completion of the actuator assembly, calibration of the two axis motion profiles, and
implementation of the two axis force feedback control algorithm.
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8 CAPABILITIES OF MICRO-MACHINING

Brett Brocato
Graduate Student
Thomas Dow
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The goal of this research is to improve feature size and tolerance using micro-scale machining.
This section reports on a literature search of current techniques for producing sub-millimeter
features and applications of these techniques. While many MEMS
(MicroElectroMechanicalSystems) devices are fabricated using silicon etching techniques
developed for the microelectronics industry, micro-machining is an attractive alternative
because of its low start-up cost relative to other capital-intensive micromachining technologies,
applicability to a wide range of materials, high flexibility of feature geometry and low cost for
prototype manufacturing. The search uncovered papers in the areas of proof of capability,

companion processes, process analysis, and the applications of more general micromachining
technologies.
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8.1 INTRODUCTION

Microelectromechanical systems (MEMS) offer designers the ability to create miniature
mechanical oscillators, optical network components and biological labs on a chip. Although
manufacturers are introducing a wide range of MEMS-based products, developers have found
that guiding MEMS devices from the laboratory to the marketplace is a costly and time-
consuming venture. For example, it is not unusual for a single MEMS prototyping run to take 3
months. The high cost of a MEMS fabrication facility forces companies to use existing
foundries such as Sandia, MCNC or Berkeley with long lead times. The problem lies not with
the MEMS devices themselves, but with the semiconductor-based manufacturing techniques
employed to build them. Semiconductor wafer fabs excel at producing high-volume integrated
circuits using standard CMOS processing, but many MEMS devices are manufactured in lower
volumes with more complex structures such as moving three-dimensional micromirror arrays.

Table 1. Material and Feature Size Guidelines by Process Type [1]

Technology / Min. Feature Feature Material Materials
Feature Geometry | size** / Feature Positional Removal Rate
tolerance Tolerance

Focused Ion Beam/ | 200 nm /20 nm 100 nm 0.5 um?/sec Any

/2D & 3D

Micro Milling or 25um/2 ym 3 pum 10,400 pm*/sec Polymers, Al,

Turning Brass, Nickel,

/2D or 3D SS and
Titanium

Excimer Laser 6pym/<1pum <1pm 40,000 pm’/sec Polymers,

/2D or 3D Ceramics and
some metals

Femto-Second 1 ym/<lym <1pm 13,000 m?/sec Any

Laser

/2D or 3D

Micro-EDM(Sinker | 25 ym /3 ym 3 um 25x10° um’/sec Conductive

or Wire) materials

/2D or 3D

LIGA <1 pm/20-500 ~ 300 nm across N/A Copper, Nickel,

2D nm 75 mm Permalloy

**Feature size represents the width of a slot or a diameter of a hole

There are non-semiconductor processes for making MEMS devices that include focused ion
beam machining, mechanical turning and milling, laser processing, electro-discharge machining
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and LIGA. Each technique can be classified in terms of minimum feature size, position
tolerance, maximum material removal rate and material compatibility [1] as shown in Table 1.

Focused Ion Beam (FIB) machining is a process in which the kinetic energy of accelerated ions
is converted to thermal energy and used to vaporize very small amounts of material from a
workpiece. It is a 3-D process with extremely high tolerances that can be used on any material.
The main disadvantages are slow material removal rate (MRR) and high equipment costs.
Excimer lasers and femto-second lasers have comparable removal rates to micro-machining.
The achieved tolerances are superior to micro-machining. Excimer lasers have less material
flexibility than micro-machining. Micro-Electro Discharge Machining (Micro-EDM) has an
extremely high MRR and comparable accuracy to micro-machining, but only works on
conductive materials.

The most common material-removal processes in macro manufacturing are turning and milling.
The lower dimensional limits of these processes are being expanded by current research. Micro-
machining is the process of chip removal by means of a spindle and an end mill in the diameter
range of 200-um or less. Part features are on the order of 25 ym. Carbide milling tools are
commercially available in 100-xzm size. Custom diamond tools as small as 22 ym have been
created by researchers. Feature aspect ratios of 40:1 have been achieved on machined parts.
Micro-machining has the advantage of greater material and geometry flexibility than that of
lithography and most other micromachining processes.

Current micro-machining techniques using a high-speed spindle are plagued with tool runout that
limits the feature size and tolerance. A proposed concept is to replace the high-speed spindle
with a piezoelectrically driven tool holder (for example, the UltraMill — see Section 10) that can
move the diamond tool tip in an elliptical motion at frequencies up to 5000 Hz - the equivalent of
300,000 rpm. The two actuators are driven independently to create a tool path that can be
changed from linear to elliptical to circular with the amplitude, frequency and phase of the
excitation voltages.

The widespread use of this process would have a profound influence on fabrication techniques
for micro-mechanical, micro-optical and micro-fluidic devices. Its key features are:

* Optical surface finish

*  Sub-micrometer 3D feature size and position

* Extremely low cutting forces

* No burring at the edge of a cut

* Applicable to a wide range of materials — metals, plastics and ceramics
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8.2 LITERATURE SEARCH

Existing research falls into several categories: microscale capability, pre- and post-processing,
analysis and applications of general micromachining. Each of these will be addressed in the
following sections.

8.2.1 MICROSCALE CAPABILITY

Schaller [2] illustrated the capability to mill small grooves with custom-made 35-120 gm tools.
Figure 1 shows one of the tools. The tools were manufactured with diamond grinding wheels
from tungsten carbide rods. With a non-CNC grinding machine, a tool break rate of up to 50%
and tolerances of +/- 5 um were reported during manufacture. Channel-cutting parameters of
19,000 rpm spindle speed and a feed rate of 35 ym/s were used. This resulted in a feed per tooth
in the range of the cutting edge radii, 1 to 2 ym. A maximum depth of cut of 20 gm was tested.
Run-out of the tool was minimized to 10 yzm.

W

b
\
& h'\\' ;

100 pm

Figure 1. Custom-ground Carbide Tool and Grooves Machined in Brass
(note burrs at edges of grooves) [2]
Burr creation occurred with both brass and steel workpieces when cutting with carbide tools.
Figure 1 shows channels in brass with such burrs. Burrs were not seen when cutting brass with
diamond tools. Diamond tools were not used for making channels due to the lack of very small-
diameter sizes, but were valuable for deburring (milling the surface of the grooved part) after
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channels were cut with carbide tools. Burr reduction and removal will be discussed, and the
results shown, in Section 8.2.2 on pre- and post-processing.

Takeuchi [3] used a CNC 3-axis lathe with a spindle in place of the tool holder to confirm that
ultra-precision sculptured metal workpieces could be made. Rough cuts were made with a 200
um diameter tungsten carbide ball-endmill. Custom diamond pseudo-ball-endmills were used
for finishing passes. The custom pseudo-mills had a single-crystal diamond edge of radius 100
um offset from the axis of the tool by the same distance, as shown in Figure 2. A 3-mm
diameter sculpture of a face similar to that in Figure 4 was made. Cutting parameters were
50,000 rpm, feed rate 50 mm/min, and depth of cut 1 gm (for finishing with the diamond tool).
Tool path resolution was 2 ym x 5 ym, and the machining took 6 hours.

¢\li(:'[].lmm

Offset
=0.Imm

Figure 2. Pseudo Ball-end Diamond Mill [3]

Kawai [4] continued the research of Takeuchi [3]. Figure 3 shows (counter-clockwise from top
left) high-density grooves milled in Ni-P plated steel, high aspect ratio trapezoidal grooves
milled in brass, and a milled mold for a 25 ym pitch encoder disk.

High density radial V-grooves on ¢i0 V-projections on a plate

Trapezoid grooves with high aspect ratio

Figure 3. Diamond Milled Microstructures [4]
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The array of lenses in Figure 4 was milled using tools that are approximately the same diameter
as the lenses, about 230 ym. The wavy shape was milled by a single-crystal diamond endmill of
radius 25 pm. The face in Figure 4 is smaller than that created in the previous study and was
created with a diamond pseudo-ball-endmill of radius 30 ym. Kawai also machined a 25 ym
square by 1 mm tall column from brass. The 40-to-1 aspect ratio of this structure was the highest
found by the literature search.

Micro lenz array

Free curved surface (Noh-mask)

Wavy shape
Figure 4. Diamond Milled Microstructures [4]

Friedrich [5] used custom milling tools
(Figure 5), that were created using
Focused Ion Beam (FIB) micromachining
of steel or tungsten carbide blanks. The
tool shown has an effective cutting
diameter of 22 ym and a cutter length of
77 pm. Friedrich used these tools to
manufacture the spiral pattern 1.5 mm in
diameter, shown in Figure 6. The
workpiece is PMMA, and the trench
depth is 62 ym. Minimum wall thickness
was investigated at the center of the

*0888*

pattern where the spirals converge. The

radial trench allowed the investigation of - Figure 5. Rounded Cutting Tool [5]
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rpm spindle speed and 35 ym per second feedrate. Depth of cut was 4 ym per pass for 15 passes
and machining time was 3 hours.

Figure 6. Micromilled Spiral Structure with details in Figure 7 [5]

Figure 7(a) shows a close-up of the intersection of the straight trench and spirals. The terraced
structure of the walls resulted from a stepped tool movement of exponentially changing width.

*#0B881"

*88e7*

(a) Close-up of the intersections (b) Thin-wall channels
Figure 7. Intersection Detail of Spiral Structure [5]
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The vertical facets are a result of the 5-degree polar resolution of the spiral shape. The minimum
freestanding wall was 8 ym wide and 60 ym high, as shown in Figure 7(b). The aspect ratio of
this wall is 7.5:1. The roughness of the trench bottom is 100 nm RMS. The walls are typically
within 0.5 degrees of vertical.

Kawai [4] also performed scribing experiments. Scribing had the disadvantage of very slow
cutting speed (on the order of 20 mm/min). The double-focused lens mold in Figure 9 was
scribed in oxygen-free copper. The grooves are about 35 ym wide.

Figure 8. Scribed Double-focused Lens Mold [4]

8.2.2 PRE- AND POST-PROCESSING

Schiller’s microchannel study [2] used pre- and post-processing to remove burrs. Brass
workpieces were coated with a 10-ym layer of cyanoacrylate before milling. After grooves were
cut with carbide tools, they were filled with the same coating. The coating above the un-milled
surface of the workpiece was removed by diamond milling, and the coating within the milled
structures removed by acetone in an ultrasonic bath. Burrs were removed with the coating.
Figure 9 shows a brass microstructure both with and without the burr reduction procedure.

This approach did not work with stainless steel. Electrochemical polishing was needed to
remove burrs from this material. Polishing time must be limited because structures begin to
degrade soon after the point where burrs have been removed. Cleaning of the workpiece prior to
polishing is also critical because non-uniform electrical fields surrounding foreign particles
affect the polishing process.
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Figure 9. Microstructures in Brass With and Without Burr Reduction [2]

Park [6] studied the drilling and scribing of surfaces after reacting them with appropriate
solutions. Silicon was reacted with potassium hydrate and aluminum with nitric acid prior to
machining. The binding energy of the surfaces was reduced by these reactions. This reduced
cutting forces to the depth of the reacted layer. The hardness of Si was reduced by about 20%
due to the reaction. Drilling parameters for Si were 20,000 rpm and a 150 gm depth of cut.
Crack formation was eliminated with chemical processing of the Si as compared to non-chemical
machining. The thrust force for scribing nitric acid etched Al was reduced by about 50%, and
burr formation was eliminated. Figure 10 shows scribed channels in Al.

=x1.0kK gvec

Figure 10. Chemical-mechanical Scribed Channels in Aluminum [6]
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8.2.3 ANALYSIS OF THE MACHINING PROCESS

Modeling Cutting Force = MEMO (micro-end-milling operations) differ from CEMO
(conventional end-milling operations) in that the feed per tooth to tool radius ratio is much larger
in MEMO for productivity reasons [7]. As a result, stress variation in the tool shaft is higher and
tool life is shorter for MEMO. The proposed MEMO force model [7] proceeds from the Tlusty
and Macniel [18] CEMO force model. The difference is in the method of chip thickness
estimation. Tlusty [18] assumes that chip thickness is related only to feed per tooth and tool
rotation angle. Bao [7] bases the estimation of chip thickness on the trajectory of the tool tip.
Experimental verification of Bao’s model showed good agreement with experimental data.
Differences between predicted and measured forces averaged about 10%. Comparison between
the MEMO [7] and CEMO [18] models shows that the feedrate per tooth to tool radius ratio is
the determining factor in their respective errors. They are comparable when this ratio is less than
0.1. When it exceeds 0.1, the MEMO model is much more accurate.

Vogler’s [8] model takes into account the fact that chip size approaches grain size in materials
that are normally considered homogenous in macro-scale operations. One component of the
model is a three-dimensional map of the various phases of the material. The workpieces used in
the study were ductile iron, consisting of graphite, ferrite and pearlite. Different cutting
coefficients are used to compute forces as tool flutes pass through the various phases. The forces
during chip removal of pearlite were found to be larger than those for ferrite, even at a lower
chip thickness. The model is validated by demonstrating the existence of high-frequency
variations in ductile iron cutting force and the lack thereof in the cutting of single-phase ferrite
and pearlite. It is also shown that smaller grain-size in the secondary phase reduces variation in
the cutting forces, and that larger grain-size increases the variation. Scattergood [9] notes the
approach of microscale feature-size to material grain-size and discusses research into the
manufacture of nanocrystalline metals and alloys.

Modeling Tool Run-out In the second part of his paper [10], Bao adds the capability of
predicting tool run-out from experimental cutting forces. Lee [11] collected average total run-
out data for a variety of spindles and milling tool sizes. The data were used to create a model
that predicts actual-versus-intended channel diameter. Milled channels were used to create ABS
molded parts.

8.2.4 APPLICATIONS
Applications of micro-machining include the manufacture of channels for microfluidic systems,
masks for X-ray lithography, and micro-sized mechanical power systems. The current research

in these applications is mostly concerned with semiconductor-type processes for manufacturing.
Micro-machining should be capable of increasing the performance of parts through flexible
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material selection and feature design. It will also reduce cost for small lot sizes and prototyping.
For any of the applications listed above, micro-machining may be used to manufacture molds.

‘!'# ; ,,_ v i g

Sc 2o

Figure 11. Injection-molded Microstructure [12]

Keppler [12] described the use of micro-machining for mold-making. Positive molds were cut
from PMMA using 127 ym diameter end mills. Sputtering a conductive metal layer onto the
positive mold created the negative substrate. This sputtered layer was electroplated with nickel
to create a negative mold. After plating, an acetone bath was used to degrade the PMMA and
leave a bare metal mold. The resulting molded structure is shown in Figure 11.

Figure 12. Micro-rocket Model [12]
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An example of a microscale power system is the micro-rocket [12]. A 3D model of a
combustion chamber is shown in Figure 12. Solid-fuel micro-rockets would not be reusable or
restartable but could be in arrays such as that shown at right in Figure 12.

Another power system is the micro-sized expansion and/or combustion engine [14,15,16]. The
energy density of compressed or combusting fuels is orders of magnitude higher than that of
chemical batteries. Micro-machining of metals would be able to create high-strength engines
capable of withstanding higher compression ratios than proposed etched engine designs. An
example of an etched design is that of Jiang et al [14,15]. The proposed engine, shown in Figure
13 has 1.2 mm stroke, 1 mm square bore, and 6.3:1 compression ratio. It would operate at 1200
rpm and 7.3 mW in the combustion case. A prototype of the engine is shown in Figure 13.
mm scale
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Figure 13. Micro-engine Model [14]

Sugiyama [13] designed a reciprocating engine to be built using semiconductor-type
manufacturing. It may also lend itself to micro-machining.
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The fabrication of free-form optics presents unique challenges not only to the diamond turning
process, but also to the process by which the whorkpiece is located with respect to the machine
axes. Whilerotationally symmetric parts require alignment in at most three directions, free-form
optics require alignment in up to six directions. Distinct from alignment in an optical system,
fixture alignment for diamond turning requires a separate set of techniques to accommodate the
forces encountered in machining. Some general principles, alignment techniques, and an
application are discussed. While the techniques discussed focus on diamond turning, many of
the considerations apply to other fabrication techniques as well.
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9.1 BACKGROUND

Why is alignment important in fabrication? One important thing to remember about part

alignment in diamond turning is that it has no effect on the figure error of the part. Figure

alignment is mainly impacted by the geometric errors of the machine and tool alignment errors.
Hence, it can be argued part placement has no impact on the final optical surface.

While in many cases part location is not critical to the precision of a diamond turned part, for
many parts the location of the optical surface with respect to other part surfaces is critical. This
is increasingly the case as optical assemblies become more complex and more difficult to align.
Many systems now employ off-axis elements, aspheric surfaces and, increasingly, free-form
surfaces. Their presence eliminates many of the characteristic optical signatures that were once
used to dial in the correct location of spherical and flat surfaces. This is why fiducial surfaces
and marks are now a requirement for many systems, reducing the effort needed to align them.
In fact, optical alignment would be impossible without built-in alignment aides for some
systems. When this is the case, the optical quality of a surface is irrelevant if it cannot be located
properly within the optical system.

9.2 ADJUSTMENT MECHANISM

Alignment in an optical system is usually performed with a special fixture that allows adjustment
via micrometer screws. Unfortunately, these fixtures are inherently compliant and therefore not

Figure 1. Optical alignment fixtures are Figure2. The four degrees of freedom
not suitable for fixturing parts for in positioning an optical part
fabrication.
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suitable for ultraprecision machining operations. Kinematic or quasi-kinematic mounting are also
commonly employed for optical mounts. Again, these mounts tend toward low stiffness due to
the limited amount of contact with the workpiece, risking vibration and static deflection during
machining.

The mainstay of optical workpiece fixturing in diamond turning is the vacuum chuck. Vacuum
chucking allows rigid mounting of the workpiece without the need for fasteners that could distort
the part. It also allows translation of the workpiece on a flat vacuum chuck and tip and tilt
adjustment on a spherical vacuum chuck. The adjustment mechanism is usually a tapping device
such as a small hammer. While this may seem crude in comparison to a micrometer screw, sub-
pm adjustments can be made.

9.3 GEOMETRIC CONSIDERATIONS

While the techniques in optical alignment and diamond turning alignment are closely related in
purpose, they differ somewhat in their geometric constraints (see Table 1). Oftentimes,
rotationally symmetric parts require little or no fabrication alignment because their high level of
symmetry makes the optical alignment less challenging. With free-form optics, however, optical
alignment in six degrees of freedom quickly becomes a daunting, if not impossible, task without
some built-in fiducials with a known relationship to the optical surface. This point becomes ever
more true as the number of components in a given optical system increases.

Table 1. Critical degrees of freedom in aligning various surfaces for optical alignment and
diamond turning

Surface D.O.F. (optical) D.O.F. (DT)

Flat 2 (Tip, Tilt) 1(2)

Sphere 3 (X, Y, Focus) 2 (Z, Runout)

Asphere | 5 (Tip, Tilt, X, Y, Focus) 2 (Z, Runout)

Free-form| 6 (Tip, Tilt, Rot., X, Y, Focus) 6 (Tip, Tilt, Rot., X, Y, ¥)

The rotational nature of a diamond turning machine (DTM) can work to tremendous advantage
when fabricating rotationally symmetric parts. In the case of diamond turning, alignment for
fixturing rotationally symmetric parts as shown in Table 1 is generally limited to two directions:
runout and depth. The rotational axis on which the part is mounted allows the consolidation of at
least two and up to four degrees of alignment freedom. For depth, the fixture (commonly a
vacuum chuck) is usually located with the diamond tool, providing a reference to the mounting
surface of the part relative to the final optical surface.
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Due to the lower level of symmetry inherent in free-form optical surfaces, accurate placement is
more difficult than for conventional surfaces. For example, consider the case of placing a plane
in an optical system versus aligning it on a DTM. The diamond turning machine normally has
either a vacuum chuck or collet for mounting the workpiece. In the case of the vacuum chuck,
the mounting surface has been produced by the machine axes during the facing operation. This
provides a base reference for the mounting surface of the flat. The only optically significant
degree of freedom is now the focus or axial translation of the flat. Translation in the radial
direction, as well as rotation about the focal axis, have no optical impact, while pitch and yaw
have been constrained by the vacuum chuck.

Moving to spheres and aspheres in Table 1, radial runout becomes critical as well. In the case of
two-surface parts, relative alignment between surfaces is optically significant. While this adds a
level of operation to fixturing, the most effective method for aligning dual surface optics, such as
a biconvex lens, is to machine a contoured vacuum chuck. This will parlay the alignment
problem into another runout alignment, in this case adding the axial direction.

Finally, free-form surfaces eliminate all the alignment advantages that the rotational symmetry of
the DTM grants. The method of alignment for each direction will depend upon the accuracy
requirements, the metrology methods available, and the physical constraints of the parts. Ideally,
it is at this point that the fabricator is included in the design process, so that mechanical
constraints encountered in fabrication can be considered in the optical system design. Usually, a
combination of fiducial surfaces and marks will allow accurate location in six degrees of
freedom.

9.4 BICONIC MIRROR FIXTURING AND ALIGNMENT

9.4.1 STATIC ALIGNMENT

IRMOS, thelnfraRed MultiObject
Spectrometer, incorporates severa
off-axis elements and one free-form
surface [1,2]. This surface, called
M4, is a biconic ellipsoid with no
rotational axis of symmetry. M4
thus needed to be located accuratel
in six degrees of freedom to within
+25 pm for translation and 15
arcsec for rotation. To achieve
this goal, two fiducial surfaces and
eight crosshairs were machined in Figure 3. Diamond flycut back surface of M4 showing the
four alignment crosshairs and three part mounts
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the part blank as shown i
Figure 3. The two surfaces
one nominally parallel with
the biconic surface, the othe
orthogonal, were diamonc
flycut into the Aluminum

blank. The back surface
would be mated to the Figure4. Alignment Fixture Showing Center Plug and two

vacuum chuck to accoun vacuum pedestals, with mirror blank mounted on left

for three degrees of

freedom: tip, tilt, and focus. The three quasi-kinematic mounts visible in Figure 3 could not be
used since the thread locking system was only intended for a single use. These mounts were alsc
too compliant to allow mounting the part off-axis. Accelerations at the machining speed of 120
rpm would have caused significant deflection. Translation in X and Y as well as rotation could
be aligned using two of the fiducial crosshairs. These crosshairs were machined using a
miniature ball endmill in a conventional CNC milling machine. The same fiducials used in
aligning the parts for fabrication would later be used to align the parts in the optical system.

While fabricating the fiducials presented somewhat of a challenge, the greater question was how
they would be used to align parts on the machine. For mounting the parts in their proper off-axis
location on the diamond turning machine, a special fixture somewhat reminiscent of a propeller
was fabricated to mount two parts at one time (Figure 4). The fixture, which bolts directly to the
DTM spindle, has an integrated vacuum chuck at its center for holding an alignment center plug.
The off-axis location and tilt were necessary to minimize the excursion of the fast tool servo used
to machine the non-rotationally symmetric component of the surface. Each mirror rested on an
angled pedestal which had been diamond flycut on two surfaces to within 4 arcsec of the correct
tilt angle. This pedestal was then mounted on a beam that had been faced off on the DTM,
guaranteeing correct angular placement of the rear surface of the parts and forming the complete
propeller-like structure. The beam had been designed with a large section to prevent significant
bending during machining.

The crosshairs, now located against the vacuum chuck surface of the pedestals, were viewed
through several holes bored through the rear of the chuck. As shown in Figure 5, a camera with
a crosshair generator was placed on the DTM’s X-axis to look at the crosshairs.

While relative alignment of the crosshairs to the camera could now be achieved, the camera view
had to be related to the machine coordinates. Vertical alignment was made by looking at the top
surface of the diamond tool, which, in turn, had been aligned to the spindle axis via a centering
operation. The rotational position of the spindle, which the fast tool servo uses to contour the
part in that direction, could now be related to the crosshairs on the back of the part. In this case,
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Figure 5. Machining setup showing acrylic test parts, camera
arrangement, and centerplug.

an important limitation in positioning resolution was the spindle encoder resolution. With
10,000 counts per revolution, the positional resolution at the radial position of 270 mm was 160
pm. Fortunately, sub-count interpolation allowed a positional accuracy closer to the 25 um goal,
though this arrangement was hardly ideal. Interpolation was dependent on the operator’s skill in
manually rotating the fixture and noting the crosshair location when the encoder count occurred.

No such limitation existed for alignment in the radial direction. The radial position of the axis of
rotation was determined during the tool centering operation as a function of the DTM’s x-axis
position. Unfortunately, the large nose radius of the tool does not provide a distinct feature on
which to align the camera in the radial position, therefore a needle was mounted on the toolpost.
The needle was then touched on the rotating center plug to produce a small circular scribe that
could be measured in a microscope. The needle was then moved using the machine axes to the
intended radial position of the crosshairs minus the radius of the circular scribe. With the camera
crosshairs then aligned radially on the needle, the intended location of the part crosshairs was
established.

9.4.2 DYNAMIC ALIGNMENT

The result of the machining operation revealed an important point to be considered in part
alignment. While static alignment was successful and accurate within specifications, a dynamic
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component arose in the rotational direction of the spindle that was missed. Early analysis
deemed the spindle speed to be well within the dynamic limits of the fast tool servo. The
excursions occurred at a rate of approximately 12 Hz, while the servo bandwidth is around 300
Hz. Unfortunately, even with a small phase shift of less than 1°, at a radial distance of 270 mm,
a displacement error of more than 3 mm was encountered. This error was discovered during
figure error measurements made after machining using a computer generated holographic mask
in an interferometer. The fiducials used to align the part during machining were also used to
align the part to the interferometer. When measurements were taken in the position determined
by the fiducials, what appeared to be a large figure error was detected. When the part was
subsequently translated by 3 mm, most of this figure error disappeared.

9.5 CONCLUSION

Alignment and fixturing forfabrication presents unique challenges distinct from optical
alignment, particularly in the case of free-form optics. The example presented has brought to
light a component that is usually not considered: The dynamics of the machining system. Also,
while part alignment has no direct influence on figure error, misalignment can produce
symptoms that behave like figure error. Consideration of all alignment issues, including
dynamic components, is critical to the implementation of free-form optics.
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Over the past 3 years, a project to develop an Elliptical Vibration Assisted Machining (EVAM)
system has been funded by Kodak. The goal was to create a device that could be used to study
the influence of process variables on the material removal process; specifically the shape of the
elliptical tool motion, the magnitude of the forces, tool wear and surface finish. Two different
prototypes (called the UltraMill) were created: a slow-speed unit that was built with a standard
diamond tool and a high-speed version using new actuators with a light-weight, hollow ceramic
tool holder. The changes in the high-speed version resulted in an increase in operating speed
from 500 Hz to over 4000 Hz. Enhancements included in this new version of the EVAM system
are a closed loop temperature control system and a glued-in diamond tool. The performance of
the UltraMill was impressive and a number of different materials were machined from plastic to
aluminum to silicon carbide. The surface finish was nearly as good as diamond turning if the
speed of the workpiece was low with respect to the oscillation speed of the elliptical motion and
the peak cutting forces were reduced by 50%. The UltraMill can produce optical quality
surfaces and tool wear is less than conventional diamond turning for difficult to machine
materials such as steel and ceramics.
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10.1 INTRODUCTION

Diamond turning has become a mainstay of optical fabrication. However, it is limited to certain
workpiece materials [1] due to tool wear. To address this issue, a new class of machining was
created. This technique involved independent, cyclic displacement of the cutting tool with
respect to the workpiece and was referred to as vibration cutting. In early experiments, the tool
was moved in a straight line along the cutting path at ultrasonic frequencies. It took nearly two
decades of research before the technology began to show practical value. In the early 90’s,
research into vibration cutting at both low and high frequency produced results sufficient for
industrial applications [2]. This mature class of machining is called Vibration Assisted
Machining (VAM). Moriwaki has shown that when the tool was moved in an elliptical path
rather than a straight line, lower cutting forces and longer tool life were achieved [3,4]. However
the evidence presented was anecdotal. There were no specific measurements of force during
ultrasonic operation or tool wear details.

The PEC has built an EVAM system known as the UltraMill [6] that combines a small elliptical
tool path (40 um horizontal by 6 um vertical at 600 V excitation) to the linear motion of standard
orthogonal cutting. Tool force and wear details using a low speed system were reported in 2001
[5]. The EVAM reduces cutting forces and tool wear by reducing chip thickness and keeping the
tool tip out of contact with the workpiece for 75% of the time. These characteristics increase
tool life and expand work piece material compatibility with single crystal diamond tools. This
Section describes the Ultramill with details of the tool path, chip shape, forces and surface finish.

10.2 ULTRAMILL CONSTRUCTION AND TOOL MOTION
10.2.1 MECHANICAL STRUCTURE

A photograph of the twoUltramill
designs developed at the PEC are sho
in Figure 1: the new high speed version
in the foreground at left and the origin:
low-speed version [5] is shown in th
background at right. The basis for ea
design is a pair of piezoelectric actuatc
that support the tool and allow it to mov
with small displacements at high spee
The original version uses a pair of lon
thin cylindrical actuators whereas trh!-t

new design uses a pair of larger cros -

section triangular actuators (bas Figure 1. Photograph of the new high-speed design

(left) and the original design (right)
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30mm, height 13 mm, depth 22 mm). This shape was optimized for stiffness using a finite
element model. The original tool head was fabricated from steel and aluminum with a standard
diamond tool attached with a screw. The new design uses a hollow alumina head and a diamond
tool attached with high-temperature epoxy. The shape of the head was optimized to keep the
center-of-gravity near the center line of the stacks and to minimize the mass moment of inertia.
The first natural frequency of the new design is 5000 Hz as compared to 500 Hz for the original
design. Unfortunately the constraints on the shape and material of the head made it difficult to
fabricate and therefore expensive.

The head rests on a pair of ceramic half-cylinders that allow it to displace and pivot as required
for the desired motion. A thin titanium flexure pushes the head onto the actuators and seals the
actuator cavity for cooling. High-voltage signals (up to 1090 at 10 KHz) in the shape of a

sine wave and cosine wave drive the two actuators. This excitation produces an elliptical motion
of the diamond tool with the minor axis (up to 7 um) and the major axis (up to 33 um)
determined by the stroke and phase of the actuators and the geometry of the head.

10.2.2 COOLING SYSTEM

Inlet

Reservoir

The large piezoelectric actuators used

drive the tool at high frequencies genere Heat
a significant amount of heat and an acti Exchanger
cooling system is required for sustaine
operation. The system, shown in Figu

2, consists of a thermoelectric cooler al RTD ———
pump to circulate a dielectric fluid (3V g;':g‘;”d;e
Flourinert 3283) over the stacks at a flo Position)

rate of about 1 liter/min. The system uses
the chiller to modulate the temperature
the inlet to the actuator cavity such th
the outlet temperature (as measured
the resistance thermometer — RTD - in the return line) is kept constant. The chiller has a
capacity to remove 400 watts, sufficient to operate the system constantly at full voltage.

Figure 2. Active cooling system design for
sustained high-speed operation of the actuator

10.2.3 TooL MoTION

The desired tool motion for the Ultramill is generated in a different manner than other vibration
assisted designs. In this case, the goal is to operate the system below its first natural frequency
so that the motion can be changed in a controllable manner to study the details of the machining
process. For elliptical cutting, the motion of the end of the tool is a combination of the elliptical
motion from the actuator and the linear motion from the workpiece. Figure 3 shows the motion
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of the tool (exaggerated in the vertical direction for clarity) and defines the important parameters.
Only two cycles of the motion are shown but emphasis is on the second revolution (dotted line)
that represents the steady-state motion during material removal.

Feed/cycle

First cycle
Maximum
chip thickness

Tool leaves
part

Tool enters
part

Figure 3. Tool motion and chip definitions at the center-line of the chip during elliptical cutting
10.2.4 CHIp GEOMETRY

Figure 3 also shows the chip geometry at the center of the cut as the tool moves through its
elliptical path. The thickness of the chip is reduced as the tool frequency is increased or the part
speed or depth of cut are reduced. SEM micrographs of non-overlapping groove cutting
experiments in aluminum illustrate that chip geometry is directly related to cutting conditions. If
the depth of cut is smaller than the minor axis of the tool motion, the chips are discontinuous
(Figure 4), and if larger they are connected at the center (Figure 5). The discontinuous chips
have a thickness related to the feed/cycle and are as wide as the cut. The continuous chips are
longer because of the increased depth of cut but are discontinuous at each edge where the rounc
nose tool leaves the flat workpiece. Notice that the chips appear transparent in the 1000x image
of Figure 5, indicating a thickness less than 10 pm.

~ 100

450x 1800x
Figure4. SEM micrographs of discontinuous chip where depth of cut is 32% of the minor axis
(depth = 1.4 um and upfeed/cycle = 3.3, minor axis of elliptical motion =4.3 um)
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600x 1000x
Figure5. SEM micrographs of continuous chip where the depth of cut is twice the minor axis
(depth of cut = 8.9 um and upfeed/cycle = 6.7 um, minor axis of elliptical motion =4.3 pum)

10.2.5 TooL FORCES

To measure the forces, a specimen was attached to a three-axis load cell mounted on the
diamond turning machine. The oscillating tool was fed across the surface at a constant speed and
depth of cut. The measured forces were acquired using a high-speed data acquisition system.

1 .

[ | —=<— Cutting Force, N
t | —©— Thrust Force, N i
0.8 = == = Cutting Force, N ; -
r Thrust Force, N
> 0.6 IR ------------------------------------------- ---------
S o4 Lo ,
5 ‘
T P |
0.2 | ——
0 @E |
0.0017 0.0018 0.0019

Time, sec.

Figure 6. Theoretical and measured cutting and thrust forces during tool contact
(material = 6061-T6 aluminurmnder same conditions as Figure 5)

The measured forces in the cutting and thrust directions as a function time are shown in Figure 6.
The measurements are shown as a series of points connected by a line and the predicted forces
are the solid and dotted lines. The workpiece was 6061 aluminum, the vibration frequency 1000
Hz, the depth of cut 8.9 um and the upfeed/cycle 6.6 um. Based on the geometry shown in
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Figure 3, the maximum chip thickness for this condition is 7.7 um. For these cutting conditions,

the maximum force in Figure 6 is about 1 N and the tool is in contact for 0.3 ms out of a cycle

time of 1 ms (at 1000 Hz operation) or a duty cycle of 30%. The predicted values were in

agreement within 0.1 N of the magnitude of the measurements. However, secondary vibrations
due to the load cell dynamics are apparent, especially in the thrust direction with a 12 kHz

frequency (the natural frequency of the load cell with specimen).

10.2.6 SURFACE ROUGHNESS M EASUREMENTS
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Figure7. Surface Roughness as a Function of HSR on PMMA
(100 rpm Spindle Speed, 1.25 mm/min Cross Feed, 12.5 um/rev)

The surface roughness of the EVAM machining experiments was compared to a theoretical
prediction for grinding surface finish developed at the PEC by Storz [7]. This comparison is
illustrated in Figure 7. Here the areal RMS roughness as measured on a Zygo New View is
plotted as a function of the Horizontal Speed Ratio (HSR) for different EVAM frequencies. The
HSR is the ratio of the maximum speed of the elliptical motion to the surface speed of the part
and is proportional to the distance that the part moves for each elliptical cycle of the tool. The
model tracks the experiments well above 7% HSR but below that value the experiments seem to
reach a plateau of 20 nm while the predicted value drops to 5 nm. The speed of the EVAM
motion (1-4 KHz) does not seem to affect the minimum roughness.

The 20 nm limit was the result of 60 Hz asynchronous surface features produced on the part.

Since the x and y carriages of the Diamond Turning Machine (DTM) have a natural frequency of
60 Hz and 90 Hz respectively, these features were originally thought to be caused by machine
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vibration introduced by the inertial forces of the UltraMill or by ancillary components such as
the cooling system pump. Following a series of experiments designed to isolate the source of
this vibration, the Kinetic Ceramics amplifiers were found to be defective; introducing noise
spikes of 25 nm magnitude at a period of 16 msec (60 Hz) into the drive signal. Trek P1019
(PZD500) dual channel piezo drivers were loaned by Precitech for further experiments. These
amplifiers were capable of producing a clean drive signal of 600 volts peak-to-peak but were
limited to 1 KHz. The measured RMS surface roughness for an EVAM turned part is plotted in

Figure 8 as a function of HSR.
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Figure 8. Measured and Theoretical Surface Roughness on PMMA
(1 Khz, 21.4 rpm, 0.25 mm/min, 12 pum/rev)

The minimum theoretical surface roughness values were calculated using the Storz’s method [2]
and the theoretical values are the smallest possible from the model. The general trend of the
measured roughness curve follows the theoretical behavior. The 20 nm limit is no longer
observed in these results where the minimum measured surface roughness is 6.5 nm RMS. The
surface finish experiments showed that EVAM features could be predicted from the elliptical
tool path and tangential workpiece velocity.

10.3SIC MACHINING
The groove cutting experiment described in the 2002 Annual Report proved that the EVAM

process could be used to machine SiC; however, creating an optical surface is a more challenging
problem. To demonstrate the possibilities, the UltraMill was used to machine a surface with a 1
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mm outer radius and a 0.5 mm inner radius. The fracture data from the groove cut experiment

showed that damage free surfaces could be machined if the chip thickness is less than 20 nm.
This value was used to determine the cutting conditions at the outer radius of the machined

surface where the upfeed — and therefore the chip thickness — is the largest. The UltraMill was

operated at 1 KHz and 600 volts peak-to-peak using the Trek amplifiers to create the 40 x 6 um

ellipse. The tool was fed across the part at 12 um per revolution. The part rotated at 1 RPM and
the maximum HSR, occurring at a radius of 1 mm, was 0.08%.

10.3.1 APPARATUS

The SiC specimen was vacuum mounted to the DTM spindle using a custom, diamond turned
fixture. The workpiece velocity required for the desired maximum chip thickness at a 1 mm
radius was determined to be 0.1 mm/s, or approximately 1 RPM. The motor for the DTM cannot
operate at such a slow speed so the spindle was driven by a stepper motor through a flexible
rubber belt. The SiC specimen was 25.4 mm square by 0.8 mm thick with a polished surface of
less than 0.5 nm RMS over an area of 0.0156.mfhe surface of the unmounted specimen had

a spherical shape with a P-V of 10 um. Once supported on the vacuum chuck, the surface
flatness was less than 600 nm over the area to be machined. Based on this runout, the desirec
nominal depth of cut was set at 600 nm.

The UltraMill was operated at 1 Khz for 40 minutes to allow the temperature to equilibrate.
After the equilibration period, the tool was brought into contact with the rotating specimen at a
radius of 0.4 mm. The tool tip was positioned to within several micrometers of the surface as
observed with a telescope and moved in 100 nm increments until a chip was created. The oil jet
was activated and the part program was run. The machining process required 44 minutes, during
which the temperature of the UltraMill piezo stacks dropped by 0.4°C. The goal for the touch off
technique was to avoid depths of cut greater than 1.2 um. The measured depth of cut for the
surface ranged from 30 nm to 418 nm with an
average depth of 300 nm.

10.3.2 SURFACE M EASUREMENTS

Figure 9 is an SEM micrograph of th
machined surface of the SiC. The nomir
cutting distance was 196.25 mm and t
volume removed was 7x¥Omn? with a

removal rate of 15,900 pitmin. The average
of the tangential and radial profiles and surfa
measurements are plotted as a function
radial position in Figure 10. The machined S Figure9. SEM Micrograph of SiC Surface
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surface has an average roughness of approximately 8 nm RMS. The theoretical RMS roughness
of the machined surface is dominated by the cross feed and has a value of 5.5 nm. The
theoretical roughness along the groove bottom is 1 angstrom. This value is much less than the
spindle error motion and therefore is not visible. The value shown in Figure 4 is equal to the

average spindle error.
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Figure 10. Surface Measurements of Machined SiC CVD
(1 rpm spindle speed, cross feed = 12 um, upfeed = 40 nm, frequency = 1 Khz)

Figure 11 is a Zygo contour image of the machined surface at a radius of 0.85 mm. The cross
feed marks can be clearly seen at 12 um spacing. Normally these would be connected by
vertical lines due to the upfeed motion created by the elliptical motion of the tool. However, for
this experiment, the upfeed rate of 40 nm/cycle is beyond the resolution of the instrument. What
are visible are lower frequency vibrations attributed to spindle and DTM slide motion. A trace
along one of the grooves has amplitude of 2.5-5 nm at a frequency of 25 Hz. Surface roughness
along the machined groove is 1.9 nm RMS. Some surface damage was noted and can be seen
along the bottom of one of the up feed grooves.
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Figure 11. Contour Plot of EVAM Surface in SiC (HSR=0.08%)
A profile trace in the cross feed direction (Figure 12) provides another view of the surface. This
scan reveals a cross feed period of approximately 11.9 um and a local feature height of 16 um.
These values are similar to the theoretical 12quoss feed and 18 um peak-to-valley feature
height. The cross feed features have distinct, repeated characteristics which are believed to be
the result of features on the tool edge being imprinted on the SiC surface during machining.
These features appear to be small fractures or damage sites, less than 5 nm deep.
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Figure 12. Radial Profile of SiC Surface (Cross Feed = 12 pm/ rev)

10.3.3 TooL WEAR MACHINING SIC

SEM micrographs of the tool tip before and after the machining process reveal visible wear. The
cutting edge was imaged with the SEM before machining the SiC and is shown on the left side of
Figure 13. There appears to be no visible damage to the edge. After machining the SiC, the tool
edge was again inspected with the SEM. No indication of tool wear could be found on the rake
face; however, the flank face revealed features shown at the right of Figure 13. The width of the
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worn area is the same as the theoretical contact length of 25 um for a 1 mm radius tool at a depth
of 300 nm. This correlation suggests that this wear area was created during the machining
process.
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Figure 13. Worn and Unworn Tool Edge

A close up view of the flank wear region in
Figure 14 shows wear patterns and striatid
in the upfeed direction as expected. T
length of the wear land is approximately 4¢(
nm. Given this wear land and a cleara
angle of 10.4°, a rake face recession of 74
is estimated. This calculation assumes a
wear land, which may not be the case for
EVAM process. The radial and surfad
measurements are similar in magnitude, 8
RMS, suggesting that the overall surfa e e 2l
roughness is mostly a result of cross fe 3 SKU X60.808 30mm
features. This was expected based on -~
selected machining conditions.

Figure 14. Worn Edge on Diamond Tool

10.4 CONCLUSIONS

The UltraMill is a rugged, reliable design for creating surfaces using elliptical vibration assisted

machining. It has two major advantages over previous designs; first, the elliptical motion has a
significant vertical component that can be used to control the thickness of the chip; and second,
motion of the tool is below the first natural frequency so the speed is easily adjustable from 1-5
KHz. This device has been used to machine a variety of materials, from aluminum to plastics to
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SIiC. It can produce optical quality surfaces and the accompanying tool wear for difficult to
machine materials — steel and ceramics — is less than conventional diamond turning.
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All actuators exhibit varying amplitude and phase response to varying or multiple frequency
input command signals. This makes it difficult to utilize their full small-signal bandwidth. Two
adaptive, open-loop schemes that compensate actuator motion errors using an inverse dynamics,
or deconvolution, approach have been developed. A significant issue that must be addressed by
a practical implementation of any command signal modification technique is the
interdependence of the parametric (i.e., time-based) commands for the multiple axes of a
machining system. The short-time Fourier transform and an equivalent inverse dynamics filter
have been developed for operation in a such machining environment where parameters such as
spindle speed may change. Two hardware issues related to the use of these techniques to correct
the motion errors of a Variform fast tool servo (FTS) are also discussed. First, the operating
range where the actuator performs as a linear system is investigated. Second, the dynamic
response of an actuator's internal displacement sensor may mask the actual tool motion. These
hidden dynamics can be compensated using the proposed corrective algorithm. An off-axis
spherical surface feature has been selected for machining tests of these algorithms. The
spherical profile is easily measured interferometrically and the machining parameters can be
adjusted to obtain a wide range of frequencies and amplitudes in the FTS command signal. The
final phase of this project is to develop an actuator independent software package implementing
the inverse dynamics algorithm for arbitrary, rotationally variant surfaces.
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11.1 INTRODUCTION

The dynamic response of a mechatronic system
is a function of the frequency and amplitude of
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T T T
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== Linmodified

its input signal. An open-loop control approach
using an inverse dynamics algorithm, or
deconvolution of a desired motion path can

Error, pm

compensate for attenuation and phase yielding a
significant reduction in steady-state tracking

errors [1]. The performance is significantly S R
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improved, especially for high frequency motion.
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Figure 1 shows a comparison of the followin . . .
g ) p . g Figure 1. Path difference associated
error for a Variform fast tool servo with and

without motion path deconvolution. The dashed
line represents the following error for an input signal whose frequency approaches the bandwidth

with modified and unmodified input.

of the actuator. The dotted line shows the actuator following error to a deconvolved version of
the same input command. The response of the modified signal shows significantly less
attenuation and delay from the desired signal after a startup interval lasting approximately 4 ms.

Several interesting hardware issues have been encountered during the implementation of this
control approach that will be discussed in subsequent sections. First, the modified input drives
the FTS to precisely follow a desired motion path at low amplitudes and high frequencies.
However, the acceleration and hence the maximum attainable velocity of the Variform is limited.
As a result, for large amplitude and high frequency command signals, the actuator motion will
exhibit large path differences with respect to the desired excursions. To assure that the FTS
performance is within its physical capability, its operating range (frequency, amplitude
combination) must be determined.

Second, the dynamics of the Variform’s internal displacement sensor (a Linear Variable
Differential Transformer or LVDT) shadows the true tool motion undermining the signal
modification algorithm. An additional sensor, a capacitance gage, was used to determine the
transfer function of the LVDT. The dynamics of the LVDT can be convolved with the
previously measured actuator dynamics to derive the true actuator frequency response.

Third, the desired path of the FTS is usually expressed as a parametric function of spindle speed
and the axis cross-feed rate of a diamond turning machine (DTM). As either velocity changes,
the time period of the desired path is also altered. Since deconvolution over the entire command
signal is only valid for non-varying machining parameters, a more robust approach would be to
perform the deconvolution in real-time. Adaptive schemes such as the short-time Fourier
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transform (STFT) and an equivalent inverse dynamics filter have been developed to use the most
recent parameters known during machining. The maximum rate at which this adaption can be
performed is same as the impulse response decay rate; that is, the time that it takes for the
actuator motion to decay to zero following an impulse input.

Both deconvolution techniques are being validated by machining a small, concave off-axis
sphere into a flat surface. To determine the form error contributed by the FTS for both an
unmodified and deconvolved command signal, a comparison will be made with identical spheres
machined on-axis. Finally, a software package that implements the validated deconvolution
algorithm will be constructed. A generic, text format will be used to describe both the desired
tool path and the actuator dynamics.

11.2 DETAILS OF THE PROJECT

11.2.1 VELOCITY SATURATION AND OPERATING RANGE
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Figure 2. FTS response with respect to high  Figyre 3. FTS response associated with 200
frequencies and large amplitudes input signal. Hz, 7.5 volts P-P input signal and its velocity.

Limitations of the deconvolution technique appear with the combination of high frequencies and
large amplitudes. In general, an actuator can be considered as a linear spring-mass-damper
system whose dynamic response is expressed as a function of frequencies of the applied signals.
Though the response results in an attenuated and delayed motion, the output of a linear system
contains only the frequencies of the input signals. Since the velocity of the Variform FTS is
constrained due to physical limitations, as a large amplitude and high frequency input signal is
applied the output profile is reshaped. In other words, the Variform behaves non-linearly.
Figure 2 shows that the Variform response (a solid line) cannot follow the desired excursion (a
dashed dotted line) when the velocity exceeds the maximum. The velocity saturation reshapes
the response associated with a sinusoidal input to a triangle-like signal with the maximum
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velocity of 140 mm/sec as shown in Figure 3. The effects of the distortion on the operating
range of the Variform as well as the measured impulse response employed in the deconvolution
technique can be thoroughly investigated using a frequency spectrum analyzer.

In Figure 4(a), the deformed shape (a line with dots) of the FTS response as measured by the
internal LVDT sensor is compared with the shape of the desired excursion (a line with diamond
marks). The lower plot illustrates the frequency spectrum of the output profile. The distorted
response comprises not only the base frequency component of 200 Hz, but also the 3™ (600 Hz)
and 5" (1000 Hz) harmonics. Figure 4(b) shows the frequency components with respect to the
Variform response. While the constituent sinusoid associated with the base frequency is in-
phase with the desired signal, the 3™ harmonic is out-of-phase, leading to a triangle-like output
response. Note that the amplitude of the constituent sinusoid is smaller than the amplitude of the
distorted output excursion.
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Figure 4. a) Shape of the FTS response and its frequency spectrum, b) Assembly of the
frequency components with respect to the FTS output.

This amplitude difference has a large effect on the accuracy of the impulse response
measurement using a spectrum analyzer (Stanford SR780). The analyzer generates a varying
frequency input with fixed amplitude (i.e. a swept sine wave) to the FTS, and determines
attenuation and phase of the tool motion captured by an internal LVDT at each input frequency.
If the output path signal is velocity-saturated, its frequency component associated with the input
frequency has, in effect, smaller amplitude than the actual output signal. As a result, the
frequency response of the Variform shows significant attenuation. Figure 5 depicts the
attenuation of the Variform as a function of the frequency and amplitude of the command signal.
The frequency response illustrates a large amplitude drop where the input signal contains large
amplitudes with high frequencies. This implies that the operating range of the Variform is
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limited to combinations of amplitude and frequency where the velocity is below the constraint of
140 mm/sec as shown in Figure 6.
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Figure 5. 3D frequency response as a function  Figure 6. Operating range of the Variform.
of input amplitudes.

11.2.2 DYNAMICS OF THE VARIFORM POSITION SENSOR

The Variform employs an internal LVDT to measure the displacement of the tool. This contact
displacement measuring system has its own dynamic response that filters the position
measurement as shown in Figure 7. Actual tool motion was measured with an external
capacitance gage placed in front of the tool holder. The capacitance gage signal is inverted in the
scope plot shown in the figure. The actual phase is 21° with respect to a 100 Hz sine wave input
signal, but the LVDT is 39° out of phase with the input command. Figure 8 illustrates the
transfer function between the capacitance gage and the LVDT that was determined using the
same measurement technique as the actuator dynamic response. Note that the phase response
starts at 180° because the two sensors are measuring in opposite directions and the LVDT signal
leads the non-inverted capacitance gage signal by 18° at 100 Hz. As with the inverse dynamic
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Figure 7. Phase of the tool motion measured by 10 10 10 10

the LVDT and a capacitance gage (inverted) Figure 8. Dynamic response measured by the

LVDT with respect to the capacitance gage.
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response of the mechatronic system, the deconvolution algorithm can also compensate for the
feedback sensor's dynamic response. Another note is that the gain at high frequencies descends
about 40 dB over ten increments of the LVDT natural frequency range (500 — 5000 Hz). This
implies that a 2" order internal filter is implemented in the Variform’s displacement sensor.

11.2.3 DECONVOLUTION IN REAL-TIME

The inverse dynamic technique can be performed once for a given set of machining parameters
(e.g., spindle speed, cross-feed). However, if the spindle speed changes, the time period of the
desired path is also altered. Deconvolution over the entire tool excursion requires immutable
parameters. However, the initial machining parameters may drift over a long machining time.
One solution is to run the deconvolution in real-time and update the command signal by
monitoring the machining parameters. Consequently, deconvolution over a long desired
excursion must be segmented so that the short pieces are individually modified using the
deconvolution technique. While the Variform follows the current input command, the next piece
of the desired tool path will be modified using the most recent parameters.

Short-time Fourier transform

The real-time deconvolution can be achieved by using a window function' applied to a long path
signal. Figure 9 demonstrates how the rectangular window (Equation (1)) and the triangular
window functions draw a short piece (xs[#n]) out of a long sinusoidal signal (x[n]). The short
signals are the product of the applied signal and the window function as shown in Equation (2).

w[n]={1 aSnsb} (1)

0 otherwise
x,[n]= xln]xwln] 2)

The reverse process, an overlap-add method is used to reconnect the short pieces together. Each
individual piece combines with the overlaps of the adjacent pieces as shown in Figure 10. Note
that the reconstructed signal is distorted at both ends as a result of the window characteristics,
but is a copy of the input signal where the overlap is complete. Finally, the entire combined
signal is scaled to correct its amplitude.

The short-time Fourier transform utilizes a window function and transforms the short pieces to
the frequency domain [2] where the operation of inverse dynamics occurs [3-4]. The window
function is applied again in a reconnecting process as shown in Figure 11. In practice, the length

" A window function is a vector of weight coefficients, which are zero everywhere but within a certain length.
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of the window must be short to be sensitive to high frequency components as well as variations
of the signal. Figure 12 illustrates the synthesis process for windowed signals. The series of
modified signals in Figure 12(a) reconnect at the appropriate time to the adjacent pieces to
reconstruct the entire modified signal as shown in Figure 12(b).

Rectanglar Window Triangular Window

Rectanglar Window Triangular Window

0 m 20 30 40 &0 o 10 20 30 40 &0

Figure 9. Rectangular and triangular window
Figure 10. Overlap-add method reconstructs

the original signal from small pieces.

functions draw out a short piece of a long
signal.

Desired Signal (Time)

Moving window
function

Deconvolution (Freq)

CERUE RN Y] 4] i
! 5}
&

=]
(R s LE R RN

| IFFT R
Window function
1 s
Overlap-add method

¢ Scaling
Modified Input (Time)

Figure 12. a) Series of windowed signals after
individual deconvolution, b) The entire of the
modified signal.

Figure 11. Schematic of the short-time Fourier
transform.

165



Equivalent inverse dynamics filter

Another approach to real-time deconvolution development is to build an equivalent inverse
dynamics filter which yields a more efficient implementation. Conceptually, the modified input
command x[n] is obtained when the desired tool path y[n] is transformed to the frequency
domain where the deconvolution (or division operation with the frequency response H[w] of the
system) occurs. Equation (3) expresses the deconvolution operation following the method of the
previous section with a single rectangular window applied to the entire command signal.

x[n]= [FFT[MJ 3)

where
FFT, IFFT  fast Fourier transform algorithm and its inverse

n discrete time
0] frequency
The filter approach eliminates the Frequency spectrum of the inverse filter

division operation in the frequency

domain by creating an equivalent inverse
dynamics filter as written in Equation (4).
Consequently, the deconvolution in

Equation (3) can be expressed as a
convolution of this inverse filter with the

desired motion path as shown by 300
Equation (5). Figure 13 depicts the
inverse of the FTS’s frequency response.
The filter gain is amplified and the phase 100 £
is adjusted to compensate for the dynamic

200

0 ¥ t HilhiHi
response of the actuator. 10’ Frequency (Hz) 10°
e 1
h™[n]=IFFT [ Hlo] ) Figure 13. Frequency spectrum of the equivalent
inverse dynamic filter.
x[n] = y[n]*h™'[n] ()

Under varying machining conditions, this approach can be implemented using the overlap-add
and overlap-save methods. These two algorithms implement block convolution; that is, a
segmented convolution of a long parametric desired tool path y[n] and the inverse dynamic filter
h7'[n]. The exact convolution can be retrieved as segmented convolution blocks are reconnected.
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Overlap-Add Method Using Equation (6), this method implements a linear convolution of the
short desired signal y[n], of length L, to the M+1 point inverse impulse response /”/[n].

xnl= S ylkIh " [n—k] ©)

=—w0

The operation results in an L+M point modified signal x[n]. The first L points of this modified
command are correct. However, the last M points must overlap and add with the next modified
piece to obtain the correct linear convolution. The overlap-add technique can be implemented
efficiently with the FFT algorithm. The procedure is to:

1. Pad zeros to the inverse impulse response and all of the short desired signals so that all have
the signal length L+M.
2. Perform the convolution operation using an FFT as illustrated in Equation (7) yielding the
signal x[n] of length L+M.
x[n]= IFFT(FFT(y{n])x FFT(h"'[n]). (7)

3. Overlap the last M-points of the modified signal x;[n] with the first M points of the next
modified signal x;+,[n] as shown in Figure 14.
4. Add the overlapping segments.

| X1[n] I|_ LTM
| L, oxlm L LM

-— . . e
- e s = o

add

Figure 14. Block convolution using the overlap-add method.

Overlap-Save Method Using Equation (8), this method implements an L+M point circular
convolution of the M+1 point inverse impulse response 4 ™'[n] with an L+M point segment from
the desired path y[n].

x[n]ZNZ_iy[m]h[n—m]N 0<n<N-1 (8)

The first M points of the resulting output are incorrect, while the remaining points are identical
to those obtained by linear convolution. The algorithm proceeds by dividing the desired path
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y[n] into sections of length L+M and overlapping these pieces with the last M points of the
preceding section as shown in Figure 15. Note the first section is padded at the beginning with
M zeros.

L+M

ysln]
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¥
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Figure 15. Block convolution using the overlap-save method.

After performing a convolution for each section using the FFT, the first M points of all resulting
outputs are discarded. The output segments are patched together to complete the convolution of
the inverse dynamic filter 4#”/[n] and the long desired tool path y[n].

The two block convolution methods described above have advantages over the approach using
the short-time Fourier transform. First, division operations are only performed during the
construction of the inverse dynamics filter instead of during the deconvolution of each windowed
piece of the command signal. This makes it much easier to deal with zeros (and near zeros) in
the response function and results in a more efficient implementation. Second, block convolution
is an exact operation, yielding the same answer as a single convolution over the unsegmented
signal. The STFT algorithm gives different results depending on the characteristics of the
chosen windowing function. And finally, the reconnecting process for each block convolution
method is very simple compared to the STFT.

11.2.4 OFF-AXIS SPHERE

A spherical optical surface has been chosen to
demonstrate the inverse dynamics error
compensation technique. An off-axis sphere
will be machined into a flat surface as shown in
Figure 16. This geometry has been selected ¢
because the command trajectory is not periodic

and its frequency content can be modified by ' B
changing the off-axis distance and/or spindle
speed. Most important though is that the f-
number of the spherical surface can be selected

Figure 16. An off-axis sphere selected for
technique validation experiments.
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so that the results are easily characterized with an interferometer. While the machine axes follow
a spiral pattern overlaid on the machined surface, the FTS moves as a parametric function of »
and @expressed in Equation (10). The spherical surface can be expressed as Equation (9),

(x—a) +(y=b) +(z-c) =R’ ©)
where the x and y axes motions are described as,

x=rcosf

y =rsinf

Then, z (or tool position) of the FTS to form an off-axis sphere can be written as

z=c+\/R2+2raCOSH—a2+2rbsin¢9—b2—r2. (10)

Equation (10) can be expressed as a parametric function of time by writing » and & as functions
of axis cross-feed and spindle speed, respectively. Then, the FTS command signal required to
generate the entire surface can be easily generated as a time-based vector at any desired
resolution.

The sagittal component of the tool path that generates this surface is a set of nearly circular
trajectories with different widths and depths depending on the radial position of the tool. An
example of one unique pass of the tool is shown in Figure 17. This picture shows the tool path
beginning at a particular height above the surface then plunging into the part and finally
returning to that height. The deviation from a circular trajectory is a result of the shape of the
intersection of the sphere with the spiraling radial tool position and the correction needed for the
nose radius of the tool. Because the depth of the sphere is too large to create in a single pass
across the part, the surface will be created by a series of passes following the same trajectory but
with increased depth on each pass.

Tool Path

---------------------- -

2

i

Figure 17. Tool cutting motion along spiral path to create a concave sphere.

169



11.3 EXPERIMENTAL CORROBORATION OF DECONVOLUTION
11.3.1 EXPERIMENTAL SETUP FOR THE SHORT-TIME FOURIER TRANSFORM

An experiment was performed using a dSPACE (RS1104) data acquisition board to invert the
dynamic response of the actuator. Dynamics of the LVDT were not compensated in this
experiment. In Figure 18, any desired tool path and machining parameters are uploaded to the
dSPACE processor and the real-time deconvolution algorithm is performed. The tool excursion
was windowed, transformed to the frequency domain, modified by the inverse dynamics
algorithm [5], synthesized, and conveyed to the FTS as a modified input command. Note that, at
the time of writing, the algorithm that acquires the varying parameters was still being formulated.
The deconvolution was exercised using fixed machining parameters.

To implement the overlap method with the real-time deconvolution, the model employed an
input buffer block to store arrays of the desired signal. The Hanning window function was
selected for the Short-Time Fourier Transform (STFTsim block).
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Figure 18. Model of real-time deconvolution.

Analytical approach

In Figure 19(a), the modified input of the Variform is calculated using the real-time
deconvolution and the frequency response of the system. The buffer block takes about 55 ms to
collect the input signal resulting in an initial delay before the deconvolution operator delivers the
modified input command. Note that the modified input signal does not jump at the start to
correct the phase as the modified input obtained from a normal deconvolution since the weight
coefficients of the Hanning window function eliminate this discontinuity.

As with the reconstructed signal in Figure 10, the path associated with the modified signal
experiences distortion at the initial state due to the weight coefficients of the window function.
The tool path evolves to the desired excursion in less than 80 ms. Path difference with respect to
the desired path is less than 1 gm (P-V) at the steady state as shown in Figure 19(b).
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Experimental results

The modified input signal as displayed in Figure 19(a) was sent to the Variform FTS resulting in
an output tool motion in which the attenuation and phase is corrected. Figure 20(a) illustrates the
Variform response (dash line) with respect to the desired profile (solid line). The output
excursion measured by the LVDT was essentially in-phase with the desired tool path; however,
the gain was slightly mismatched. The path difference at the steady state is about 8 gm (P-V) as
depicted in Figure 20(b). The difference is larger than that of the model. This may be caused by
drift of the PZT stacks after they warm up. More work is needed to draw a conclusion.
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Figure 19. a) Modified input associated with the real time deconvolution,
b) Path difference with respect to the desired excursion.
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Figure 20. a) Desired tool path of 90 um P-P, 90 and 270 Hz and the Variform response,
b) Path difference with respect to the desired excursion.
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11.3.2 MACHINING EXPERIMENTS

An on-axis concave sphere with dimension
equal to the off-axis sphere described in
section 11.2.4 was machined. Three
samples are shown in Figure 21. Since the
surface was machined on center, the form
error and surface finish reflect the best
possible on the ASG-2500. The form error
(rms) using a diamond tool with a nose
radius of 1.512 mm was 12.5 nm as shown
in Figure 22 and the surface roughness
(rms) was 3.5 nm as depicted in Figure 23.

Since the surface error is a result of the
vibration of the machine axes and the Figure 21. On-axis sphere diamond turned on
features of the tool, the same tool will be copper-plated blocks.

used to machine the off-axis sphere.

Figure 22. Interferometer shows the form Figure 23. The roughness of the on-axis
error of 12.6 nm. sphere is 3.5 nm.

11.4 SOFTWARE DEVELOPMENT

The final task of this project is to build a software package that modifies the motion path of a
high bandwidth actuator to significantly reduce phase and attenuation errors in the resulting non-
rotationally symmetric component of a three dimensional part geometry. The 3D surface has
been decomposed into a 2D cross-section that is swept out by the Cartesian axes of a diamond
turning machine to produce a best-fit or mean surface of revolution. High frequency, low
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amplitude deviations from this path produce a non-rotationally symmetric (NRS) surface. These
deviations are programmed as the motion of a fast tool servo (FTS) axis that is mounted on one
of the machine axes although not necessarily orthogonal or parallel to the direction of motion of
that axis.

11.4.1 DATA FORMATS

A free-form 3D optical surface that has been decomposed into a surface of revolution and a non-
rotationally symmetric perturbation is the primary input to the software. This predetermined
decomposition is contained in an input text file that describes a surface in terms of a series of
meridional curves, each of which is divided into a number of zones which join linear and circular
sections. Figure 24 shows a low resolution view of this web-like structure. Each zone specifies
the curvature along a segment of a line from the pole (or center) to the equator (or edge). A
series of these zones defines the curvature along the meridian. A meridian thus represents one-
half of a cross section of a rotationally symmetric solid. Multiple meridians are used to specify a
non-rotationally symmetric solid as the umbra of the surfaces of revolution swept out by the
constituent meridians. That is, the resulting surface is defined by the top or highest point in the
union of this collection of surfaces of revolution. A single input file can contain multiple paths,
each of which specifies a machining operation on the same workpiece. The ordered sequence of
these machining steps produces the final part surface.
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Figure 24. Spiral overlay of tool path on surface description web.

The deconvolution process can be applied to any selected NRS path in the input file and the
remainder of the input file will be ignored and copied to the output file. The start and end of
each path description will be delimited with simple mnemonic text strings. Similarly, the data
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needed to specify tool locations along a meridian (i.e, the curvature of the surface along a line of
longitude) will be delimited with text strings. For each of these zones, the input file must contain
the starting and ending coordinates as well as a radius and direction of curvature. For a linear
section a special case of zero radius is recognized. The intent is to provide a flexible, free-form
input format that is unambiguous and configurable by the user. For example, all delimiting text
strings will be stored in a preference file. The format of output file will be identical to the input,
except that the data within the selected path will be modified and the start-of-path text line will
contain additional information to indicate that this path has been processed.

The impulse response of the actuator will also be an input to the software. The format of this
data is a matrix of actuator displacements stored in a text file. Each column of the file is a time
sampled response to an impulse of specific amplitude and each row is the response to a specific
frequency. The information needed is the same as that shown graphically in Figure 5.

11.4.2 ANALYSIS

Analysis of a surface description with respect to the dynamics of an axis requires a
representation of the surface in terms of the independent, synchronized motions of the axes with
respect to time. In this way the motions of each axis are decoupled and expressed as functions of
a common parameter, time (t). This parametric transformation is accomplished for a NRS
surface by overlaying a spiral tool path on the meridional web structure as depicted in Figure 24.
This spiral is defined by angular and radial velocities (i.e., spindle speed and cross-feed). This
spiral path can then be sampled at any frequency greater than the inverse of the product of the
angular velocity and the number of meridians to obtain the desired tool path, y4n]. Equations (3)
or (5) can then be applied to generate a modified tool path.

11.4.3 INTERPOLATION

As can be seen from Figure 24, points on the spiral path do not always intersect the web structure
and must be interpolated. The accuracy of the unmodified tool path (i.e., its fidelity to the
desired 3D surface) is limited by factors such as the number of meridians, the number of zones,
the radius of the workpiece and the meridional and cross-meridional interpolation algorithms.
Interpolation of the surface profile along a meridian is specified unambiguously for any given
step length or cross feed velocity. That is, it can be performed to any desired numerical
accuracy. Interpolation between points on adjacent meridians will utilize a spline smoothing
algorithm that passes exactly through the longitudinal curves. Various techniques (e.g., cubic
spline, B-spline) and relaxation orders (e.g., spline stiffness) will be evaluated. To convert the
modified tool path from a spiral back into a web the interpolation process is reversed. As a result
of the deconvolution process both the number of meridians and the number of zones within a
meridian may be increased and the zone boundaries and curvatures will be adjusted.
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11.4.4 ANTICIPATED RESULTS
Software

Software will be developed to implement the deconvolution of a desired motion path with the
dynamic response of an actuator to produce a modified tool path that effectively cancels the
actuator dynamics. The results are a dramatic improvement in tracking response and an increase
in usable bandwidth. The user interface will run on a PC under the Windows™™ operating system
and process ASCII text files containing,

1. Actuator impulse response data,

2. Surface description data,

3. Configuration parameters and user preferences.

User Interface

The user interface, data handling and analysis functions of the code will be contained in separate
modules. Additional parameters needed by the program at run time (spindle speed, cross-feed,
etc.) will be provided by the user via the usual mechanisms of tool bar icons, check boxes, radio
buttons, menus and numeric data fields typical of Windows-based software.

Error Checking

Error checking of all user selections will be performed and appropriate error messages displayed.
Input files containing NRS paths with large amplitude and/or high velocity will be compared
with the known range, velocity and acceleration limits of the actuator. In some cases it may be
possible to determine a modification of the parameter set (e.g., slowing down the spindle) that
does not violate actuator constraints and allows the deconvolution to produce a useful modified
signal.

Output Display

In addition to a text output file containing the modified command signals, three types of contour
plots will be available for display,

1. actuator amplitude,

2. actuator velocity,

3. actuator acceleration.
Each plot can be applied to an input surface description or the deconvolved surface description.
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11.5 CONCLUSIONS

Inverse dynamics algorithms in real-time were developed to adapt to varying machining
conditions using the most recent parameters. The optimal machining condition is assured when
the Variform FTS functions within its operating range in which the velocity is less than its
constraint of 140 mm/sec. Out of this range, the Variform FTS loses its driving acceleration and
distorts a sinusoid command signal to a triangle-like output motion. Frequency spectrum
analysis showed that the frequency response measurement became less accurate. The measured
response contained significant attenuation with respect to the actual tool excursion.

The LVDT implements a 2™ order internal filter on the position measurement resulting in a lag
behind the actual tool motion. This hidden response can be measured by a capacitance gage and
compensated using the proposed inverse dynamics algorithm.

Real-time deconvolution was formulated in two approaches. First, the short-time Fourier
transform applied to a sliding window function over a desired excursion and deconvolved with
the dynamic response in the frequency domain. Simulation of the corrective scheme under a
fixed machining condition indicated that the steady-state form errors associated with a modified
input command were significantly reduced after an approximately 75 ms startup interval.
Experiments without a real-time machining parameter feedback made use of a Real-Time
Workshop and a dSPACE (RS1104) data acquisition board showing similar results to the model.
However, the path error was greater than that of the simulation. The causes are still under
investigation.

The second approach is to construct an equivalent inverse dynamics filter. Complication of the
deconvolution operation is now implemented as a convolution operation (or multiplication in the
frequency domain). Block convolution using overlap-add and overlap-save methods was
introduced to develop the inverse dynamics algorithm in real-time. This approach yields a
simpler as well as faster implementation than the STFT method.

An off-axis sphere was selected as a surface-machining test of both deconvolution schemes.
Form error measured with spheres machined on-axis illustrate the best features obtainable using
the ASG-2500 diamond turning machine. The form error (rms) was 12.5 nm and the surface
roughness was 3.5 nm. The off-axis sphere will be machined in the near future both with and
without applying the deconvolution techniques and the results compared with the on-axis
spheres.
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FACULTY

THOMASA. DOW

Director, Precision Engineering Center
Professor, Department of Mechanical and Aerospace Engineering

BS, Mechanical Engineering, Virginia Polytechnical Ingtitute, 1966
MS, Engineering Design, Case Institute of Technology, 1968
PhD, Mechanical Engineering, Northwestern University, 1972

After recaelving his PhD degree from Northwestern University in 1972, Dr. Dow joined the
Tribology Section of Battelle Columbus Laboratories and worked there for ten years. His research
interests were in the areas of friction and wear and included studies on awide variety of topics from
lubrication of cold-rolling mills using oil-in-water emulsions to wet braking effectiveness of bicycle
brakes to elastohydrodynamic lubricant film generation in bal and roller bearings. He developed
experimental apparatuses, established anaytica modes, and corroborated those analyses with
experimental measurements. Dr. Dow joined the faculty at North Carolina State University in 1982
and was instrumenta in developing the academic and research program in precision engineering.
His current research interests include the design of precision machining systems, red-time control,
and metrology. He was one of the founders of the American Society for Precision Engineering and
currently acts as the Executive Director.
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GREGORY D. BUCKNER
Assistant Professor, Department of Mechanical and Aerospace Engineering

BS, Mechanical Engineering, Louisiana State University, 1986
MS, Mechanical Engineering, Virginia Polytechnic Institute, 1987
PhD, Mechanical Engineering, University of Texas at Austin, 1996

After receiving his PhD degree from the University of Texasat Austin in 1996, Dr. Buckner joined
the University of Texas Center for Electromechanics (UT-CEM), where he served as a research
engineer until 1999. His research & UT-CEM focused on the design and implementation of
advanced controllers for electromechanical systems. Applications included self-learning control
systemsfor active vehicle suspensions, magnetic bearings for flywhedl systems, and manufacturing
processes. Dr. Buckner joined the faculty a North Carolina State University in 1999 as an
Assistant Professor of Mechanical and Aerospace Engineering. Dr. Buckner's research and
teaching interests focus on the design and control of electromechanical systems, with an emphasis
on self-learning algorithms. Current research topics include electromechanical actuators for system
identification of milling processes, and magnetic bearings for flywhedl and milling applications.
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JEFFREY W. EISCHEN

Associate Professor
Department of Mechanical and Aerospace Engineering

BS, Mechanica Engineering, UCLA, 1978
MS, Mechanical Engineering, Stanford University, 1981
PhD, Mechanical Engineering, Stanford University, 1986

Dr. Eischen has been with N.C. State since 1986 and his research areas of interest include
computationa solid mechanics, easticity, fracture mechanics and structural dynamics. Dr. Eischen
worked with Failure Analysis Associates from June 1978 - June 1986 as a Mechanical Engineer.
His primary responsibilitiesincluded analysis and prevention of industrial equipment failures.
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PAUL I.RO

Associate Professor
Mechanical and Aerospace Engineering Department

BS, Mechanical Engineering, University of Minnesota, 1982
MS, Mechanical Engineering, Massachusetts I nstitute of Technology, 1985
PhD, Mechanical Engineering, Massachusetts I nstitute of Technology, 1989

Dr. Ro joined the faculty of North Carolina State University in January 1989, as an Assistant
Professor in the Mechanicad & Aerospace Engineering Department. He became an Associate
Professor in July 1994. Dr. Ro has developed two graduate courses in the department
(multivariable Control and Robotics) and has taught undergraduate Automatic Control and
Dynamics courses. His research covers a wide range of controls and various applications of
control theories in the following three areas. Precision Engineering, Robotics and Intelligent
Vehicle Control.

In precision engineering, Dr. R0O’s research concentrates on the characterization and control of
microdynamic behaviors of precision dide systems (ball-screw, traction drive, piezo-electric drive,
electrogtatic drives and magnetic servo levitated drive) to enhance their nano-motion capabilities,
development of advanced control schemes and experimental verifications to improve diamond
turning process using force and position sensory feedbacks, design of along-range fast tool servo
system using magnetic servo levitated actuators, and active control of precision dide vibration using
piezo-electric drives. In robotics, some of the on-going projects include design and implementation
of free-floating non-holonomic space robot and a planar passive-joint robot for fuel consumption
minimization, neural-fuzzy hybrid scheme for mobile robot path planning, and two-arm coordinated
motion control for fixtureless assembly. In intelligent vehicle control, on-going projects include
nonlinear tire model identification by Artificial Neural Network, hybrid neural-sliding mode control
of 4 Whed steering for robust handling, semi-active suspension control using

energy based Fuzzy Logic scheme, and others.
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PHILLIP E. RUSSELL

Professor
Department of Materials Science and Engineering

BS, Physics, Appalachian State University, 1975
MS, Physics, West Virginia University, 1977
PhD, Materials Science and Engineering, University of Florida, 1982

After graduate work at the University of Florida, Dr. Russell joined the Solar Energy Research
Ingtitute (a DOE lab) in Golden Co. in 1980. There he developed a photovoltic materials and device
characterization laboratory with emphasis on electron and ion beam andytica instrumentation.
After three years a SERI, Dr. Russell joined JEOL, Inc. in Boston, Massachusetts, an eectron
optica instrumentation company where he led the technica and gpplication groups. One of his
major projects was the devel opment of an electron beam based integrated circuit metrology system.
Hewas aso involved in the development and application of focused ion beam systems and electron
beam lithography systems, aswell as numerous analytical instrumentation projects.

On joining North Carolina State University, Dr. Russell took on the role of Director of the
Anaytica Instrumentation Facility and has established graduate level courses in electron optics and
electron optica instrumentation techniques. He was awarded the NSF Presidentia Young
Investigator Award in 1987. Hisresearch at NCSU and the Precision Engineering Center are in the
areas of Scanned Probe Microscopy, Focused lon Beam Technology, Scanning Electron
Microscopy, Lithography metrology and beam testing of integrated circuits.
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RONALD O. SCATTERGOOD

Professor
Materials Science and Engineering Department

BS, Metalurgical Engineering, Lehigh University, 1961
MS, Metallurgy, Massachusetts Ingtitute of Technology, 1963
PhD, Metallurgy, Massachusetts I nstitute of Technology, 1968

R.O. Scattergood is a Professor in the Department of Materials Science and Engineering. He
received BS degreesin Mining Engineering and Metallurgical Engineering from Lehigh University.
His MS and PhD degrees were obtained in Metallurgy from M.1.T. In 1968 he became a member
of the basic research staff in the Materials Science Division at the Argonne National Laboratory. In
1981, he joined the faculty as a Professor of Materias Engineering a North Carolina State
University.

Professor Scattergood's major research interests have been focused on the mechanica behavior of
solids. He has worked in the areas of strengthening mechanisms in solids, continuum theory of
defects, radiation effects, wear and fracture processes in ceramics, and precision engineering with
emphasis on machining processes. He has expertise in both andytical and computer modeling as
well as in mechanica testing methods and microscopy. He has published over 140 technical
papers, books and reports.
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DAVID YOUDEN

Technical Associate, Eastman Kodak Company
Adjunct Lecturer, Department of Mechanical and Aerospace Engineering

ASME, Central New England College, Worcester, MA, 1965

Prior to joining Eastman Kodak's Manufacturing Systems Technology Division in 1997, Mr.
Youden was Research and Development Manager a Rank Pneumo, a divison of Rank Taylor
Hobson Inc. for ten years. Before that, he was Director of Engineering at the Cone Blanchard
Machine Company. He has also worked at Ocean Systems, Inc. of Reston, Virginia and the Heald
Machine Company, adivision of Cincinnati Milacron. During his professional career, Mr. Youden
has been granted numerous patents in the field of machine tools, and he has published and
presented technica papers on the design and testing of ultra-precison machine tools in the US,
Japan, and Germany.

Mr. Youden graduated from Central New England College and attended Worcester Polytechnic

Institute and Clark University. He is a charter member of the American Society for Precision
Engineering.
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STAFF

LARA BODENHAMER

Adminigtrative Assi stant
Precision Engineering Center

BA, Religious Studies, College of Charleston, 2000
MPA Candidate, North Carolina State University

Miss Bodenhamer became a member of the PEC Staff in August 2003. Previoudy she served as
public policy intern a North Carolina Center for Nonprofits in Raeigh, NC, and as an event
planner at Capital City Club in Raleigh, NC. Miss Bodenhamer brings to the Center her knowledge
of nonprofit management and public policy. Miss Bodenhamer provides the overal administrative
support for the Center.

KENNETH P. GARRARD

Research Assistant
Precision Engineering Center

BS, Computer Science, North Carolina State University, 1979
MS, Computer Studies, North Carolina State University, 1983

As a full-time research assistant, Mr. Garrard is studying the design of systems software that
supports the development of high-speed red-time applications for special purpose multiprocessor
computer systems. He has severa years experience in academia and industry designing and
implementing real-time systems. As a Precision Engineering Center staff member, Mr. Garrard's
current activities include the design and implementation of software for Diamond Turning Machine
and Fast Tool Servo controller projects.
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ALEXANDER SOHN

Research Assistant/L ecturer
Precision Engineering Center

B.S., Physics, University of Texas at Arlington, 1992
M.S., Physics, University of Texas at Arlington, 1994

Mr. Sohn joined the Precision Engineering Center in August, 1997 as a member of the technical
staff. His current research interests range from machine design and metrology to the design and
fabrication of nonimaging optics. Mr. Sohn's varied research activities began in microwave optics
and atomic physics as a student a the University of Texas a Arlington and later progressed to
precision machine design, design and fabrication of plastic optics as wel as automation and
machine vision at Fresnel Technologies, Inc. in Fort Worth, Texas.

LAURA UNDERHILL

Administrative Assistant, 2001-2003
Precision Engineering Center

BA, Education, University of North Florida, 1994
Ms. Underhill became a member of the PEC Staff in August 2001. Previousy she was an
adminigtrative assistant at North Florida Shipyards in Jacksonville, FL, and Computer Source in

Jacksonville, FL. Ms. Underhill brought to the Center many years of administrative experience and
provided the overall administrative support for the Center until August 2003.
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GRADUATE STUDENTS DURING 2003

BRETT BROCATO interned a Fort James Paper and TRW Vehicle Safety Systems prior to
graduating from the University of Alabama in 1999 with his bachelor's degree is in Mechanica
Engineering with a minor in the Computer Based Honors Program. Before enrolling in the NC
State master's program, he worked for Bell Helicopter and Corning Optical Fiber.

NATHAN BUESCHER was born and raised in Raleigh, NC. He recaived his BS in Mechanical
Engineering aswell asaMinor in Mathematics from NC State University in May 2003. He began
work with the PEC in August 2003. Some of his prior work experience includes Stantec
Consulting, Inc. and Joel Wittkamp Design.

STUART CLAYTON received his BS degree in Mechanica Engineering from NC State
University in May 2001. After taking a summer off from school, Stuart enrolled in graduate school
a the PEC. While pursuing a Master's of Science degree in Mechanical Engineering, Stuart’s
research involved an investigation of deflections of high-speed miniature milling tools and the
ability to compensate for tool deflections using magnetic bearing spindles. Stuart graduated in May
2003.

KARALYN FOLKERT is originally from Zedand, MI. She receved her BS in Mechanica
Engineering from Western Michigan University. While completing her undergraduate workk, she
participated in Tribology research and was published. Her senior design project involved the design
of arange interlock system for a heavy-duty, 10-speed transmission. She began her work at the
PEC in thefall of 2003.

KARL FREITAG graduated from Clarkson University in 1995 with a BS in Mechanica
Engineering. After graduation he went to work in the automotive industry for New Venture Gear’s
Transfer Case Division in Syracse, NY. At NVG, he worked as a product engineer and worked on
the transfer case design for the 1998 Dodge Durango. After NVG, Karl has been working for the
past 7 years as a Senior Engineer in Optical Fiber Manufacturing for Corning, Inc. in Wilmington,
NC. Upon completion of his master’s degree in spring 2004, Karl plans to continue on in pursuit
of aPhD in Mechanical Engineering.

DAVID HOOQOD received his BS degree in mechanica engineering from NC State University in
2001. The next semester he enrolled a NC State to pursue his MS degree in Mechanical
Engineering. His research involved active magnetic bearings and compensation for high-speed
miniature milling tools and the ability to compensate for tool deflections. David graduated in May
2003.
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PATRICK MORRISSEY received his BS degree from NC State University in December 2000.
During his undergraduate studies he worked at Guilford Millsin Greensboro, NC for two summers
where he focused on improving the heating system used to dry dyed fabrics. Patrick joined the PEC
in August 2001 where he focused on the fabrication, distortion, and metrology of shrink fit
electrica connections. He also worked on a project with Los Alamos National Laboratories that
involved the design of thin composite cylinders. Patrick received his MS degree in Mechanical
Engineering in May 2003.

NOBUHIKO NEGISHI received his BS degree in Mechanica Engineering from NC State
University in May of 2001. The next semester he enrolled at NC State and received his MS degree
in Mechanical Engineering in August 2003. His research involved dliptica vibration assisted
machining with single point diamond tools.

WITOON PANUSITTIKORN began his graduate study a NCSU in Industrial Engineering and
earned his MIE in 1998. Before graduating with his MSME in May 2001, Witoon developed a
nonlinear control agorithm to manipulate a magnetic-free materid handling system, using
ultrasonic vibration. He applied his knowledge of the nonlinear controller on a magnetic hysteresis
in amagnetostrictive transducer and completed this project in thefirst year of his tenure as a Ph.D.
student in Mechanical Engineering. Currently, heis developing an open-loop control algorithm for
precison manufacturing a he PEC. The technique uses digital signa processing to correct
amplitude and phase response of afast tool servo. Witoon plans to complete his Ph.D. in 2004.

TRAVIS RANDALL received his BS in Ceramic Engineering from Alfred University in May
2002. Originadly from Ann Arbor, MI, Travis spent most of hislife in upstate New Y ork. He started
working with the PEC and NC State in August 2002. Prior to arriving at NC State, he worked for
NY S Department of Transportation and Alcoa Chemical. Hisresearch at the PEC entails the study
of scribing mechanicsin single crystal silicon.

TAO WU received her BS and MS degree in Electricd Engineering from Northwestern
Polytechnic Univergity, China in 1993 and 1996. Prior to coming to NCSU in August 2000, She
also received her Ph.D. degree in Electrical Engineering in Shanghai Jiaotong University, China in
1999 and studied a University of Virginia for one year. As a Ph.D. student in Mechanica and
Aerospace Engineering, Tao's research focused on Modeling and Design of a Novel Cooling
Device for Microelectronics Using Piezoelectric Resonating Beams. Tao gave birth to a seven
pound 13 ounce baby boy, Evan Wu Zhang, on July 31, 2003 and passed her fina defense on
December 8, 2003.
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UNDERGRADUATE STUDENTS DURING 2003

RYAN HUTH lived in Wilmington, NC for the mgority of his life. He began his career at NC
State during fall 2000 and is currently pursuing an undergraduate degree in Mechanica
Engineering. Ryan's work at the PEC involved helping to develop a closed loop technique to
compensate for deflection in miniature ball end mills.

RYAN STATON is from Concord, NC. He began his undergraduate education & NCSU
majoring in Electrical Engineering in fall 2000. After the spring 2002 semester, Ryan changed his
major to Mechanical Engineering. He expects to graduate in Spring 2005.

ANTHONY WONG wasraised in VirginiaBeach, VA. He first came to NC State in fall 2001 to
begin his undergraduate study of Mechanical Engineering. Before working as a Research Assistant
a the PEC, Anthony previoudy did research in structural health monitoring and structure of
CuAl1CiA4.
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Student
Jeffrey Abler

William Allen

Kelly Allred

Christopher Arcona

Bradford Austin

Markus Bauer
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Scott Blackley

Peter Blake
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John Carroll
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PhD

PhD

MS
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MS

PhD

MS

PhD

MS

MS

MS

PhD

PhD
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December 1994 ETEC Systems, Inc.
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December 1994 North Carolina State Univ.
Raleigh, NC

June 1988
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June 2000 IBM Corporation
Fishkill, NY

December 2001 SCYNEXIS Chemistry &
Automation, Inc.
Research Triangle Park, NC

June 1988 Boston University
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December 1988 NASA Goddard
Greenbelt, MD
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Columbus, IN
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John Fasick

Steven Fawcett
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PhD
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Intel Corporation
San Jose, CA
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ACADEMIC PROGRAM

Problems and limitations assdeid with precisionmanufacturing cawriginate in themachine, the
process, or the material. In fact, most problerfisprobably be caused kycombination of these
fadtors. Therefore, improvement ofurrent processesand development of newnanufacturing
methods will require knowledge of a multi-disciplinamyray of subjects. Theducational goal of
the PrecisionEngineering Center is tdevelop an academic programmich will educate scidists
and engineers irmetrology, contr materials,and the manufacturingmethods of precision
engineering.

The graduatestudentsinvolved in the PrecisionEngineering Centehave anannual stipend as
research assistants. They can take up to 3 classes each semester while spending@lrsupen
week ontheir research projects. Thestudents alsavork in the Center full-timeduring the
summer months.

The Precision Engineering Center begad 382 with anemphasis othe mechanicaéngineering
problems associatedith precision engineering. As eesul, the original academicprogram
proposedwasbiasedtoward courseselated to mechanicalesign and analysisHowever, as the
research prograrhasdevelopedthe needfor complementaryesearch irsensorsmaterials, and

computers has become obvious. A graduate student capable of making valuable contributions in the

compuer area, for example, will require a significantly differenacademic program than in
mechanicakngineering. For this reason, the Center faculhaveset a core curriculum anehch
student inthe pogram is required ttake at least ®f these coreourses. Theemainder of the
courses for the MS or the PhD degree are determined liversity ordepartmentequirements
and the faculty committee of the student.

The required courses are:

* MAE 545 Metrology in Precision Manufacturing
e PY 516 Physical Optics
« MAT 700 Modern Concepts in Materials Science

* CSC (ECE) 714 Redlime Computer Systems
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PhD DEGREE PROGRAM

The PhD program irPrecision Engineeringhas been set up as a multi-disciplinapyogram,
drawing upon courseshroughoutthe University to povide background andexpertisefor the
students. It should contamrequiredcourses to insursolid grounding inthe fundamentalglus
electives toprepare thestudent inhis area of specialization.BecausePrecision Engineering is
concernedwith an integratedmanufacturing processstudents interested in computeontrol,
materials,machine structuregnd measuremeiind actuationsystemsare involved inthe program.
Student research projects include the wide variety of topics addressed in this Egptistudent's
thesis should have an experimert@inponent becauderecisionEngineering is basically laands-
on technology.

MSDEGREE PROGRAM

The Master ofScience degree willave ahigherpercentage of applicatiocourses tharthe PhD
degree. The emphasisll be todevelop the foundatiofor involvement inprecisionengineering
research and developmen total of 30 cedis including 6creditsfor the MSthesis isrequired.

The thesis,while less comprehensive than the PhD dissertation, will be directed at important
problems in Precisioingineering. Typically the MS program will takéour semesterplus one
summer.

UNDERGRADUATE PROGRAM

The undergraduatdegreebroadly prepares aengineeringstudentfor industrial activitiesranging
from product design and engineering salgzrtmluction implementationBecause a largghare of
engineers onlyhave the BS degreethesewill be the people whomust implement the new
technologydeveloped inresearchprograms ike the PrecisionEngineering Center.Therefore, a
way must be found tcacquaintengineers athe BS level with the techniques, problems, and
potential of precision manufacturing.

In most undergraduatdegreeprograms only tnited timeis available for technical electives.
However, these electives offe the studentthe opportunity toexpandhis knowledge in many
different directions. Beginning graduate courses (sisaimetrology) can bhesed as undergraduate
electives.
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Undergraduate projects asdmmeremploymenthavealso been uizedto include undergraduate
studentsinto the researchprogram ofthe Center. During the 1998-1999academic yearfour
undergraduate students in Mechanical Engineering were involved various projects at the PEC.

STUDY PLANS
Study plandor several examplstudentsare given belowboth for the MS and thePhD degree.
Because of the breadthtbk field and thavide range of thesisopics,few if any study planswill

be exactly thesame. The plan ilvdependuponthe student'sbackgroundhis interestshis thesis
topic, the department, and the chairman and members of his committee.

PhD PROGRAM IN MECHANICAL ENGINEERING

Major Cour ses.

« MAE 740 Advanced Machine Design |

« MAE 741 Advanced Machine Design Il

« MAE 706 HeafTransfer Theory & Applications
 MAE 713 Principles of Structural Vibration

« MAE 760 Computational Fluid Mechanics and Heat Transfer
« MAE 545 Metrology in Precision Manufacturing

« MAE 715 Nonlinear Vibrations

+ MAE 716 Random \bration

 MAE 714 Analytical Methods in Structural Vibration
 MAE 742 Mechargal Design for Automated Assembly
+ MAE 895 Doctoral Dissertation Research

Minor Courses:

« MA 511 Advanced Calculus |

« MA 775 Mathematical Methods in the Physical Sciences |
« CSC 780 Numerical Analysis Il

e PY 516 Physical Optics

« ECE 716 System Control Engineering

« MAT 700 Modern Concepts in Materials Science

« ECE 726 Advanced Feedback Control

« ECE 764 Digital Image Processing
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PhD PROGRAM IN MATERIALSENGINEERING

Major Cour ses:

« MAT
* MAT
« MAT
« MAT
* MAT
« MAT
« MAT
* MAT

Minor Cour ses:

. PY
. ST

- MAE
- MAE
- MAE
. PY

. MA

710
700
556
715
795
753
712
895

414
502
740
741
545
516
401

Elements of Crystallography and Diffraction
Modern Concepts in Materials Science
Composite Materials

Transmission Electron Microscopy

Defect Analysis/Advanced Materials Experiments
Advanced Mechanical Properties of Materials
Scanning Electron Microscopy

Doctoral Dissertation Research

Electromagnetism |

Experimental Statistics for Engineers |
Advanced Machine Design |
Advanced Machine Design II
Metrology in Precision Manufacturing
Physical Optics

Applied Differential Equations |l

PhD PROGRAM IN ME (FOR STUDENT WITH MS DEGREE)

- ECE
- ECE
- MAT
. PY

- MA
. MA
- MA
- MAE
- MAE
- MAE
- MAE
- MAE

716
791
700
516
502
775
780
732
740
741
545
716

System Control Engineering

Gate Array Design

Modern Concepts in Materials Science

Physical Optics

Advanced Mathematics for Engineers and Scientists I
Mathematical Methods in the Physical Sciences |
Numerical Analysis I

Fundamentals of Metal Machining Theory
Advanced Machine Design |

Advanced Machine Design Il

Metrology in Precision Manufacturing

Ramlom Vibration
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MS PROGRAM FOR ME STUDENT

- MAE
- MAE
- MAE
. MAT
%
- MA
. MA
- MAE

713
740
545
700
516
501
502
695

Principles of Structural Vibration
AdvancedVachine Design |

Metrology in Precision Manufacturing

Modern Concepts in Materials Science
Physical Optics

Advanced Math for Engineers and Scientists |
Advanced Math for Engineers and Scientists |l
Master's Thesis Research

MSPROGRAM FOR COMPUTER SCIENCE STUDENT

« CSC
« CSC
« CSC
« ECE
« CSC
« MAE
« MAE
« ECE

501
506
512
521
715
545
789
764

Operating Systems Principles
Architecture of Parallel Computers
Compiler Construction

Computer Design and Technology
Concurrent Software Systems
Metrology for Precision Manufacturing
Digital Control Systems

Digital Image Processing

MSPROGRAM FOR MATERIALS SCIENCE STUDENT

- MAT
- MAT
- MAT
- MAT
- MAT
- MAE
. PY

- ECE
- MAT

700
710
715
712
722
545
516
738
695

Modern Concepts in Material Science

Elements of Crystallography and Diffraction

Transmission Electron Microscopy

Scanning Electron Microscopy

Advanced Scanning Electron Microscopy and Surface Analysis
Metrology for Precision Manufacturing

Physical Optics

IC Technology and Fabrication

Master's Thesis Research
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MS PROGRAM FOR PHYSICS STUDENT

e PY 516 Physical Optics

e PY 552 Introduction to Structure of Solids |

e PY 753 Introduction to Structure of Solids I

e PY 781 Quantum Mechanics |

e PY 782 Quantum Mechanics I

e PY 783 Advanced Classical Mechanics

e PY 785 Advanced Electricity and Magnetism |
e PY 786 Advanced Electricity and Magnetism |l
« MAT 700 Modern Concepts in Material Science
» MAE 545 Metrology for Precision Manufacturing
« PY 695 Master's Thesis Research

SHORT COURSESAND TV COURSES

Six graduatdevel courses: Scanninglectron Microscopy (MAT 712), AdvancedSEM Surface
Analysis (MAT 722), Modern Concepts Material Science (MAT 700), Mechanic8roperties of
Materials (MAT 705), andMetrology (MAE 545) havebeen offered asideo coursesnationwide
via National Technological University. In a typical year, approximat2ly students from industry
and national laboratoriesparticipate inthesecourses. Future planscall for a MS progam in
Precision Engineering to be offered via the television network.

TECHNICAL REPORTS

Volume 1 - 1983 December 1983 136 pages

Volume 2 - 1984 January 1985 168 pages
Volume 3 - 1985 January 1986 294 pages
Volume 4 - 1986 January 1987 255 pages
Volume 5 - 1987 December 1987 336 pages

Volume 6 - 1988 December 1988 362 pages

Volume 7 - 1989 March 1990 357 pages
Volume 8 - 1990 March 1991 385 pages
Volume 9 - 1991 March 1992 382 pages
Volume 10 - 1992 March 1993 289 pages
Volume 11 - 1993 March 1994 316 pages
Volume 12 - 1994 March 1995 268 pages
Volume 13 - 1995 January 1996 251 pages
Volume 14 - 1996 January 1997 232 pages
Volume 15 - 1997 January 1998 298 pages
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Volume1l6—1998
Volume17—-1999
Volume 18-2000
Volume19-2001
Volume20-2002
Volume 21 - 2003

January 1999
January 2000
January 2001
January 2002
January 2003
January 2004
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