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Abstract  PMMA (Polymethyle-methacrylate) optical components have recently been increasingly used as one of the 

important part of the high precision equipments. This research presents comparatively the surface preparation of light 

incident plane, LIP (Light Incident Plane) of LGP (Light Guide Panel) by end milling, high speed shaping, and 

vibration assisted high speed shaping. From several experiments, the results show that the surface quality was 

improved in high speed shaping and the vibration assisted HSS show not only decreasing waviness and breakage also 

raising the straightness property. For applying high speed shaping and vibration assisted HSS, an additional tool post 

was developed and experimentally used. 

요  약 폴리메틸메타클릴레이트(PMMA)는광관련부품제조에있어중요한재료로많이사용되고있다.특히TV,모니터,

휴대폰 등에 쓰이고 있는 디스플레이의 도광판(LightGuidePanel)에 적용되고 있어 현재까지는 매우 큰 상업적인 수요가

있다.PMMA도광판의가공은일반적으로고속밀링에의해이루어지는데부품에대한높은정밀도요구특성에도불구하고

가공표면의굴곡,균열등에대한불량이적지않게발생하고있다.이러한문제점을해결하기위하여PMMA진동을부가하

는고속선삭의적용이시도되었으며절삭공구에진동을부가하기위한장치와최적조건이조사되었다.도광판용PMMA의

진동절삭은일반적인밀링가공법에비해절삭력의현저한감소,열변형영역의축소등을유도하였다.가공면에있어서는가

공방법이 엔드 밀링에서 단인공구를 사용하는 선삭으로 변경되었음에도 불구하고 진동절삭법에 의해 가공표면의 균일성이

크게 향상되어 가공면의 표준편차 1.0～6.0㎛,평균거칠기 0.3㎛가 달성되었다.
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1. Introduction 

PMMA(Polymethyl-methacrylate)sheetisoneof

theimportantcomponentsofLGP(LightGuidePanel).

OneedgesideofaPMMAsheetisusedtorefract

incidentlight.AslightfallsonLIP(LightIncident

Plane),theopticalpropertiesandthequalitiesofLIP

surfaceareveryimportant.

End milling is widely used to generate a

comparativelyplainsurfaceandtocutoutfoursidesof

aPMMAsheetforfittingitintheframeinwhicha

gatethatisgeneratedduringtheproductionofthe
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PMMA sheetisalsoremoved.HSS (HighSpeed

Shaping)isappliedtoremovethewavinessandedge

breakageofLIPcausedbyhighspeedmillingoperation

[1].Thereareotherefficientcuttingprocessesthatuse

CO2lasers[2-4]oraSingleCrystalDiamond(SCD)

tool[5]forgettingtheultrafinesurfaces.

FortheapplicationofPMMA inLGP,theHAZ

willdropthelighttransmissioninsidethePMMA

andtheultrafinishsurfacewillreducethescattering

ofthelightatLIP.Investigationshowsthatthe

application ofHSS though waviness and edge

breakageareremovedbutstillhaveproblemwiththe

straightnessofLIP.Theimpactatthebeginningof

HSS,whichcausesvibrationatthetoolplate,andthe

highdepthofcut,whichcausesdeviationofPMMA

sheetduringmachiningandhighfrictionbetweenthe

cuttingtoolandtheworkpiece,areresponsibleforthe

problem withthestraightnessofLIP.Toovercome

thisproblem,atoolposthasbeendevelopedfor

applicationofvibrationassistedHSSbycombining

the HSS and ultrasonic vibration cutting.The

designedtoolpostwasanalyzedandexperimentally

optimized.Table 1 shows the parameters for

vibrationassistedHSS.

ChandraNathandM Rahman[6]appliedUVC

(UltrasonicVibrationCutting)formachiningInconel

718andhaveshowntheperformancessuchastool

wear,required cutting force,and machining cost

reduction.Theoreticalresearch[7,8],simulation[9],and

experimentalresults[10-12]forthevibrationcutting

methodmentionedthatthelowercuttingforceisdueto

aconsiderablereductionoftheworkpiece-toolfrictions

andthepulsecuttingcharacteristicofthetool.InUVC,

thecuttingtoolvibratesasveryhighfrequencyusing

ahighspeedactuatorlikePZT.

Inthisstudy,thesurfacegeneratedfrommachining

ofLIPbyendmilling,HSS,andvibrationsassisted

HSS are analyzed by applying differentcutting

parametersthatarerelatedwiththesurfacequality.

2. Vibration cutting theory

Thecuttingparameterswhichisrelatedtothe

vibrationassistedHSSarethecuttingstroke/amplitude

ofthecuttingtool,appliedfrequencytothecuttingtool,

andthefeedrateoftheworkpiece(PMMA sheet).

Thoseparametersarerelatedwitheachotherandhave

effectonthesurfacequalityofthecutmaterials.

From thevibrationtheorem,thedisplacementand

velocityofanoscillatingpointareexpressedasfollows.

   ······················································(1)

    ··················································(2)

Fromtheaboveequations,itisclearthatthecutting

speed,amplitude,andappliedfrequencyareorganically

relatedtoeachother.

Duringcutting,iftheappliedcuttingspeedexceeds

thespeed,thecuttingwilltransformfromconventional

HSS intovibration assisted HSS.From previous

researchwork[13,14],anoptimizedparametersfor

vibration assistedHSS werefounddepending on

differenttypesofexperiment.

3. Experiments

3.1 Properties for stress-strain

TogetabetterLIP,itsmachiningprocessisalso

veryimportant.Thehigherthicknessedgesurfaceis

theLIPofPMMAsheet.Fig.1showsthefunctionof

PMMA.Thelightfrom theCCFL (ColdCathode

FluorescentLamp)fallsontheLIPanditscattersthe

lightinsidethePMMA sheet.Thelightfrom the

reflectivefilm passthroughtheuppersurfaceof

PMMA.

ThepresentmachiningprocessfortheLIP ofa

PMMAsheet iscomposedofbothendmillingand

HSS.ThepurposeoftheHSEprocessistosizethe

rawPMMAmaterials-followingtheinjectionmolding

process-totheBLUframe,whereinthetoolholderof

theHSErotatesataveryhighspeedofover30,000

RPM.AsthePMMAsheetisfedataratherslowrate
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[Fig. 3] Schematic of tool post and vibrated tool

         (a) Structure of tool post

         (b) Vibration assisted tool mechanism

incomparisonwiththerotationalspeed,veryfine

diamondparticlesontheHSEtoolholdercanachieve

averysmallamountofMaterialRemovalRate(MRR)

pertooth,whichconsequentlyresultinaperiodically

wavedprofilesimilartotheserrationsonthesurfaceof

theLIP.Forbetteropticalcharacteristics,theHSS

processremovesthespatialwavinessinthedirection

offeedingandshapesveryfinegroovesontheLIP

surfaceataveryhighfeedrateofupto1.2metersper

secondandataverysmalldepth-of-cut.Eventhough

theHSS processimprovestheopticalcharacteristics,

theinstantimpactandlargecuttingforcesduetothe

high feedrate cause breakage and/or lack of

straightness.
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[Fig. 1] Structure of Back Light Unit in LCD screen

Vibration Direction

HSS cutting 
tool holder

Neutral Stroke

Forward Stroke

Return Stroke

PMMA 
Sheet

Surface profile 
after HSE process

X

Y

z

[Fig. 2] Schematic of vibration assisted HSS

Appliedvolt(V) 10 20 30

SimulationFrequency(kHz) 13.98 13.98 13.98

ExperimentalFrequency(kHz) 13.4 13.4 13.4

ErrorinFrequency(%) 4.18 4.18 4.18

Amplitude(X-direction) ±0.4 ±0.53 ±0.9

Amplitude(Y-direction) ±1.34 ±2.0 ±2.75

Amplitude(Z-direction) ±0.6 ±0.85 ±1.75

CuttingSpeed(mm/s) 122 168 230

[Table 1] Optimized parameters for vibration 

 assisted HSS

Fig.2showsaschematicofvibration-assistedHSS

forovercomingthelimitsofconventionalHSSprocess.

ThroughamicroactuatorlikePZT,thecuttingtool

vibratesatafrequency thatescapesthenatural

frequenciesofthemachinestructure.Whenthecutting

toolvibrates,thePMMAsheetisfedintheforward

direction and thematerialisremoved repeatedly

throughsequentialcutting.Thus,thereisarelative

motionbetweentheworkpieceandthecuttingtool.

Theappliedfrequencyofthecuttingtoolisvery

importantwithregardtovibrationalcuttingasit

definesthemaximumcuttingspeedthatcanbeapplied.
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Fig.3showsthestructureofatoolpostand

vibrationassistedtoolforHSS.Thetoolpostis

composedofabase,toolplate,motor,timingbelt,linear

motionguide,andairdampers.Thetoolpostisdriven

byaservomotorandtwoparallellead-screwswitha

resolutionof1umforadjustingthedepth-of-cutofthe

diamondcuttingtoolinthexdirection.Toreducethe

vibrationthatiscausedbytheimpactforceatthe

beginningofHSS,twoairdampersareusedwitha

reactionforceof30Natthefull-strokecompressed

position.

ThreecuttingmethodswereappliedforshapingLIP

andtheperformanceparameterswereinvestigatedto

find outthe bestcutting method.Experimental

conditionsareshowninTable2wherethecutting

parametersforvibrationcuttingassistedHSS are

takenfrom[Table1].Endmilling,highspeedshaping,

andvibrationassistedhighspeedshapingareapplied

sequentially.Highspeedshapingorvibrationassisted

highspeedshapingisappliedaftertheendmilling

process.

End

Milling

Spindlespeed:27,000rpm.

Feedrate:2000mm/min,

Cutterdiameter:25mm.

No.oftoothoncutter:2

Feedpertooth=37µm/rev

HSS
Toolmaterial:SCD

Workpiece:PMMA.

W/PSize(mm):L335×W205

Depthofcut:10µm.

Cuttingspeed:100,150and200mm/s.

No.ofCycles:4

Vibration

assisted

HSS

AppliedFrequency:13.4kHz

AppliedVoltage:10,20,and30V

Depthofcut:10µm;

Feed1:100mm/sfor10v.

Feed2:150mm/sfor20v.

Feed3:200mm/sfor30v.

No.ofcycle:4

[Table 2] Experimental conditions for LIP machining

ToreducethedeflectionofthePMMAsheetsmall

depthofcut(10µm)isappliedforseveralcyclesto

gettheultimatefinishedsurface.Duringmachiningof

LIP,thecuttingforcewasmeasuredandtheprocedure

isdescribedin[Fig.4].
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Input signal to the cutting tool 
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actuator 
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tool plate 
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System
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[Fig. 4] Diagram for measuring the cutting force and 

toll plate vibration during machining by HSS 

and vibration assisted HSS.

(a)

(b)

[Fig. 5] Experimental setup for end milling, HSS 

and vibration assisted HSS

         (a) Experimental setup for end milling

         (b) Experimental setup for the HSS and 

            vibration assisted HSS 

Fig.5showstheexperimentalsetupforendmilling

(a),HSS,andvibrationassistedHSS(b).Inhighspeed

shapingprocess,thePMMA sheetischuckedby
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vacuum andmovedperpendicularly(Y-Direction)to

thecuttingtool.

4. Results

4.1 Cutting force

ThecuttingforceinvibrationassistedHSS is

decreased which is due to less friction ofthe

tool-workpieceandintermittentcutting.Fortheabove

mentionedcuttingcondition,thecuttingforcesare

shownin[Fig.6].Thecuttingforcereducedwiththe

increaseinappliedvoltage.Accordingtothevibration

cuttingtheory,highercuttingstrokemakeslower

cuttingforce.Thecuttingforcesforvibrationassisted

HSSconditionsarelowerthanthecuttingforcefor

conventionalHSS.Kistler-9117A forcesensorwas

usedtomeasurethecuttingforce.Thecuttingforce

alsoincreasedwithgrowingfeedrateforallcases.For

thesamefeedrate,thecuttingforcesforconventional

HSSarealwayshigherthanthoseofthevibration

cuttingassistedHSS.Thisreductionincuttingforce

willassisttogenerateabettersurface.

[Fig. 6] Cutting force for HSS and vibration assisted 

HSS

4.2 Surface appearance

Forcomparisonofsurfaceappearance,amicroscope

wasusedandFig.7(a)showsthewavinessand

breakageofthePMMAsurfaceafterendmilling.Fig.

7(b)showsthesurfaceafterhighspeedshapingwhere

thewavinessandbreakagehasbeenremovedbut

surfaceisnotsosmooth.Fig.7(c)showsthesurface

aftervibrationassistedHSSwith30applyingvoltage

and200mm/sfeedratewhereparallelgrooveswas

generated withoutwaviness and breakage.Itis

apparentlythatthesurfacehashigherqualitythanthe

surfacefromHSS.

(a)

(b)

(c)

[Fig. 7] Surface appearance of LIP machined by end 

milling, HSS and Vibration assisted HSS

        (a) End milling (b) HSS (c) Vibration assisted 

HSS

4.3 Surface roughness

Theparallelgroovebythecuttingtoolwithadding

fineparticlesonitscuttingedgeisintentionallycreated

forscattering the lightatLIP.So the surface

roughnessisnotsoimproved.Inordertoinvestigate

thesurfaceroughness,2Dand3Dsurfaceroughness

measurementwascarriedout.Formeasuringsurface

roughness,VeecoNT9100Optical3Dsurfaceprofiler

wasusedand3Dinteractivedisplayisshownin[Fig.

8].Surfaceroughnesswereinvestigated and the

comparativeresultsaregiveninTable3.Theresults

show thataverageroughnessvalueRaincrementis

negligibleinspiteofusingcuttingtoolwithparticles

onitscuttingedge.TheoutstandingchangeinRtis

duetothepeakandvalleycreatedbythecuttingtool
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whichisabsentinendmilling.ThevalueofRtislower

at10,30Vofapplyingvoltageinvibrationassisted

highspeedshapingthanHSS.Itisexpectedthatthe

extensiveamountoffrictionbetweenthetooland

workpiecemaypullsoutsomeadditionalmaterials

from thegrooveandthephenomenaisreducedin

vibrationassistedHSSbyitspulsatingcutting.In

vibrationassistedcuttingwith30applyingvoltage,the

minimum surfaceroughnesswasgeneratedwhichis

duetothehighamplitude.

(a)

(b)

(c)

[Fig. 8] 3D interactive display of LIP machined by 

end milling, HSS and vibration assisted HSS

        (a) End milling (b) HSS (c) Vibration 

assisted HSS

Roughness

Cuttingmethod
Ra(µm) Rq(µm) Rz(µm) Rt(µm)

Endmilling 0.296 0.377 3.38 3.73

Highspeedshaping 0.309 0.387 3.88 4.49

Vibration

assisted

HSS

10V 0.316 0.399 3.40 4.10

20V 0.330 0.415 3.91 5.40

30V 0.302 0.381 3.36 4.11

[Table 3] Statistics comparison of surface roughness 

for end milling and High speed shaping

4.4 Surface flatness

Formeasuringthesurfaceflatness,acoordinate

measurementwasconductedwithDukin-MHB-1000C

CMmachineandthemeasuringstatisticsareshownin

Table4.Themaximumdeviationswasshowninend

millingandtheminimum deviationwasfoundin

vibrationcuttingmethod.Surfaceflatnesspropertyfor

HSSishigherthanthatfortheendmillingbutnotto

reachthevalueofvibrationassistedshaping.

CuttingMethod StandardDeviations(µm)

Endmilling
Min=14

Max=27.12

Highspeedshaping
Min=2.7

Max=13.7

Vibration

assisted

HSS

10V
Min=1.7

Max=7.1

20V
Min=1.5

Max=4.6

30V
Min=1.0

Max=6

[Table 4] Comparison of standard deviations

5. Conclusions

Fromseveralmachiningexperimentsforendmilling

and high speed shaping with/without vibration

assistance,thefollowingconclusionscanbedrawn

basedontheexperimentalresults:

1)Itisanevidentthatthewaviness,breakagehas

beenremovedinhighspeedshapingandthe

surfaceflatnessqualityisincreased.

2)Surfacequalityhasbeenraisedupwithhigher

accelerationoftoolinvibrationassistedhigh

speedshaping.Especiallystandarddeviationsfor

vibration assisted high speed shaping are

remarkablyimprovedfrom14.0～27.1㎛into1.0

～ 6.0㎛.

3)Thoughthesurfaceroughnessremainsalmost

constant compared to end milling despite

applyinghighspeedshaping,thatofvibration
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assistedshapingresultfromregularmovementof

vibratedtool.

4)Depending on theexperimentalresults,the

application ofvibration assisted high speed

shapingshouldbereferredforshapingPMMA

surfacewhereHAZ isaconcernwiththe

breakageandwaviness.

Thevariationsofsurfacequalitydependingon

machining conditions such as cutting direction,

amplitudeandfrequencyintoolvibration,andtool

movementwillberesearched.Theopticalevaluationof

machinedPMMAisalsoapointtobeconsidered.
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