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ami c tsot iafovfrodedd €£r vi brati oBed¢ amal dlewornign ganodper at i

nder t ool is used for b orhiongdeaopedarsatliioknesl,y tthc

rreaselting in |l ow chatter stability. Althougl

t

he

bdrtisregd hheo Indoemri n a | dynamic stiffness for |

roved baympersdmmi atget haen idsyontarnoipcy sitni f f ness of t

I'n this atthiagyr etwiec afl o rrnetl hageiedhrasnbhicml bet we e

uctur al dynamics and chmarndaedetsbabitidcgncapbo

t ool design wiltthhaacn iusadt rt omwil c detsri want, uria.e al ar
be breecaluiskee bifnf l uence of design error. Ther e
conductteikenftlouenaeg idfy t he design error on th
ect. Analwnwsi waelrifnedstihqatitche similarity of
ctions in the modal coordinate system and t he
the machining conditions are i mportant. Furt

ani soturrepi c hasdchinewe t he proposeli€® € ani sotropi

guency r e sv@an seev aflt uirdd teid onng FEM analysis. The

i sotropic dynamics of the proposed structure

amics fornsworing operatio
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1. Introduction

Cutting operati arhse grremawisdealoyW uud evdl uicrt fsl da xhialk i Irietqu i r
wi t h respect t o & heéa antaicghui anlgai btlye. sChuatptei hg operati ons
indi spehoalmpgrabhi ons, wehm pcl ho yreede h avd meed tyr uct i on. Bor i
oper awiitohn sb orciamg stedo lusp ar bristergaarrydtl leeslste codi athe amet er .
simultaneousllyy aacghuceadeesh ingh and i s thus often used i
boring operations require thinly prnoachundg nlgolteo,ol s
resuht pngbl ematsiuc hiteegrsdeeansciinegs sti ffness of the tool h
vi br &thieomachining efficiency and productt hqwsa,l ity bc

avoiding chatter vibratiossussonae oclutthegmoper ampon

chatter vi bration is knownbetowbmhyoamsed behamudbualbf
mechani cal structure and trheeg emaeithd tnidRnay t phreor cneosr se , a ccchoal
vibran is |likely to occur when the structural stiffr
operabnaehalfterhas bappeamned, ifti nissuhrefdleed e rd orvadlel tahse o

t hteo owosr,k p,i exred masolhhienreef ma@ey researchers amdve focus
suppreeshonques of[ Icchatter vibration

Il ncreasing the stiffness of the machine structure |
Suppbetg.areef fgsliinvi mprovi ngmetchheagd tciaftf2 juaveesa nawfhi & e,
supports cannot be eadielcyyug E£eod Sit it h lenwatcishni gni enfigcnreat i on s
Ther gf ane atphpfadocaucshes on the materiatd boh bbei hgobpbhoht
St eel is generally usedihawesieet matedr it awhg kcttee mtalsar b o d |
hi gher istsiefdf nmehsesn measur es naugsati nbse Radrkdehtee moviebhbr dteicdm
tohange af pphéi boolhawd deegemaficeopeadacpl e, Thorenz et
a technigue which used a carbon fiber reinforced pl
This rtehdeecbkbdni cal compl i anecret ionfg tah eC FsRPr uccotruer ei nb yt hien
the tool hol dedammidnfgonmrmnraetaasei tnhge rintosr e Yuhuan et al
bori ntghawdoeod constrai f€dDbayeart danmdminmpgenfyo pnosf h e e

the composi {dGhbor eageatpolookypeodkxk y whialmba $ eelrd grhpi ng

char act érsinsetetl b sa st oommathegbithdr Denkena et -vdlbrapioposed



technihipmeor porated fricoli oholddenpef 6] i nBudehar mor e, F
techringueméetcal | i cwep aer tevecallheestt t he t ool hol der and whi
attenuation of the weAldh tinshtdstetdesc lseai ptr e ststean d ihdee < h[at]
i mpr overdo ot ehges sur f acHeo weptudhgeh nceisssa d \h amsdetalgced doifigdh etr h e

cost these matetieals than that of

Met htoldlss e tuned shabp Hampebeen proposedilbyemeanmy res
effexpgprwvieacahseee e are | i mi ttshaam tbhee manmdper d wementoo |l hol
The suitable use of this met mad aani udkoneeyt ¢y, rteaalc e
hol ders used imanberius® 0 e eamofrikops eecee twh ¢ hT MDD est ruct u

attached to the epgthemapalk dampedrame i disihomathbee It 0 0| hol

Onozuka et al .t hpawdoxxp a8 et diant h'EVEDbpl o kwhialnec ecobhbheol | i ng
redué¢tmni sntructur al stiffness using struchufdfMD anal y:
techniqguaawhkhi shousefluid as a damper to i mprove the

and ampl Nutmed eohugs® Joptr o prd e ca t d rotnti htraet atit thieq utesslvcee rb e e n
propogsw4d] . Howedwuei ng the di ametl érc &iMDoald dodftdteeud t f or
compl ex shank sitmuzddirtioonf Thoeu@gmmHaect i cal applicati
many ofmet hiessedi fficul t.

Anotphreaoposed nmotdtwedldi nlgy chattiteehygousi mg actuator s.
et al . incor papriaetzeode |ae csterniscoracamnudat or i n tah®dtortimeg t oo
reduwcoendcnoamipl i ance by erreesatsitnog anL R)ndecuicrtcouri t t hat f un
vi brae¢evione [15]. Chen et al. proposed a static/dynat
a |linear magnetic actuator with three degpe®es of fr
t hcehatter vibration in lboeindaoperbttbbnspfdbppbseBunanthb
thatmcor por adleedcta or heol ogi cal fluid wi t hin t he str
characteristics of the borinngithhgeo | s eéorys adretercd i agn tt rhae
electheol ogi cal fdat acitaggrdiad ind iandgd ett d otthhpaeneosi d chatt er
vi brat ifoere dusdrmtgr e | oft otwHd hmaid hiursé ng antyaweldbhdermnal
proposAmdong these, Fuasighna h i -kt e B & thadthepapm sdwar e met hooc

thabhcluded feedback control [18], atshewea &ethd®s chatt



control fetddpwesft alN€ matbbheited effectseaam be exp
of thesgometvleedse are not universally effective and
Suzuki retfiald. tchlaaa ani sotropgnefi déeitfdliemecreatnalciall i tsy r
of chatt grl gnithiiddr aart d toa § s,tagledt he desired anisotropy w
desiigmetdhe twmoolprloplodtehmed dreentotinecdhyanami ¢ st i ffness of t
vi brianfiiomi tely tlheeh gegtehecl athii veg ftor peinandl thgesbashncng
met hwoads expl ained ¢ @WlnlprTohwies mtinndztil i ¢ dil @ s $ ab ysnigmp | e

desired shape in the tool shank and applyigng ani sot
operations can be avoided -woshowstursicad @ingeé mtgi ocnoanp | e
techniques. Takahashidedi ganlé @ ouls esdh atnhke ssh ai pdee avgi tahn da

i mpossibly | argeno/duan2tlipteastHosvee vadnread ¢ vi brati on con

conducted, and dehsee ginnofrlsu ednucrei nogiveit toloal t pspert eusps eoonh s
waal so not clarified. F u rwmtelr eer nmmoorte , e xtpheer. | pirenp aatd Il €yr meet
wortdbee feasibility of this propoSJbadsméemsagdialaat not

seeks to clarify thbiafffeiarsii tbatllhget iyvh iorie &8 seecthanii g etshe an
the mechaniPaabdnsdttymwehtmat eri stics of the phopogkd tec
anal ytical met hods and pr ¢ drnecmishyanilaeni ex se cRAé theismp e d ¥
2analtyhsstsabi | oft ydrhaetmitttoyoples antdhiesbkaeesd o et laé¢ potenti al
empl otyiengpr oposed method wusing pri maididtloy pexadriicmdnt
applications.

Section 2 ofPatrihi sl)mamuddcrdiipstcu(ss the chatter vibrat
of the RadiliomegSta mmhe 3t heory of infiniteldesiamgéesti ffr
mechani cals sdtirsudtutSisreedd e ntallé spr opdesmgmnhodtiies nh g e

el ement met lpadve KIEMpl @asd Concl usi ond her g apreesent ed

2. Anal ysi s model of chatter vibration stability I imi
This section explains the model i ng soifs tnheet hboadrsi nfgo rp
chatter vibr dtiiagoaofamAhecbemangc pr olcressidthed Ise showhadcae F

operations are conducted by attaching an insert t oc



motion paralllelaldriostthh serswmaMy®d opresumed to -rotate ar
ax,apad feedwanotd pml faxd sz di rection relativeand the too
its axis wasaxpar.alTlhel sttd ftfimeeszs dwasecth i kadiyanfdox decr ea
y-ag t higd, was assumedoduvitibartattdh ei etcdtohieny o,falnadrmeot her

mechani cal struattier. esFuctdchddédomaae & omi bm thaxicstting
directionhaimanfl ogineteddges 1 n;tchhanp |l ukkinckoestsiend o t hi
prooves®e iAxnNogslkkawn i n the enlta&srega® 0sse ctthieo nr aodfi atlth ed e pt
cydnd s the fepidndladtei d mr Th e tphreo jceudtutid orwyperwti ald thi n g

t he woalkngacteihee dwaseect iasn t h eb. c Ofctutititigasnvgiedt H he pr oj ect
component of the contaed@gewi 2€wiolm kipeteweeprivleeset 0ot @i g n

as the regetner althiessee nwiindilthflathe mrheiagsore the influence

<

i brati on alnadt ecda nf uboembchaglliectcui ons and t ool shape al one.
The trievldavo mlopi ece di s palxaicse nieinrtecitai osh #ata btfi nee si ngl e
peri od pdfndtlheeirse vsbeltutthisonr el at i v et Hseisnpgllaec gpneere@ino dpyiisor t
06 0 Y. The amount of varsead¢t ioomnalftidshesdcathahsime cr os s

gi vbeyn Eq. (1) .

3io Mo Ho o Y (1)

Furt heahrieorse, t hought to follow Col well 6s anodaen [ 22]

QO

ngdlieagtotmnlaé cut-seogioeonos¥The cutting force i s assumec

(o]

hip flow direction and cnothtoigroguatdtl ir @ gd d fioimme dHebrye ,t havee
cutting direction and cohbilpagfigdoev dalfi rtetcea i toomo | Hiosweivemg f
cutti ncgo nfpoosnceenft t he principal forceramodgtint@ilndrarce f
O and, respectthsepet yf i anidru rttahidan @ | f @ u ¢ xdii mrge c¢dsii rgeectt iaosn (
0 U wé4 Heres, the chiAmofithew canglismmganyfdodic e ®citm onlse ax t
tt the force f | aqcctauuaste do nb yc ovmipbornagtmitvbeyn &€gspl( @¢gement i s

2’00 0 Ri-6i o ,
200 3o (2)



p
p. ~. 300
v Al-O
0 VIO i s ftorece MHaethieg ef fedge 6Drckekedrlg iignoudd.ti Eq.te

obtain Eq. (3).

. 300
° 300
(3)
B ~ P p o 5 3 o
ODAI-Op, .. W Owo 0 7Y
v AI-O

The demppf e eedom system transfer ffyrnctiThre ofi brfaei ba

di spl ac®@maemin angul acf faoleagtutemrciyv i dx ms eéEggpe d( 4) .

. 6 N
(0] 6 D
(4)
0 10 0 0 30N
0 N 0 N 3’00
From Eq. (2), t heo vQ birrat tithoigoh igddetc g li @me rheonrt t he frequen

be expryee.se(d5) using t he 3O cien ftlthieshtiguuettcit @ m na mo u n t
0 0 N 30N

0O N 0N

0 10 301

This niosmienggeat i on of motoifo ntahkeivéxi b b tdhed ewverstiolang i on s

cutting fsarrcuec taunrdalt hdei s pl ac e mde mte citn otnh ed urrai dniga It hdee pttuhr
Thusthe vibratd &@n idii stphdeheapetrdeudidi ¥ ect i on for the frequ
can be expressed with fonregukagnfelemedfp @inis e dohm. o nTeh i e ¢

freedom can BeQewpitehgesefdoldsowi ng equati on
B M o — (6)

I'n other words, the dwynh &inis@ emdotarl ayc ti enrf il adeireagsodoab yt H éh e

compoieaot the transfley hoéfdfina gedbloearti€nutt T hail ss dli enpfel nudesn ¢ e

6



on t hef amnudabi maytdi ¢« he ch+p BEg.ow 7adngalned (8) are then ob

Eq. (5) and (6) into Eq. (3) .

30'Q 0O ® OQ
(7)
B 30N
B Q AT-G 1
, (8)
Al-0 1 oo‘Q

Theal ug Qofin Eq. O&fte g€ et cheeldllmenqu e nc yf umesvih@mse
consst Heefrff ectshe chip fbowddi géhcebitaur namdgy process, and
defines etqhuiisvadsentthe r dahef €énpl fowchgorquation needs to

hold ah®nis aemwroon val ue.
P U O O® WQ B Q Tt 9)

The dtyabiilmit of the system can be obtained by sol vi
process.BB NAI-@ tilmsamntohmeidiyanami ¢ thragpresesests the system

i mportant indicator for stability assessment. A bl o

2.

3. Theorwgwi sbtdeespywinnffionri tely | arge stiffness

This section expglesipmgihntch @l fesnddmami galotropic transf e
an infinitely | arge stiffness. Afterwards, the infl
as shown in Eq. (8) ,0oft he dynhamhigufplheedsbetrti shl gsby

di agonal component of btthheetdti raagnosnfael r fctooumpeotniceentd i, ke thti pal s «

flow angl e. I n contr adte,sotghitfdifeawgopgad t of otrhdeetn dargapr sofpe ri
f uncarifdonrrcagtaiso we | | as the chipndniacmanph iiheucse an irseduc e
technically difficult to simply increase t;he stiffn

howevbent offsetting this iofhileeacencoséthgbtdanbEtdsiotfropy

i mprove the stability |Iimptompdsedhad emagivadbiadr any S



ani sotropy by shiftiqnggbohe emdden sgstemofrbobmeonwo an
rotatcogrdheate system [19]. Here, the following eq

direction for an orthogboatdpgateosyshampe. system ( m

, O i O i

LI o B T o

w1 TQ n (0

; - 1

n c——l I—‘ (]

¥ . IR

u i ¢1 i1 v
wheile -, ®@adehmodal parameters in each direction and

damping ratio, Jamdhdaprei mg us tviaflfemass.n lealeh —diirection
wher®alanges f or Qea®h dAisr eschtoivonn i(n Fi g.pi3inthbhetrans

Xy coordinate system, where thHerpgessorcaoiomat emnas pstse

obt aisiEwg (11) .

, O O
'|'|I O O
(D

Ai-6 OEF O O Aio OE}

OEF AT-© O O OEF Ai-6
Her e o fdfihaeg o n a | component ofi tmet he apgf enpofdnoai ensy
whi ch peErgov i(dlezs) .

0 o

0 o

(3

Al &0 OE+O OERAIT-00
OERAIT-00 O OE+O Al &0

Thust he dioddfioagadbomghodoént §e Xy coordinate system are
componn@mtns®® in the pq coordinate system. This also a
be adjusted accahrndteg Thioeni dnyada mio¢ as i oinf ness in the ¢
theoretically be made egluinmatehy tmbagesEhy &8hotbonrneg
The diagonal angl e compoyientns tdfe fplye ctona msvinemit ef sryst

a mutually si mialnalr ameslaanp i can si libiggiceo mploenetevilss t o be set



achieve this infinitely | arge value. iTnhewdsicrii | ari ty
componerftr eqfu etnfceu nrcefsiqggonnasre dr bi trary frequency has a
ofO an® i s expressed byoEgel @bB) @ hi pi+Hd otwhangl e

0 N e
First, the results based on Eq. f(l2)uenfcyt re srpmthastei d
in the xy coordinate system ar e egqlud wiarlaemstfFe rg . f uln c tTih

deter mbnmg. (8)Q cercepn N/ m, | ¢ pmrad+s -

Mgy T andli-O 06 In other words, the naturadl frequen

coordinatreeqesiysalkent, and QF® dicapl Dan@ean@tio

'O whetnhe rot at+ oidTaneocampdlieance ofc amaclhe coanpooteditmgr y
to the rotatkBlabalabpgl ethralnsd egr daasinlay irveasruilee , and a 1
a n gd eep e rsdmeerettw assp cotbwlreerve dt he resodance peak decrease

Hertehe effect of various parametteo sc avlaculaatad yteledl by

—

ransfem3Tuarcd i det eerfnfiiencet stihoefjo ndpel ciraenacse . Fegul Bssbbws
the influences of—atntdd-Ooont dathieoneagqui aradleemt tthreansf er

compl i an®©eror astaiso set as 2. Her ea,eptai dd@maQRi maim negat i
t heequi val ent twaasn safsesre sfsuendc tilscelmaant tienm @ res tadbl irl 1iidtfyy. | i mi t
chatter vibration is direct émdrdtaapnan dieyssttmeame t hitea lmialxii z
as the maxirmuadrre goasetciovmees smal l er [ 1] . Irnemahtriter wor c
expresses the effectiwescdamhmpl itbidée cafl swbeakpipeat em.

frictaohechatrics and t;héibsakads amettecasitsebnhéenobhls al
empirical Tlv.allhuwmea xo fmutn. Zega¢ 6 v&i dcehraahbgliey h changes i n t
rotati osrahdbOugfl ethe coordinate sysrteprr tThien npaaxritmucnu |

apprdaehe across aAwDd® andnge®taesaommay,) amegdwl ti ng i

stabilizatiitondepedndseughchi ning condi tdbensseenhe chip
Ai-O pThe proposed methods may improve the stability
angtean be aepemotxdpmbpldlny contrast, this may have the



the condiniappsowei at e

Next, Fitghaes®G eslsonent r es ul heeo nopfl itahrd@ & "oxfadhieonc ehef
rotati onwas afiphae@nd waass s utme db.®hfei giumr cei tc lafaddkd O

t he maxi murnme prihe ganm@ewceo riaanwghedee e t he co@pA'O amae ratio
bet ween 1 andthadThefygohdi suwikEgg béleéxpradséeéd3l) .

"0 O AT-@T1T & OBHAT-O
"0 O AT-@OE}+ OEJAT-O

(9

The chip fJVodaecnogldd ng to thecbnditsbape Bod exampl
chip aamgpredadvwhheen t thadwa slear ge adnedp tthhwes frsacdaitall, wher e a:
—apprdacafietrhe oppoditd on®o®t her wor dishatt hciasn ibse aa dp aursat!
the oper @aher géhver ecihlilp.—fslhhow | aln dblee sel ected so that the
regard to the compliance Alabhidav @foufé rae pg tdrx inahteunred .y F u
the dedgt alwaf sanatl | (e. g., during finishOa@f operatior
shoul d be ofetappr @x#vmd tuesl y

Next, t het hmeaftliir eajouee ncfy er Eromomsticmaguedecyedare geneil
becaufsaectoofr s | i ke di mensi onal errorde svihg@m farcd quadn gy c
error srdceuitrireudg s htohses sessment resultheadfii reiges eincfyl uen
d ffern@ein the pqg coordinate systwsmmptwhRlad the rot:
compl i and&@Or &t AGO was fi Téfki gurd@wisat t he maxi mum neg
real padt he emo  tansasthierna 4 theenecnyc ed iwafse rO0 Hz . This effect
hi gappt ox iAmat mpfyur t h e rmeotrfer,atjuencyh addi faf emienfitneal ef f ec
maxi mum negéat t-svyeromet ri calthevhremdem,cydand higher st a
obtaine@ walsenht PdeTher equency r essweares ec ofwipear teitdd e

nat irabuency didtiQer@ncef Uass eslewci date t-hemmausegs of
Fiug8 showgeshian the dbsamnlfutass weallde :asofilOh & ,r e;adnd part s
B8T hfei giumrdei tctagreosf | | esegiespense functions changed dep
freqguency err or danfd reaéenen tsuirganli féificéaqimt el aye i '@ & .

Change®QdBdtwerad so generated as a resWQtthasaThseficbangbe

10



condiQi ®@n"Q protdritndepar t i caunméaar gaen dndlinenift wdheger el at i on
bet w&eann®@ i nwarhte directiio@Q@otfhechanmaxi munpaegati ve
rapidl ywked@ngerand the syst amsgtwicficfhhaetstserwivdihbr at i on
Meanwhi | e, the rapid flucteptiibinat iinnftlhuee nmax itnhuem nna
negartdmda t Whé&nThuahol der Sabuildathédi sueshi ghtly | arge
Q. However, thei héathatdad ebfe elmailecdwe yt e hal f width (60

very | east.

Next, Fi ghaes®s estrsanesnt resul teshiop +t hh-eantdhfie) uea@ceabif ot h
O on the maxirmyadrnte gvehtetna & ihaeavwaal s afnilgd gedht he compl i ance |
O TO was aset2, nandrelfaaency Qdid waseadseé& er o. Results s
that wshear ehi p-fwheweanhdhlee max ema mtamieg & b irvabneghee r e

t feor cewasdtoive 0. 35. dansbprdadtaden sthoilpd owi ng equati on

0 AT-O0 — ( 8)

Thet abi wiaz atbit@an aemnd iunidd @ ma ér lacdéiuael d & pgther e t he chip fl ow
—is smal If owhcee ritatedsanal | . a Medmgvdtred e @tsiud t s i n stabildi
where the chip ftbwadeepmtille @vdacat so thought to incre
cuttbnditions or Obopdhanick beatd eof oac edr dithmeg ptroo ctehses .
Next, Fi g.haeddeshmevst results of the influence of t|
—7- whetnhe r ot at—woansalf iaxregdl reatx i he4oBnAp, | itahndd ef 'Or awtai so

s eatt 2, naantdf rteHgeu e ncy 'Qd i'd fwars eadedz er o .f rkeiqrusetn,cyt he s pon:
funcwieoer obseconmnepd sttcawemn t he-TF wastqiuan t o 1, but th
wi bbb | ongdwhenatitcheyaf rdacfifieorcemti, @eulersdmat adi ty of t
frequency ressgpamde nfeamctihenf esfhbheneafsoereenhe figure
the maxi mummdwamariooeand t he | ar gvesotd sienrcreddh-€nehsen n st a
Tandifs p . Meanwhi | e, t hree pnharxti nmuam al noegnggaebri wiikeecn
devdfateem 1, and the stiffnesd &gw&wermwe meshibgentiefri cvainbtr at

11



di fferences in thephlratisia mnh.eSpdih n=842¢ Bunsopbvi ous
directional iwtey ed ofwsrebesrpabitiees ehf setabi |l ity.

As stated above, comparatively robust effects can |
appropriately settingT7TOpatber cdiofmpid ¢ @ain @ &@ & hoahti i po

flow aingl|lteheud @ wakeusrst. h etrhneo rsei, mi Ida raigtoyr ad fsictomp lo @ e n t
pgq coordinate awndt emtait Sirledpemtcayidd,i bededaenpi ng rati
di ffedsfermrami gni ficanpérnyfademandceor alewdhdeirf, f ehend ead | waen

be mini mi"e® when

4. Proposal of a tool design method using FEM and ane
Section 3 explained how the ceimgnondagnecree riampioor tamd
requirements for ideal api adiniffe e d etl ryand safregre dalyanraand tce
section explains the design method of a structur al

characteri sciatdbBENMI amplrwtach i s used here.

4 Design overview of boring tool

Fiuglel shows an overview of theAdeshgermetkaod fwas at

—

heenadf t he owprbad;/rihageadot htehbeos i dwydfoifx etdhfedo rb a T é .e
struwsuraxi symmea raccyliikduotshceal dybraami ¢ chamadéctaéri st
direction woulihd sbhé@aryvisodtrroppdicc dvyarsa ndiecss gmpfdt mes snod e
expansion effects due to tthesihgomiengbhppeedAboshown it
of the cylindrical bar reduced the diti éc¢thniechs nahdt h @ c
wal | (g directebheécv Mebatwhe h ea mpMee t nuidnei nebilp & rnd iit anme

of ttiencakl i ¢epcti cadhdhea Thiesd to adjust the complianc
Si mul t atnteeo ulsdiyny ustedt hecneéaseal frequency byndecreasir
side. Thdtdhei mateaaaé f rsdg U ddnonsest trpi @ i eir whti eythdg vei t @c tt han
which a@areatedal frequencyndtbofaltehrcequbbheatdeebbbet we bhoes
mat ched t o i miphryosvae ssmans|| araaltecyhimr etchhe opn near the base

tool to compensate for this frequency wa fdeedentce. T
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conducqadmust ments so that ede natural frequencies m
Thehagweadesddiai ng -wemeFBEM analysi YW sbaswdren( ANSY S e
principletsinndwscHesedhttilme WwhbDbbt ween hehe api ot rudi ng
di amet er oMastthele tehrod dle@d. The designed model s are shov
%5 and a |l ength of 100 wans (bLs ®&d )aantdhd@ 58H anme .6 L wiBrs D)
per fotrimedesti gate the geometry where]l] the theumpagl f
coordinat ea mgyestoe m Need , t he fr e(f§REwasy ersetsipnoantseed fuusni
frequency response analncsi srratamd amat hs i RA ¢ lagiognly | wer
damping was ,arstdhceme il f her ent s o we h bepuaadl jiutspt edaclt @ r b e
appr ox bMMdted yatrhea tmucs th ebceatulsiiek edamping i s an empirical
and there is no assur & haecet uahlatc htbBhui est hceorrirget-sepcesnad sg ewnietr
bori ntghstitomoull at ed aawaimnmelrica agriyduct was npdelred as a
comparison to determine the influence of the fixed
a thwoadenars&l boring tool whiawWwaisiablatpepdodommer wi ahl
wamodel ed. FRR haema | gyebrofso rama 6 h ghuoall di et r@.,n &Tehéer e lque ncy

M in tdhegextion, maxiiAWOm ico muh &« @ameaé 6napbuency differe
M M in tHereqgtion mode, and t hieA@oaxfiil A@ cioompl i ance
each model werDei nideentseiromisneadnd design values used in a

are summarized in Table 1. Details of the design ar ¢

42Desi drd Deidr i ng t ool

The desired vibration mbdenhnd awmhmerte bield o dit ma exfew d wh &
asymmetric shape and t he bal an cTeh ebreetfwaeredrunnsnegeotit i a and
was atattabceheadpposi te enened dShewrn diveohil@awaheesi gned
ensarsymmetric structseseel/ BwWwthwomantaost agheyncerr ahor n shape
model ed as commer cusad |hyd hadveae Bdanbd ney tghanmsectradt t ached her
FRF estimation ruessulttonlofantdhda hggerLdrDadl t ool designed
shown in Figwas1l18he Mgertrooll4) i sot rvwaisihce) ,p raompdo sneadd eblo r(i

toolch HaakecmpomenkRRBonfd tthhee frequency wher,e it.lee ,comp
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dampreadt G r &Iq ueernec yshown.-uSd et galae cobmp | ha A@® WTati o

i A@B0Os of 0. W3 andughly isotropiyc.asFumniehterrinwasr g mpao nlIn
fabricad@théd i s Hdeoatygesd otver bé | strgcsumet i mc lcudipnget:t
axi symmetrlihefdt agobhalk €0 oofp otnlecrutge needd @i mi | ar shape t
di agonal ©Oompodeiwhse mpboia Jihrew erf thddE. a goocmd o e wa s
predicted to influence telhai dateati dff akbiE&h fonoceas
"0 70 . I n odlser awosotropy is thoaghtabiol faeacttilmwea $yns ta
Me anwhtihlee, comp | ilam@C TirA®0O o of the proposed tool
approxilm&8t7reliyn t he pqg cwaocarndiisnoattreo psyxst eSm mudd aneously
characteristicsnavedrealpbdmdynedIiQf fTlehrep o p WRS

o8 ( Uanwasufficiently small ert hteh annattuhrea|lh afdife g ¢ditchy (i3n5
was .hikldwe o édfi, a gadoeap o N@ retns® wer e not smallgm/WwWi.th valu
The compl i anc e fdfi atgioom alof ®©d famodn edit agonalO wamponent
approxiOmd®Beltyhe xy coordinat d agyrsoadmmnt baddiidahgeo nmeolr e , t
commpaon were roughly similaTheanp®oarm®iwe rpeh apsreesd iweetr ead
tocancel ouanéamihnieginze atlleent tRF awheth&i-OMfa®n dt3i.oMhi s
agreetsheitél ati onship beit A@® nTitAZ caompAi-Ginncet hreat i o
analysis results shown in Fig. 6 .

Fiugled shewan efaampkéor diagram of t e eggauiwalllent t
as dihegoomeniD andfdfi agoomemniD oft hekRFdet er mi ned by set
0 T™andli-Om&@¢. Compdireed geserabol (14), thdea propose
somewhat | arger dOacgfdh RBeangkbicapbeenéanand notch. Mean
t hperopbsedngatembhl |l er for the egMi.waCempartirsammsd eof f
maxi mum negantti edethaw t he poaobpedsesdt itmoaotled t ot hhbee mor e
genarsael t ool bayp pa ofxalamt&dlrenl gdt hemo midnedid , stthéd fness som
i oor edadsuee t o t he pHooweovsedrdnpdtehseiegin st ability effects ag
coubled obt ained by suitably sel etchcehngp ¢ odmlwi matgil @ns of

Next, Fi g. anddlrge$simst shien hleu e nfcoer coefb raanteti e hi p—dhow rate
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the maxi mumnmepddglat i V& of HKRFR The boundary | ine where
negar émaeil AQ 0 i semI N i s shownl ti nc atnh eb ef isgeuerne .t hat t h
negartdmdd A@ Q decr eas ad mdsntdilfiweisenps oved farsethe gen
tool (14) when —-tamae d mirgeerewi anglee The mi neméal ma X i
pad €T Ag@ 1 aeem/ N was obtahneghhpowluerder at lyeedn
rangev.alTulkd @fl so became small whvars tlhae gehi mnfdl dvwean q
t he dicognpmddeat so decreased. Fur t hoefdfima geaqmit chnee nitn f | u e
'O decreased whei wtalse |Tdoegogtfhperad d eos st setdhtbe | i myr oved
under conditions whame f hoelceeid @rigleow Memqlwdhi |l e, t he
angdteoul Démaecte & adtenffei ngsht mbndi,wherness t hewaotsargaedauosd

t hreaddeapdt h waf saiidtlelr.ef etabi li zation may only be possi
such as rough processing.

A mivmmmval uenafi mimenmegatiiteAd 1Q ™ oem/ N was
obtained for the proposed dw i robp g bTohli s( Adi)n iummudne rv atlhue
was slightly | ar g-aseththawdilhe, hugnedne rt hweh igcehn etrhael ma x i mu m
repart deas eaglatfifyer ent f-ueen t bdrednggechlevenalch t he maxi m
neganemadert dewar evadel y di stri butuesde Felndti.iav etthteo tthlae @
genairsel tool ,wat mbi ki kakebyw to occur unde+apodndition
forceul weatrlieor g®©n t he tohtehegt ahbainldi,ty atdastaperfdreicmatvel y
0 AT-O MpoTherefetabilization may be achieved with con
chip flewdamelnadi ng on t he ¢ ondbi nUantliiocknebutond et thp etheer df hoe
decreased maxiemamt negdeirveonditi onswabhesmalhesechdes!
that stabilization coul dubeibadhitéwvad. evenottheéer wbi d

possibly be i mputotvierd§ if oruotsrh & mogupgr ¢ hbeseidng t ool

43Desi an D&for i ng t ool
Next, the L/w2al0 atnadlyhzmkadsiigen desi gn types shown in T

(1'10) was an -use medgi gn .Ml svef A1 Wesigned using t
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met hod. The pr-daposed){ awklbsxe (dAoslGcomepd iatcleaaméd 4. 67
1.46, respecticemeponf drn tththe diqd@demapdisreat-&)oow s 3 Arh.0
designed so that t hedinataharbaalngfampedpuwexnsatya tHeh, y tahned pt h e
influence of frequlaercp@s ¢ @ r4 Jwaithh e Askaenses esdhtahpee as t h
(A0t oblut was uséRbEgM nerdal ysqguesaliot@G advgegrtamxi mat el y thre
hi ghappraexiimt ebpnd t heqgualfil tuQe nfceaesc teeds stelses e d .

First, compas(iOsan® )off otrh ee aFefmBehcoowmd i it @O qhpl L &nc e
signifincartalsed and the natural freqwdndyhededDeladedi.
The geser &abwad i ¢$ dtO)wioefdfi agonal ©D@owspomehati vely small
di agocmpgeni® andfdfi a gommgoni®© i n the propbredn®ddABO(ALO0
amossimil aandhape, fhadf ftsheatt arhehywame eldlentr trhaey i ncr ease
stiffness of the eileavwbbhbgteltanmbéee ifamicdi on.t he p
(AB0depema fthhequency due t o naiiur alanf rbeeqduseangcoyn tdhiaftf etr
compmi®O anadfdfi agoomeni® d dot have a Ssimiil(aa¥lOtsoh ape.
proposed-4) ddilami( A&0t fekapdeagonal O amgtde aegloenme: it

O, butan® incrdbgsa factotrhientrftasedwiQt hal ue.

Next, Fig. 17 shows the anal ysiasndr edilpt-dwiothh ameg | ien
respect he maxirneyaimdggatQ vef the equi valoennlti Kea atntsd er
L/ D4 resul tuss,e tthoeodg e(d elda)le shsae d maepimbmBneQati ve
anshowemproved stability under coendidtif omsewwhatéot he
l arge. A ariueihmaixi mum megaiiEdieAgd N =1.n7/3N gwas

achi eveadceumdietrd en phpwJ The ibeasnedarthe maxiemaimt negat i
i Ag N was equalemt N iln78he propodPdii40ooar eassied wn ( A1l
white |lines in the figures. I n other words, the dom
obt ai nteltjeewiatrstel t ool s. The compliancededr endhsee egliée val e
conditi anAsi-Gvh.e2 5 hfeorpr oposed met h hickmp ramde dwrest eeelf if leictt ys
confirmed. Valewfdntimaxmathum megpdatritte A@ KO) w &

approxiOom&mBeNy f or t he perloposaerdd taoodt abAlIOi ty i mproven
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approxiiBatel gti va steomaotvac lyiesmvee dvbsXpecetemdBobi | ity

i mprovement é@gghedahathboont oLbD4 under tHAumestbi mpt gve
coubd further i mpr dwed ewibdeltii tndgh Ise medo mbmidnati ons of th
i Ao 7Ti A@O |, force ratio0 , andchip flow angle— . Stvwaabsi mpirdaywe n under
conditions wher e wah es;wahlulpl, /fD JoG iasngtlheought to be effe
cutsimglar to L/ D4.

Compari spnopwomfsetdh®)o od s (ARG Rt t hesitmidlag haddenci
but the prdAdxbad &aodli gher valbtmeaxf onu mt mee@dnir it v ena l

i ET AQ 0 and a |l ower stability. Thiistiwasshhaepheosught t
of RMBEomponri@ mtndd . Eilg8 shows sohfe ccheeplonpakERBRFOof t he
an® for the proplo)seane PdAeSOgitmEiOc h & ensatt hier alguency at
which the real part i4d)zeooedalplfiCdiat io.p oMeecadn whoiolle ,( A
a sl i ghtwadsi fofbésmreerriviesd @o lo pb)sSE@AS s hownnatnb rTahu endy t h
di ffeRefMkckret weenvahodwls. 4;hlezavever ¢c an Dbteh es eneinf i rdhaal t

maxi mum negpaitElV AQD Q wa highly senBhstiavbei Itiot yc hiann gtel
proposed-3)oclonvAI@mbye deb ap-atkebtegceahuaseea hat ur al frequ
di ff ewaesnicgeni.f iCooamptat 6@d tt haet pofopos-g)t,hteooslt a(b1A® ty of
decreased by apprduicwarndlsye r @& efithagbalmeshheer e t he maxi mum
negartémadel A 1N was belsmwNihi7s3 was becaus@ atnlde si mi | .
'O decreased due to thepisygtemadavteé oips tnigcd .owRawmgnh! y
were confirmed after assessing the Thdd e esrheogwu lotf s t he
that designing the system so that the Q tvandtue i s s m
The above indeshtghtionhentocetufrent svi miyhier ®A 6f e rf
characteristics satisfy the dAe ssiuriteambc omripd g ea nacned rpart d co
conditionsehetead ealicohibeeve t he desi raendgaléeowebk | rasi et abd
Furthermore,nat mianli zi nggueédmcy error i s necessary, ar

to be | arge.
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5. Concl usions

A novel boringttesopptdehseh gt emeit rodplege.e lrhe pr oposed
met hesddai sotropy of t hhee bdoyrnangi ct osotlt ifomgwaskei ntnf hait e
|l arge. The stability of the process may be achieve:q

man nCeurs.t udy eedxagpsdiad ndesi gn met hods efnfde tatnead systg rc ad rl ryo rc

omomidnyanlami ¢ sti ffness. The obt aiReesd Icesods githens ar e
ofchar actodtrhiketsd dy® o | and stabilityas$ti mht atelad ysicatase
processing experiments are discussed in further det

1. A system where the naadaboatdifmeageesgstemi opdg heo mo
matf@ch 17 ) and where the compl@ BOcep)wat desi gnledrger
usitnlye proposed met hod. Further more, tthheat desired
robust!| st hiemmrooni edatl i dfymesns cagai nst c haoupeds i n the
obtained by setting tahteo orradti entaitcen asly sanegn & oaf tthhee pr
system to 148A.

2. Threangoeptoifmal comwmsl isagptc® '@t icowhenFRR®he arhod
coordinate dssyisntielnarg dtyi.s fTihee hcaddop Ibiea nacet irmaatliloy ad essc
according to fttdee sfioredeacrydte o Hewdtutbij egds s .

3. The similarity of ftord RAibehgo rpal coomym mier ges r st yasntte. m
The natural fr equbheaidoy bandddd amp ierdgh ®rd antteileant moldey rmat
i mprove similarity. Ho weahed rmi nti hme ziendf |wiheemc & hoef neartru
di ff aeraskhc® T

4, A metthadtstche natur al f reaq ureweog-b & 6 eend mMdeyisgem wi t |
desirdd acncmp r at 6 pos ed thayp Sread | Nilga pepn et st e o6fF eehe
boring tool esantd ea dodaisreg onfottchlre hel d side. A di mensi
t hdeesired vibrawsopropasadt essiisigi ¢d€EM anal y

5. Stability was confirmed to dramatically increase
of the floamd ahitp efweorwe asnagtliesf i ed in the proposed

FR¥det er mi ned through hfaBrM haenrat ilysspiado.iv ek ft fye dtrsom t he
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cutsierpg tocdtimtisghianagn be expected using the propo
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Fig.

ure captions:
Schematic illustration aheboring process with chatter vibration.

Lol (@}

Fig. 2 Block diagram otheboring process with chatter vibration.
Fig. 3 Relative relationshipetween thexy coordinate systerand thepq coordinate system.

Fig. 4 Influence of rotationadngle —on compliance componentstimexy coordinate system.

Fig.5 Influence of rotational angle—and AT-Con | A @ @ .(Q ¢Q ¢ pmN/m,
1 1 ¢ prmnradls,— - TmEglL 1)

Fig. 6 Influence of compliance ratio and T-Con | A @ QM .(Q ¢ pmNmM,I

1 ¢ pmradls,— - T@Ig— pIYPO T

Fig. 7 Influence of frequency differenc® Q andAT-Coni A @ Q .(Q ¢Q

¢ p 1 NmM,] ¢ pmnradls,- - TEIg— pIY T

Fig. 8 Frequency response functions with inconsistent natural frequencies @nd "Q .

Fig. 9 Influence of force ratiod and chip flow angle- on | A @ o .(Q ¢ ¢ pm
N/m, ] 1 ¢ prmnradls,- - Tm8g— pTY

Fig. 10 Influence of damping ratie- - andAT-Goni A@ Q .(¢O "0
p&to x p T mM/N,] 1 ¢ prmradls,— TEOo— pITWYPL T

Fig. 11 Design method athebending mode with anisotropy theorthogonal directions.

Fig. 12 Schematics othedesigned isotropic and anisotropic tools.

Fig. 13 FRFs of the L/D4 boring tools in pg and xy coordinate systems estimated by FEM.
Fig. 14 Vector diagrams dheequivalent transfer functits of L/D4 tools with0 & and
AT-O & ¢

Fig. 15 FRFs of the proposed L/D4 boring toolthre pg and xy coordinate systems.

Fig. 16 Frequency response functionstioé designed boring bar€O , "O )

Fig. 17 Minimum real part othe equivalent transfer function.

Fig. 18 Real parts’lO and 'O of FRFs ofthedesigned boring tools (A1D) and (A102).
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Equivalent Gy (i)
q D(iw.) = cosn Gy (iw.) + Sy

transfer function K,
Projection of | e e
specific cutting force I Cosine component  Dynamic transfer function
in chip flow direction I in the chip flow angle (in x direction)
II —K, II || cos1 |I || er(imc)ll

+
Dynamic uncut Dynamic cutting force (Thrust force) F

chip area Force ratio Cross transfer function

|
1

w0 L5
I

- 1
I X, I \ I G:\‘y(“—”r)l
Cutting width L Dynamic cutting force (Principal force) Fy,

O 4

— | Regenerative width

[ |
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Previous dynamic displacement u, (t — T)

Present dynamic
Displacement
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Fig. 2 Block diagram of the boring process with chatter vibration.
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Fig.Re3 ative relationship between the xy coordinat
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Fig. 5 Influence of rotational angle—and AT-Con | A @ Q .(Q ¢Q ¢ pmNm,
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