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SUMMARY

The present doctoral dissertation focuses on the simulation of spiral bevel gear manufacturing
processes. The ultimate goal of the study is to build the necessary simulation models for the
optimization of the spiral bevel gear machining methods so that costly machining experiments
can be avoided. The kinematics of the two most important spiral bevel gear machining
processes, face milling and face hobbing, are simulated using BevelSim3D, an algorithm
developed as part of this thesis. The algorithm models the blank gear, either pinion or crown,
and cutting tool geometries, and creates the tool trajectory achieving the simulation of the
process kinematics. As a result, the tooth flank generation and chip formation processes are
revealed and the solid work gear and undeformed chip geometries are generated. The
generated tooth flank topography can be used for further analysis to determine the effect of
process parameters on tooth surface quality.

To validate the simulation results, the BevelCurve3D algorithm is developed to compare the
simulated tooth surface to the theoretical one. The validation process is carried out using a
simple geometric approach by comparing the simulated with the theoretical 3D tooth surface
coordinates and calculating the deviation between them. In addition to evaluating the surface
topography, kinematic simulation can also be used to calculate the cutting forces that occur
during the process.

Utilizing the simulation results, the BevelForce3D algorithm calculates the cutting forces by
analyzing the undeformed chip geometry. This is realized by dividing the solid chip geometry
into elementary chips. Local cutting forces calculated on the revolving tip of the cutting blade
can be used to predict tool wear, whereas global forces calculated at a fixed point on the work
gear can be used to predict work gear deformation and specify the fixture type and clamping
force that must be applied prior to machining.

Finally, after the simulation and cutting forces algorithms are developed, several simulations
are executed to investigate the effect of crucial cutting parameters on the quality of the
simulated surface and the developed cutting forces. More specifically, the study revealed that
generation feedrate has a major effect on the quality of both tooth flanks and finishing stock
allowance, plunge feedrate and generation feedrate greatly impact the developed cutting
forces.

Xi



EKTENHZ NEPIAHWH

Zovoyn

H tmapouca 8i1dakToplkry dIaTpIfr] €0TIdfel OTNV TTPOCOMN0IWON TNG KATAOKEUNG E€AIKOEIOWV
KWVIKWVY 000VTWOEWY. ZTa TTACigIa TnG dIatpIfAS avatTiXOnKe TO TTPOCOUOIWTIKO HOVTEAO
BevelSim3D 10 otroio Bagcifetal og éva avayvwpiopévo cuoTtnua CAD. To TTpoCGONOIWTIKO
MOVTEAO ETTITUYXAVEI TNV KIVNPATIK TTPOCOMOIWCN Twy dUO0 ONUAVTIKOTEPWY KATEPYATIWV
KOTTNG EANIKOEIOWY KWVIKWY 000VTWOEWY, TOU METWTTIKOU @pailapiopartog (FM - face milling)
Kal TOU HETWTTIKOU @paifapiouaTtog pe KUAIon (FH - face hobbing). ATToTéAeopa TNG KIVNUATIKAG
TTPOCONOIWONG TWV KATEPYAOIWV gival N JOVTEAOTTOINON TG TTPOCONOIWHEVNG YEWUETPIAC TOU
EKAOTOTE KWVIKOU 000VTWTOU TpoYXoU Kal N Trapaywyr Twv ATTapaudp@uwTwy OTEPEWV
ammoBAITTWV TTOU TTPOKUTITOUV WG OTTOTEAEOHA TnG KaTepyaoiag. O1 yewueTpieg TTOU
TIPOKUTITOUV aTTd TNV TTPOCOMOIWaN MTTopoUv va XpPNnoIhotroinBoudv yia Tnv TTEPAITEPW
avaAuan Kai diepelvnon TNG Katepyaoiag. Mo ouykekpIyéva, N TPICOIACTATN YEWMETPIO TOU
000VTWTOU TPOoXOoU PTTOPEi va XxpnoiuoTroinBei yia diepelivnan TnG TTIOPACNG TWV TTOPANETPWY
KOTTAC oOTnv ToIdéTNTa  TNG KATEPYOAOUEVNG €mM@AveEInS. AvTioToixa, Ta TpliodidoTaTa
ATTAPANOPPWTA ATTORAITTA PUTTOPOUV va xpnaiyoTroinBoulv yia Tnv avdAucn Tng diadikagiag
onuioupyiag Tou aTTOPAITTOU TNG KOTEPYAOIag KOBWS Kal TOV UTTOAOYIONO Twv OUVAHEWYV
KOTTNG.

AvayKaioTNTA KOl OVTIKEIMEVO EPEUVAG, EPEUVNTIKOG OTOXOG

H ZATnon Tng TTayKOoPIag ayopds o€ 0dOVTWOEIG EKTINATAI OTI ayyilel Ta 160 digekaTouuuplia
OoAdpIa, KaBwW¢ oI 0doVTWTOI TPOoXOi aTToTEAOUV Ta ONUAVTIKOTEPA CTOIXEIO OE CUOTAUATA
peTadoong 1oxUog. Q¢ aTmmoTéAecpa auTtou, TIG TeAeuTaieg OeKaeTieG €xouv eviaBei ol
TTPOOTIABeIEC BEATIOTOTTOINONG TWV CUYXPOVWYV TEXVOAOYIWV TTAPAYWYAS OJOVTWOEWV,
OUYKEVTPWVOVTAC MEYAANO €PEUVNTIKO €EVOIQPEPOV TTOYKOOUIWG. ZUYKEKPIMEVA Ol KWVIKEG
odovTwoelg gival amd Ta TTAEov TTOAUTTAOKA oToIXeia PETAdOONG 1I0XU0G Kal Ol TEXVOAOYiEG
TTapaywyrg Toug givai eTTiong e€aIpeTIKA OUVOETEC. AVTIKEIMEVO TNC TTAPOUCAS dIaTPIRNG gival
N €1 BAB0G PEAETN Kal avAAUCN TWV KATEPYATIWY KOTTAG EAIKOEIOWV KWVIKWY 000VTWAIEWY Kal
ATTWTEPOG OTOXOG £ival N BEATIOTOTTOINCT TOUG. H TTPOCOMO0IWGN TWV KATEPYATIWV KOTTAG £V
vével oupPBdaAel otn dnuioupyia POVTEAWV Ta OTToia EMTPETTOUV TNV €UpPeECn TwWV PBEATIOTWV
TTOPAMETPWY KOTTAG e OTOXO TNV augnon Tng mmoldTNTAG TNG ETTIPAVEIAS TWV KATEPYAOHUEVWV
00OVTWTWYV TPOXWV, TN MEIwoN TG BOPAG TWV KOTTTIKWY EPYAAEIWV -TTOU CUVETTAYETAI AUENON
Tou Xpovou Cwrg Twv-, Kal TN JEIWAON ToU XPOVOU KaTepyaaiag. Xwpic Tnv UTTapgn autwyv Twv
MovTéEAwV N TTapattdvw dlepedvnon Ba TTpoUTTéBeTe TN die€aywyn XpovoRopwy TTEIPAUATWY
uywnAoU KOGTOUG, Ta OTTOIA [E TNV TTPOCOMNOIWaN UTTOPOUV VA aTToPeUXB0oUV.

Oewpia KWVIKWV 080VTWOEWYV Kal TEXVOAOYIWV TTAPAYWYARS QUTWV

O1 KwVIKOi 000OVTWTOI TPOXOi XPNOIKOTTOIOUVTAl O€ EQPUPMOYES OTIG OTTOIEG ATTAITEITAI HETADOON
Kivnong Kai 1I0X00¢ peTagu pn rapdAAnAwv agévwy. O1 doveg utropei va TEuvovTal ) Kai Oxi
Kal n ouvnBéaTepn ywvia TTou axnuartifouv ival ol 90°. O1 eupUTEPA YVWOTEG EQAPHOYES TWV
KWVIKWY 000VTWTWY TPOXWV evToTTiCovTal GTnV autokivnToplounxavia, 61mou cuvnBéoTepa
XPNOIUOTTOIOUVTAl O€ DIAPOPIKA OXNMATWY. ZTNV AEPOTTOPIKA Blounxavia, oTa eAIKOTITEPQ, VIO
N METAdOON 1I0XUOG aTTO TOV KIVNTHPA TOU EAIKOTITEPOU OTO KUPIO KAl TO OUpaio oTpogEio, o€
MNXQVIOHOUG €AEYXOU Kal UETAPBOANG TOU OXNMATOS TWV TITEPUYWYV TWV AELOCKAPWY KABWG
Kal o€ jet KIVNTAPES agPOOKAPWV yia TN HETAd0ON Kivnong atrd évav Kuplo dfova Tou KivnThpa
(T7.X. TOU CUUTTIEDTN) O€ TTAPEAKOPEVA PEPN OTTWG USPAUAIKES QVTAIES, YEVVATPIES, EKKIVNTHPES
K.G. Kwvikoi 080vTwToi TpOX0i XPNOIKMOTTIOIOUVTAl KAl O€ UNXAVES XEIPIOHOU OKAPWYV, TTACIWY,
TTAQTQOPUWY £E6PUENG yIa TN METAdOCN I0XUOG ATTO TOV KIVATAPA GTO AEova TNG TTPOTTEACG.
AANEG afloonNUEIWTEG EQAPUOYESG TWV KWVIKWY ODOVTWOEWV €ival O€ EKOKAQEIG, TTUPYOUG
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Woeng, HOVASEC TTaPAYWYNAS NAEKTPIKAC EVEPYEIOQG, MNXAVEG eKTUTTWONG, OTN PBlounxavia
TPOYIiHWV KABWG Kal O€ PnXaviuata eE6pUENG TTETPEAQiou.

IXETIKA ME Tn YEWHETPIA TwV UTTO MPEAETN TPOXWYV, Ol KWVIKOI 0dOVTWTOi TPOXOi
xapakTnpifovtal atrd 1o facikd TOUG OXNKa TO OTToI0 gival évag KOAOUPOG Kwvog. H ywvia Tou
Kwvou, dnAadn n ywvia TTou oxnuaTicel N KEQaAr] Tou dovTioU pe Tov dEova Tou TpoxouU, JTTopEi
va dlagépel ammd Tpox6 o€ TPpoxo. O1 KwVIKoi 0dOVTWTOI TPOXOi £XOUV TTOIKIAG OXAUaTA Kal
MTTOpOUV va diakpiBouv pe Bdon kdmoia KpitApia. H Baciki Karnyoplotroinon oTtnpiletal
OTnNV £QApMOYIR ToU TPOXOoU PJECA OTO CUCTNUA JETABOONG Kivnong OTO OTTOI0 XpNOIKOTTOIEITAl.
‘ETO1, 01 KWVIKOi odovTwToi Tpoxoi Slakpivovtal o€ KivnTrpIioug (driving) Kal KIVOUUEVOUG
(driven) Tpoxoug. O kivnTApIog TpoxX6G ovouddleTal Kal ‘“TTvioV’ Kal 0 KIvoUpevog ‘kopwva’. Mia
QKON KATnNyoploTToinon TwV KWVIKWY TPOXWV a@opd Tnv YewueTpia Ttou Sovtiol. Mo
OUYKEKPIPEVA, avaAloya pe Tn Jopen Tou dovTioU, ol TpoXoi dlakpivovtal o€ euBeic / Aofoug /
eNIkoeideig / zerol / uttog1deic KwvIKoUg 000vTwToUG TpoxXoUG. TEAOG, OAOI 01 TPOXOI EKTOG aTTO
Toug €uBeig, dlaxwpifovTal o€ TPOXOUG e DeEIGOTPOPA ] ApIoTEPOTTPOPA BOVTIA avAAoya e
TNV KAion Tng €uBegiag A TNG KAPTTUANG Tou dovTIOU O€ OXEON PE Tov dEova Tou TPoxoU.

H Trapaywyn KwVIKWY 080VTWTWY TPOXWYV avaTTuxonke 1d1aiTepa oTIS apxES Tou 20° alwva
otav ekTIvaxOnke n xpAon Twv OlI0QOPIKWY OTAV auTtokivntopiounxavia. Tig TeAeuTaieg
OEKAETIEG O KOTOOKEUAOTIKEG MEBODOI TWV KWVIKWY 080VIWTWYV TPOXWYV Kal 1I8IaiTEpa Twv
ENIKOEIDWV KWVIKWY TPOXWV £XOUV ATTOTEAECEI QAVTIKEIMEVO EPEUVOG OAPKETWV ONAdWYV
TTOYKOOMiIWG. H PeAETN Twv peBOdwY TTapaywyng €AIKOEIBWY TPOXWYV KAl KUPiwg Twv U0
BaoikéTepwy FM kair FH, trapoucidlel 181aitepo evdiapépov aAAG TauTdxpova atroTeAEl Kal
TTPOKANGCN YIA TOUG £pEUVNTEG AOYW TNG TTOAUTTAOKOTNTOG TNG KIVNKATIKAG Twv PEBGdWY, TNG
1I01AITEPNG YEWMETPIOG TWV 0BOVTWTWY TPOXWV KOl TWV KOTITIKWY €PYOAgiwv. ETITTpooBETWG,
atod TN OTIyUA TTou avatTuxdnkav ol duo dnpoiAeic péBodol FM kal FH atmé duo Kupiapxeg
ETAIPEIEG TTAPAYWYNG EPYAAEIONNXAVWV KOTTAG 000VTWOEWY, N yvwon yupw atrd Ta 1IdlaitTepa
XOPOKTNPIOTIKA TNG KABE peBOSOU Kal TwV AVTIOTOIXWV KOTITIKWY EPYOAEIWV TTEPIOPIOTNKE O€
peyaAo BaBuod o€ Blounxaviko TTAQICIO avAPECa OTIG EPEUVNTIKEG OUADES TWV CUYKEKPIPEVWV
eTaIPEIY. AUTO avaykaoTIKd o00fynoe o€ PeydAa Kevd OTnv akadnuaiki €peuva oTo
OUYKEKPIPEVO TTEDIO, TOUAGXIOTOV YIA TNV TTAEIOWNQIA TWV EPEUVNTWV.

O1 800 pédodol katepyaoiag kotnRg FM kai FH avatrtixbnkav atmo Tig eTaipeieg Gleason kai
Klingelnberg avTtiotoixa kai yia TTOAAG xpovia n k@O etaipeia €0Tiale ATTOKAEIOTIKA OTNV
avaTTuén TnG Miag povo pebodou. MAEov, o1 epyalciopunXaveg Twy OUO ETAIPEILV £XOUV TN
ouvaToTnTa TTapaywyng odoVTWTWY TPOXWV £QapPOlovTag Kal TIG dUo peBddoug, av Kai n
KaBepia atrd TIG peBOdOUG ouveyilel va atroTeAel ofua katatebEv TNG eTaipEiag TTou Tnv
avérrTuge. O1 dUo éBodoI XpnoiuoTrolouvTal £€iocou eupéwg atmd TNV TTaykKOoUIa Blounxavia
TTOPAYWYNG KWVIKWY 000VTWOEWY avaAoya e TIG avAyKES TOU KABE CUCTHPATOS TTAPAYWYNS
KAl TNV €QAPMOY yIa TNV OoTToia TTPoopifeTal TO (eUyog TwV 0d0VTWTWY Tpoxwv. H Bacikdtepn
dlapopd Twv OUO PeBGdWYV evTOTTICETAI OTNV KIVAUATIKN TOuG. 0 Ouykekpipéva, PE Thv
epapuoyn 1NG HEBGSou FM 10 KOTITIKG £pyaAeio kaTepyddeTal éva auAdkl KABe @opd, PEXPI va
OoAOKANPWOEI N KOTTA Tou, vy KATA TN BIAPKEIA TNG KATEPYATIAG KOTIHG 0 000VTWTOG TPOXOG
TTapapével oTabepdG. ZTN CUVEXEIA O KATEPYALOPEVOS TPOXOG TTEPIOTPEPETAI KATA Mia B€on,
WoTe TO KOTITIKO €pyoAgio va katepyaoTei To €mOMeEVO aAuAdkl. H diadikacia auTth
eTmavaAauBaverar péxpr va oAokAnpwOei n katepyaoia OAwv Twv auAakiwv. AvtiBeta, oTn
MéBoBO FH, Ta auAdkia katepydlovral OAa Tautdxpova, agou Katd Tn SIAPKEIQ TG KOTTAG O
000VTWTOG TPOXOG TTEPIOTPEPETAI YUPW aTTé TOV GEovd Tou. ‘ETol, 0 000vTWTOG TPOXOG KAl TO
KOTITIKO €pyaAgio ouvepyddovTtal oav OUO TPOXOi O€ EUTTAOKI UE OCUYKEKPIPEVN OXEON
METAdOONG N OTToia TTPOKUTITEI OTTO TOV GPIOUSO Twv SOVTIWY TOU TPOXOU Kal ToV apIOud Twv
KOTITIKWV OKWWVY TNG KEQPAANG. ATToTéAeopa autAg Tng MeEYAAng diagopotroinong oTtnv
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KIVNUATIKA TwWV U0 KATEPYAOCIWV €ival N TTAPAYwYr 0d0OVTWOEWY BIAQPOPETIKAG YEWHUETPIAG.
ZUYKEKPIUEVA, N MOP@H TOU OOVTIOU KATA TO TTAGTOG TOU A aAAIWG N XAPAKTNPIOTIKN KAWTTUAN
Tou doVTIOU TTpooeyyilel éva TOEO0 KUKAOU OTnv TTEPITTTWON TNG Katepyaciag FM evw otnv
kartepyaoia FH n poper) Tou dovTiou TTou TTPOKUTITEI ATTO TNV UTTEPBEDN TNG TTEPIOTPOPAS TOU
TPOxXOU OTnV KUPIa Kivnon KOTTNG TOU KOTITIKOU €pyaAgiou xapakTnpideTal atmd pia eKTETAPEVN
ETTIKUKAOEION KAUTTUAN. H 181a1TepdTNTA QUTH OTn YEWWETPIA TTOU TTPOKUTTITEI ATTO TIG dUO
MEBGBOUG aTToTeAEl EPPETWG £va aTTd Ta KABOPIOTIKA KPITAPIA YIa TNV ETTIAOYT HIOG €K TwV dUO.
O AGyog Eekiva aTTd TO OTI GAOI 01 OOOVTWTOI TPOXOI WETA TNV KATEPYATia KOTIG, UTTOR&AAovVTaI
o€ BepuIkA KaTepyaaia yia Tn PeATiwon Twv 1I8I0TATWY TougG. H Beppikn KaTepyaoia £xel wg
aTTOTEAEOUO TN PEIWON TNG SIACTATIKAG akpifeiag Twv odoviwaoewy. Na 1o Adyo autd, 6Aol ol
o0OVTWTOI TpOXOi META Tnv Oepuikh KaTepyaoia UTTORBAANAOVTAI KOl O€  KOTEPyaAaia
amotrepdtwong. H €mAoy) TnG KATEpyooiag armotmepdTwong dlagépel avaloya HE Tnv
Katepyaoiag KOTTAG TTou €xel TTponynOei. Mo ouykekpiyéva, ol 0dOVTWTOI TPOXOi TToU €XOUV
TTPoKUWEl atrd T PéBodo katepyaaiag FM atrotrepaTwvovTtal ouvnBéoTepa Pe AsiavTikd Tpoxo
(grinding), emmeidf o0 A€lavTIKOG TPOXOG £xel Tn duvaToTNTa va OKOAouBroel Tnv ToEo€idn
YEWUETPIA TNG 00OVTWONG. ATTO TNV AAAN PEPIA, O 0BOVTWOEIG TTOU €XOouV TTpokUyel atrd FH,
MTTOPOUV VO OTTOTTEPATWOOUV POvVo pe AATIVyK (Agiavon pe Tn XpNoTn €10IKAG A€IQVTIKAG
TTAOTAG) Kal OXI ME TNG XPNnon AciavTikoUu TpoxoU BIGTI 0 AEIavTIKOG TPoXOG dev PTTOPE va
OKOAOUBAOEI TNV YEWMETPIA TNG EKTETAUEVNG ETTIKUKAOEIOOUG TTOU £XEI TTPOKUWEl ATTO TV
Katepyaoia Kotmg Xwpic va 1n JeTtaBdAcl. AAMeg diagopéc Twv OUO BaCIKwy HEBOdWY
katepyaciag FM kal FH gival n ka®’ Uwog yewueTpia Tou dovTiou. O1 0dovTwToi TPOXoi TTou
TTPOKUTITOUV a1ro TNV FM Katepyaaia €éxouv dovTia pe HETABAAANOUEVO, KATA TO TTAGTOG TOUG,
Oyog evw avTiBetd otoug FH Tpoxoug 10 Uwog Tou dovTioU cival otabepd. Q¢ TTpog Tnv
TTapaywyikotnta, N FH pué6odog €10fx0n wg pia eTTavacTaTiKh HEBOOOG TTOU TTPOCPEPE! TTOAU
uwnAoug puBuoug TTapaywyng Adyw Tng TauTOXPOVNG KATEPYATIiag OAwWV Twv dOVTIWV TOU
Tpoxou. lMap’ 6Aa autd, TIG TeAeuTaieg OekaeTieg N FM péBodog éxel €geAixBei onuavtika
TTPOO@EPOVTAG TTOAU XaunAoUg Xpdvoug KaTepyaoiag Kal avraywvietal Tnv FH wg Tpog tnv
TTapaywyikoTnTé TNG. Mia AAAN TTOPAUETPOG TTOU KABOPIZEl TNV KIVAUATIKA TWV CUYKEKPIMEVWV
KATEPYAOIWV KOTING, €ival N dIauOpPwaon TNG YEWMETPIAG TNG 0d0VTWONG PE KUAION i XWpIG.
‘ET01, Kai 0TI 800 HeEBOdOUG UTTAPXEl N duvaTOTNTA UAOTTOINCNG TOUG XWwpIig TN Xpnon
TTPOOBETNG KUAIONG, 61ToU TTAov n FM KaTtepyaoia amTAOTTOIEITaI O€ KATEPYATia Pe EpyaAEio
Mopong evw N FH katepyacia cuptrepiAapBavel uévo Tnv KUAIOT TTOU TTPOKUTITEI QUOIKA OTTd
TNV EUTTAOKI] KQAI TN OCUVEPYOAOIa TOU KOTTTIKOU epyaAgiou pe Tov 00ovTWTO TPpoXO. H KaTepyaacia
KOTTAG Xwpig TNV TTpdoBeTn KUAION (non-generating 1 Formate™) xpnoiyoTtroigital ouvwg
WG KaTepyaoia EexovOpioHaTOS TOU aKATEPYAOTOU TPoXoU. EvaAAakTiké o1 duo péBodol FM kai
FM ptropoulv va uAoTToinBouv eVOWPATWYOVTAG Kal TNV TTPOCBETN Kivnon KUAIoNg (generating)
N OTToia XPNOIYOTTOIEITAI CUVNBECTEPA OTNV KATEPYOTIQ ATTOTTEPATWONG. Z€ KABE TTEPITITWON
TO £éva PENOG TOU CeUYOUG TwV ODOVTWTWY TPOXWYV TTPETTEI VA £XEl TIPOKUWEI ATTO KATEPYATia
KOTING ME TTPOCOeTn KUAIon (generated) wote va pmmopoUlv o1 800 0doviwToi TPOXoi va
ouvepyaoToUv owaTd. ETirAéov, o1 0Uo puéBodol utropouv va uhotroinBouv eite o€ éva oTadio
€ite g OUO. ZTn deUTEPN TTEPITITWON, OTO TTPWTO OTASIO OAOKANPWVETAI TO £EXOVOPIOUA TOU
TPOXOU MEXPI €va OUYKEKPIUEVO PAB0G kal oTo OeUTEPO OTADIO TTPAYUATOTTIOIEITAI N
ATTOTTEPATWOT) TOU.

Mpooouo1wTIKG POVTEAO Kal aAyopifuog eTTaARBsuong

Katd tnv avamruén Tou povtéAou Trpocouoiwong BevelSim3D avaAlBbnke n yewueTpia Tou
apyIkoU aKATEPYOOTOU KOWMATIOU KABWG Kal N BACIKN YEWMETPIA TNG KWVIKAG 006VTWONG WE
Baon 1o pdTUTTo ISO 23509:2016. ETriong TTpocdiopioTnKE TO TTPO@IA TOU KOTTTIKOU £pyaAEiou
pe Baon 1o TrpdTUTTo DIN 3792 Kai N BaoiKA yewWUETPIa TNG KEQAAARGS KOTTAG. ‘ETTeITa avaAuBnke
TTAAPWG N KIVvNUATIKA Twv 800 Katepyaciwv Kotmg FM kai FH kai TrpocdiopioTnkav 6Aeg ol
OXETIKEG TTEPIOTPOPIKEG KAl YPOUMIKES KIVAOEIG TOU KOTTTIKOU €PYAAEiOU Kal ToUu 0dovTwToU
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TPOXOU Kol OTIG dUOo TrepITITWOoElG. TEéAog, OAa Ta Traparmdvw Oedopéva  €100d0U
evowpaTwonkav agtov aAyopiBuo BevelSim3D o oT1roiog UAOTTOIEl TRV KIVNUATIKA TNG KABE
Katepyaoiag pe xpAon Aoyikwyv Tpdaéewyv (Boolean) petall Twv dUO OTEPEWYV TOU KOTITIKOU
gpyoAegiou kal Tou Tpoxou. [lMpokeiyévou va augnBei n akpiBeia Twv OTTOTEAEOPATWY, O
aAy6pIBuog dIakpITOTTOIEl TNV OAIKY) OXETIKH Kivnon TOU KOTITIKOU epyaAgiou o€ BrpaTa pe Baon
TNV avaAucn TToU €xEl Opioel 0 XPAOTNG. ATTOTEAEOUATA TNG KIVNUATIKAG TTPOCOMOIWGONG €ival
Ol YEWMETPIEG TOU KATEPYATHUEVOU TPOXOU Kal TOU atrapaudp@wTou atmofAiTTou o€ KABe Brua
TNG TTPOCONOIWONG AAAG Kal N TEAIKI) TTPOCOUOIWHEVN TOTTOPOPYia Tou 0dovTwTOoU Tpoxou. H
TTPOCOMOIWKEVN YeEWMETPIa TTEpIAaUBAvE €va auAdKI TOU TpoxXoU, dpa Wia KupTr TTapelid Tou
dovTiou, To TTOdI Tou dovTioU Kal TNV KOiAn TTapeld Tou atrévavT dovTiou. O1 YEWUETPIEG TOU
atmmapapopewTou atmmoAiTTou TTepIAauBavouy Eva atmORAITTO TToU €XEl TTPOKUWEI ATTO TNV KOTTN
TNG KUPTAG TTapelds KaBwg Kal éva atmoBAITTO atrd Tnv KoiAn Trapeld. O1 S1000XIKES YEWMETPIES
TWV ATTOPAUOPPWTWY ATTORANITTWY EMITPETTOUV TN PEAETN TG Sladikaaia dnuioupyiag Tou
atmmoBAiTTou amd Tnv apxn £wg 1o TEAOG NG Katepyaciag. Or dIadoxIKEG TOTTOUOPYPIES TOU
TTPOCOPOIWKEVOU auAakioU, divouv TTANPOYOpPIES yia TNV BEon Tou epyalegiou ae oxéon Pe TO
Katepyagouevo TePAxIo KABE XPOVIKN OTIYUR TNG KaTepyaoiag. H TeEAIKr) TTpocopoiwuévn
YEWMETPIa TOU AUAQKIOU UTTOPET va XpNOIKOTTOINGEI yia TN JEAETN TNG eTTidpacng Twv dlaopwv
TTOPAPETPWY TNG KOTTAG OTNV TToIdTNTA TNG £MIQAvEIag TNG 0dovTwaong. MNa Tnv emaAnBeuon
TWV aTTOTEAECUATWY TOU POVTEAOU TTpocouoiwaong BevelSim3D, avamtuxBnke o aAyopiBuog
emaAnBeuong BevelCurve3D. O aAy6piBuog emaAABeuong ouykpivel Tnv  TEAIKN
TTPOCOMOIWKEVN ETIPAVEIA TG 00OVTWONG HE Tn BewpnTIKA £mM@AveIa n otToia eEAyeTal aTro
éva KaBiepwpévo TTPOYPAPHUa UTTOAOYIOUOU Kal OXeOITUOU 000VTWTWY TpoXwyv, To KISSsoft.
H péBodog emaAnBeuong TTou xpnoiuotroindnke Xwpilel TiI¢ dUO TTaPEIEG TOU AUAaKIioU O€
KAWTTUAES Kal SIAKPITOTTOIE AUTEG TIG KOAUTTUAEG O€ onueia woTe va TTpokUyel éva auvolo 3D
onueiwyv. ZTn ouvéxela evroTTiCel TNV aTTOKAION TNG TTPOCOMOIWHEVNG aTTO TN BewpnTiKA
em@aveia uttohoyifovtag Tnv eAdyioTn amméoTacn Twv 3D onueiwv Twv TTPOCONOIWPEVWY
KAPTTUAWY atrd TIG BEWPNTIKEG KAUTTUAEG.

MovTéAo utroAoyIoOU SUVANEWY KOTTAG

‘Evag a1rd ToUug Bacikolg oTOXOUG TNG TTPOCOHOIWONG TWV KATEPYACIWVY WE apaipeon UAIKOU
gival N peiwon TG @OopPAg Twv ePYOAEIWV KOTTAG N OTTOI0 CUVETTAYETAI PEIWON TOU KOOTOUG
TTapaywyng. XpnoIdoTrolwvTag Ta aTroTeAéopaTa Tou povTéAou BevelSim3D, 10 povTélo
BevelForce3D utrohoyiCel TIG¢ SUVAUEIG KOTTAG TTOU avaTiTuooovTal Katd Tnv karepyaoia. O
aAyopiBuog BevelForce3D déxetal wg €i0000 TIG OTEPEEG YEWMETPIEG TWV OATTAPANOPPWTWY
atmoBAITTWV TToU €X0oUuV TTPoKUYEl aTTd TNV KaTEPyaaoia, SIOKPITOTTOIE TIG YEWUETPIEG AUTEG OE
OTOIXEIWON ATTOBAITTA KOl XPNOIKMOTTOIWVTAG TO EUTTEIPIKO PovTENO Kienzle-Victor uttoAoyilel TIg
OUVIOTWOEG TWV OUVAMEWV KOTTAG KOl TTIO OUYKEKPIPEVA T duvaun KOTTAg, Th duvaun
TTPOwWONG Kal TN duvapn amwbnong. O CuvIoTWOEG AUTEG ETTEITA PETAOXNMaTICOVTAl OTO
TOTMKO OUCTNUA OCUVTETAYMEVWY KOTITIKAG OKWAG TO oTroio &ev  gival aTaBepd  aAAd
TTEPIOTPEPETAI KATA TN OIAPKEIA TNG KATEPyaAoiag akoAoubBwvTag To KOTITIKG epyaleio. Ol
TOTTIKEG OUVAUEIG UTTOPOUV Va XPENOIYOTToINBoUV yia Tn SiEpelivnon TWV TTAPAUETPWY KOTING WE
OTOX0 Tn Meiwon TG @Bopdg Tou KOTITIKOU epyaAciou. Tautdxpova, O aAyopIOuog
METAOXNMOTICEI TIG TOTTIKEG OUVIOTWOEG TwV OUVANEWV KOTTNG O éva KABOAIKO cUoTnua
OUVTETAYUEVWY TO OTToI0 TTpocapudleTal og éva oTaBepd anpueio. O KABOAIKEG OUVIOTWOEG
TWV OUVAHEWY KOTTN G 1I000UVAPOUV WE TIG BUVANEIG TTOU Ba UETPOUVTAV TTEIPAMATIKA PE Eva
OUVOUOUETPO OTABEPA TTPOCAPHOCHEVO OTOV 000VTWTO TPOXO. O1 KABOAIKEG OUVAUEIG
MTTOPOUV Va XPenoidoTToinBolv oTNV EKTiuNoN TNG ammapaitnTng dUvapng cuykpAaTnong aAAG Kai
TNG KATAAANANG SIATAENG OCUYKPATNONG TOU OKATEPYAOTOU TPOXOU TTPIV EEKIVIOEI N KATEPYATia
OAAG Kal OTNV EKTIUNON TNG TTAPAPOPPWONG TOU 0B0OVTWTOU TPOXOU Kal TWV TTAPAPEVOUCWYV
TdoEwV PETA TO TTEPAG TNG KATEPYATIOG.
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Algpelivnon TwV TTAPAPETPWY TNG KATEPYATIAG

MeTd Tnv uAoTTOiNON KaI TNV TTAPOUCIiacn Twv aAyopiBuwy TTPOCOP0oIWaNG Kal UTTOAOYIGHOU
BevelSim3D ka1 BevelForce3D, ta dUo povTéAa xpnolgotroiménkav yia tn digpelvnon NG
EMOPOAONG ONUAVTIKWY TTAPOAUETPWY TNG KOATEPYAOTIaG aQeVOG HEV OTNV TTOIOTNTA TG
TIPOCOMOIWMEVNG  ETTIPAVEIOG KAl OQETEPOU  OTIG OUVAUEIG KOTIMG. [0 OuykekpIpéva,
MEAETABNKE n e€midpacn TG TPOWONG KUAIONG OTnv TOTTOMOP®Ia  TNG  EmMIQAVEIAS
XPNOILOTTOIWVTAG TIG TEAIKEG TTPOCOUOIWMEVEG YEWPETPIEG TOU AUAOKIOU YIO TNV TTEPITITWON
TTPOOOMOIWONG MIOG KOPWvaG TTou €xel KatepyaoBei pe 1 péBodo FH. Me Bdon ta
ammoteAéopaTa TG digpelivnong, ME TNV auénon Tng TTPoéwaong KUAIoNG TTapatnphninke augnon
TNG aTMOKAIONG TNG TTPOCOUOIWKEVNG ETTIQPAVEIAG aTTd Tn BewpnTiK aAAG Kal Peiwon Tng
ToIéTNTAG TNG EMQPAVEIAG, agou To HEYIOTO UWog Tng Tpaxutntag aufnibnke. To idio
CUMTTEPAC A TTPOEKUYE KAl OTNV TTEPITITWOTN TTPOCON0IWONG TNG KATEPYATIAG VOGS TTIVIOV UE
TN MEBodO FM. ZTn ouvéxela, UEAETONKE n €TTidpacn ONUAVTIKWY TTAPAPETPWY TNG
Katepyaoiag oTig OUVANEIS KOTTAG yIa TNV TTPOCOMOIWGCN KATEPYACIAS MIAG KOPWVAG ME TN
MéBOBO FH. Zuykekpipéva PeAETHBNKE n emidpacn Tou PBABOUG KOTTAG yia TNV KATepyaaia
gexovopiopatog/popeng FH Tpiv Tnv TeAIKA KaTtepyaoia amotrepdTwaong, n €midopaon TnNg
TTPOWONG KUANIoNG o€ pia katepyaoia FH povou atadiou kai TéEAoG n emidpacn Tou BaBoug Tou
EVATTOMEIVAVTOG UAIKOU TTpog atrotrepdtwaon FH. Kal oTig TpeIg TTEpITTTWOEIG TTapaTnpninke
ONUAVTIKN] ETTIOPACH TWV TTAPAPETPWYV TNG KATEPYATIAG OTIG AVATITUCCONEVEG DUVAEIG KOTTHG.
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1. INTRODUCTION

Gears are among the most important machine elements which have been employed in the
transmission of motion and power between shafts for several centuries. Spiral bevel and
hypoid gears are widely used as transmission elements in automotive vehicles, helicopters,
naval and industrial applications. Bevel gears are angular transmission mechanisms with
straight or curved teeth and are employed in applications that require transmission of torque
between non-parallel axles. Spiral bevel gears with a helical tooth form surpass straight bevel
gears in terms of efficiency, strength, vibration, and noise, as a result of the higher tooth contact
ratio.

Although tooth curvature in spiral bevel gears offers higher efficiency compared to straight
bevel gears, it inevitably makes them harder to manufacture. This is mainly caused by the
geometric and kinematic complexity of the manufacturing processes employed to generate the
curved tooth geometry. The kinematic complexity is the very reason why it is still quite difficult
to fully comprehend and analyse these manufacturing processes, whilst there have been many
research efforts on the subject. Increasing demand for efficient transmissions, demonstrating
low noise and high strength, imposes higher quality requirements in spiral bevel gear
manufacturing. Furthermore, excessive tool wear can occur during the manufacturing process,
forcing the production to stop and imposing additional tool changes and intervention down
time, which consequently raise the manufacturing cost. Due to the constant rise in global
competition, production costs need to be reduced at the earliest stages of production,
specifically during the development of a manufacturing process. Those are the core reasons
why there is a need for an in-depth analysis on the subject and the creation of simulation
models that will embody all the main process characteristics and parameters, to provide the
manufacturers with useful results and an insight into the manufacturing process.

Spiral bevel gears can be manufactured in either specialized bevel gear cutting machines and
hypoid generators or universal 5-axes milling machines. Manufacturing in specialized bevel
gear cutting machines is up to now the most common practice for the production of this type
of gears due to the increased productivity that it offers in comparison with 5-axis machining.
Face milling and Face hobbing are the two major methods carried out on these dedicated
machines. As implied by its name, face milling is similar to the common process of milling with
face cutters. On the other hand, face hobbing resembles the process of gear hobbing applied
for the production of cylindrical gears, but the two processes greatly differ as to the process
kinematics and the geometry of the cutter which in the case of bevel gears is a disc face cutter.
A fundamental difference between face milling and face hobbing methods lies in the way the
cutter indexes relative to the workpiece. In face milling, the cutter machines one slot at a time,
thus face milling is described as a single indexing process, whereas in face hobbing all slots
of the bevel gear are machined simultaneously reducing the total production time and the
manufacturing cost.

The present study introduces the Ithaca Bevel Gear Suite which integrates three separate
algorithms developed for the kinematic simulation of the process, the validation of the results
and the prediction of cutting forces. Ithaca BevelSim3D is a novel simulation model developed
for the simulation of face milling and face hobbing processes. Simulation is integrated in a
commercial CAD platform, exploiting the benefit of high precision of the results, which are
obtained via Boolean operations between solid models. The simulation algorithm receives the
gear type and main geometric characteristics, the tool profile geometry and the type of
manufacturing process as inputs. Following, the model calculates the undeformed chip
geometry, the gear tooth flanks in every simulation step and the final results after the
completion of the process. The Ithaca BevelForce3D algorithm allows for the calculation of
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2 Introduction

cutting forces through the analysis of the undeformed chip geometry. In order to validate the
simulation results and specifically the calculated tooth flank geometry, a novel validation
model, Hermes BevelCurve3D, was also developed and is presented in this study. The
validation algorithm receives the theoretical spherical involute curves and the simulated octoid
curves along the width of the tooth, creates the theoretical and simulated flank surface
approximations and also calculates their deviation along the tooth length. The results of the
validation are presented to the user both numerically and with 3D-figures as well.

The 1t chapter of the present study briefly introduces the reader to the main topic and scope
of the research, while the structure of the thesis is also outlined.

The current state of the art is summarized in the 2" chapter, providing a detailed description
of the most important issues in spiral bevel gear theory and the respective manufacturing
methods. Bevel gear geometry, the major aspects of the manufacturing processes as well as
a review of the research conducted so far in face milling and face hobbing, are presented.
Furthermore, previous research efforts for the simulation of bevel gear manufacturing, are also
reported.

The 3" chapter provides a thorough review of the spiral bevel gear cutting kinematics, for both
face milling and face hobbing processes, the analysis of which is the main objective of the
study.

The 4 chapter focuses on a full description of the Ithaca BevelSim3D simulation model
developed within the framework of this study. The programming environment used is
presented and the structure of the model is described through model flow charts and figures.
Following, the kinematic analysis, which is essentially the most important part of the model and
the core of the simulation, is described. After the model is fully described, simulation results
concerning 3D tooth flank surfaces and 3D undeformed chip geometries are reported and
thoroughly discussed. Finally, the Graphical User Interface of the model and the procedure
followed by the user, starting from the data input until the extraction of the simulation outcomes,
are presented.

Hermes BevelCurve3D, presented in the 5" chapter of the study, is a novel validation model
developed to verify the simulation results. The graphical user interface of the validation model
as well as an outline of the validation procedure is provided. Finally, two validation case studies
are covered in the chapter including a face milling along with a face hobbing simulation
example.

Ithaca BevelForce3D cutting forces calculation model is presented in the 6" chapter. Firstly,
a brief introduction to the theory of cutting forces, as it has been described in various research
studies in the past, is provided. Following, the process of chip geometry analysis for the
calculation of cutting forces in spiral bevel gear cutting, employed in this study, is presented.
Finally, the graphical user interface of the software is presented.

The 7™ Chapter presents the investigation of the influence of process parameters on the
simulation results. More specifically, the effect of generation feedrate on the simulated gear
tooth surface for both face milling and face hobbing process is investigated, along with the
effect of plunge feedrate, finishing stock allowance and generation feedrate on the developed
cutting forces.
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The 8" Chapter reviews the methodology, summarizes the research results and conclusions
and sets the grounds for further work on the improvement of the model and the experimental
validation of the simulation results.

Finally, all the sources consulted throughout the preparation of this thesis, which were used to
improve the general knowledge and understanding of the topic, are cited in the thesis and
included in the References section.
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2. STATE OF THE ART

Bevel gears are important motion transmission elements which are used in various fields and
applications. This chapter firstly provides a brief introduction of bevel gears as a motion
transmission element, then a brief description of spiral bevel gear geometry is presented and
finally, the current state of research in spiral bevel gear cutting is summarized.

21 Bevel gears and fields of application

Bevel gears are used in applications where rotational motion must be transmitted between
non-parallel shafts. The range of their application includes several fields, though their use in
the automotive industry is the first significant and still most common application.[1] Other
common applications of bevel gears are in aerospace industry, marine engines, cooling
towers, power plants, printing presses, mining machines, food machinery etc. In non-parallel
shaft drives, where transmission ratios between 1:1 and 10:1 are required, bevel gears are
generally preferred over worm gears. When it comes to speed reducers imax=10 is the
maximum gear ratio that is commonly used, while the maximum gear ratio for single stage

speed increasers is approximately imax=5. [2]

211 Bevel Gears in the automotive industry

Bevel gears became important transmission elements with the development of automotive
industry in the early 20" century. They were mainly used in differential mechanisms on rear
axle transmissions. Bevel gears are still widely employed in differentials, changing the direction
of motion from the engine output shaft to the wheel shafts and also allowing the two wheels to
rotate at different speeds when a vehicle is going around a corner.[1] A typical open differential
mechanism is shown in Figure 2.1. The small bevel gear, driven by the pinion shaft, is called
“pinion”, while the larger bevel gear, driven by the pinion, is called “wheel” or “ring gear” or
sometimes just “gear”.

Carrier
Ring Gear Z/
Axle Shaft \ :
Side Gear
Axle Shaft p \
Axle Shaft
: Pinion Gear
y Pinion Shaft
‘ ‘/ Universal Joint

Axle Housing
Differential R
Side Gear

Figure 2.1:  Open differential mechanism. [3]

2.1.2 Bevel gears in aviation and aerospace industry
Common applications of bevel gears in aviation include main rotor and tail rotor drives for
helicopters, accessory drives for aircraft engines or flap actuators for aircraft wings. [1]

2.1.2.1 Bevel gears in aircraft engines

An accessory drive is a gearbox which is used to transmit power from a gas turbine to
accessory parts of a jet engine, such as fuel pumps, hydraulic pumps, generators, starters etc.
The gear train takes power from the shaft connecting the turbine with the compressor and
transfers it to auxiliary parts of the engine. This layout normally consists of an internal, an
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intermediate and an external gearbox. Bevel gears are used between non-parallel axes in all
these stages.

High Speed Gearbox Centrifugal Breather
Driving Gearshaft _———
8 2= H.P. Compressor SHA — == Helical Spur Gear
/5 1] ‘-Z‘_- - & p 3 v ~-—' :. '. p
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F v“\
./’\/ f\\(/
s L
\
\ ) %
/

External GearboXe

e X ) Radial
- fea—" Drive Shaft

Radial Drive Sh Mountin AL
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Master Driving Gear External Gearbox e <

Radial Drive Shaft

Figure 2.2:  Internal (left) and external (right) gearbox in a jet engine. [4]

2.1.2.2 Bevel gears in helicopters

Main rotor: Similar to airplane engines, gas turbines are used in helicopter engines to provide
the necessary power for the main and tail rotors. The shaft of the engine is placed parallel to
the helicopter’s body while the main rotor’s shaft is perpendicular, so an angular gear pair is
employed to transmit the power between the motor and the rotor. The bevel gear pair is placed
before the input stage of the planetary gear train, Tail rotor: The tail rotor shaft is also mounted
at an angle relative to the main shaft of the helicopter. As a consequence, a bevel gear train
is used to allow the transmission of power between these two non-parallel shafts. Finally,
secondary bevel gear sets are utilized to transmit motion to each of the tail rotor sections.[1]
Figure 2.3 shows the location of above-described bevel gear drives in helicopters.

-,

Figure 2.3:  Bevel Gears in Helicopters. [1]

2.1.2.3 Flap drives on aircraft wings

Bevel gears are also included in actuators of aircraft wing flaps, which are used to alter the
wing shape during take-off and landing. The motions of these flaps are performed via a crank
mechanism. Bevel gears are used to transmit the rotational motion which moves the flap.
Figure 2.4 shows the operating principle of flap drive mechanisms. [1]

R A D

Figure 2.4:  Flap drive mechanism. [1]

2.1.3 Marine engine applications
Bevel gears are used in bow thruster units of ships to enable the transmission of power from
the motor to the propeller shaft. The left picture in Figure 2.5 shows a bow thruster unit and
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the bevel gear pair installed inside. Bevel gears are also used in external thrust drives. In this
case, the bevel gear train consists of one or two ring gears driven by the same pinion,
depending on the number of the propellers. However, the use of bevel gears in these engines
limits the maximum transmitted power to 15MW. [1]

Figure 2.5:  Bevel gear set in a) bow thruster unit (left) and b) external thrust drive (right).

[1]

21.4 Cooling towers gearboxes

These are two-stage gearboxes with the first stage being a spiral bevel pair combined with a
helical gear pair. Normally the output shaft is vertical, designed to receive the dynamic thrust
of the fan.

Figure 2.6:  Cooling tower gearbox

2.2 Bevel Gear Fundamentals

This section will provide a detailed presentation of the fundamentals of bevel gears, such as
the various types of bevel gears and the benefits that they offer when employed to transmit
motion and power.

2.21 Classification of Bevel Gears

Bevel gears can be classified in certain types according to their tooth form, the cutting method
used to manufacture them, the tooth curve form and whether they are used as pinions (driving
gears) or ring gears (driven gears). Figure 2.7, Figure 2.8 and Figure 2.9 show the basic types
of bevel gears when classified according to their tooth form.

Classification according to the tooth form
Based on the tooth form, bevel gears may be classified into:

o Straight bevel gears, which are the simplest of all bevel gears with straight teeth
along the face-width pointing to the cone-apex. If their teeth were extended towards
the centre of the gear, they would all intersect on the gear axis. The operation of two
gears in mesh resembles two cones rolling onto each other. [5-7]
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. Spiral bevel gears, the teeth of which are curved and oblique along their width (right
or left). The curvature of the teeth leads to gradual engagement and continuous
overlapping between the two mating gears. [5, 6]

. Zerol bevel gears, which have curved teeth with zero spiral angle at the middle of
the face width. [6, 7]

° Hypoid gears, similar to spiral gears, their teeth are curved and oblique. They differ
from spiral bevel gears in that the two shafts of a gear set are non-parallel and non-
intersecting as well.

Figure 2.7:  Straight bevel gears. [1]

Figure 2.8:  Spiral (left) and Zerol (right) bevel gears. [1]

Figure 2.9:  Hypoid gears. [1]

Classification according to the manufacturing method

Bevel gears can be machined either via a generating process or a simple plunge cutting. Based
on the selection of manufacturing method, bevel gears are subdivided into generated or non-
generated bevel gears.

Classification according to the tooth curve form

Spiral bevel gears vary according to the form of their tooth lengthwise curve. Spiral bevel gears
produced by single-indexing processes have a circular arc tooth curve, while gears produced
with continuous indexing processes have an extended epicycloid tooth curve.
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Classification according to the application

A bevel gear can either act as the driving gear, that transmits rotational motion from the shaft
that it is mounted on, to another shaft, or act as the driven gear, that meshes with the driving
gear so that motion can be transmitted between the two shafts.

2.2.2 Unique features and advantages of bevel gears

Bevel gears in general, but each specific type as well, have special features and characteristics
that differentiate them from other types of gears. The most obvious characteristic of all bevel
gears is their conical shape which makes them suitable to transmit motion between non-
parallel shafts. The most common shaft angle in angular transmissions is 90° but other angles
can be applied as well.

Straight bevel gears are mostly used in applications where there is a need to transmit large
forces and the drives operate at low rotational speeds, such as reduction gearboxes in lifting
machines, where excess noise is also not of great importance. Straight bevel gears are also
used in machine tools and differentials. The maximum allowed operation speed is about 5
m/sec unless the gear teeth are ground, then speeds up to 20 m/sec can be safely reached.
Straight bevel gears are very sensitive to profile, pitch and assembly errors. These errors lead
to uneven motion transmission, causing vibrations and noise. What is more, straight bevel gear
teeth cannot be ground after heat treatment. On the plus side, straight bevel gears are easier
than spiral bevel gears to manufacture and also do not produce inward thrust, simplifying the
mounting design of the shaft. [5-7]

Spiral bevel gears are usually preferred because they offer smoother transmission of power
compared to straight bevel gears, owing to the gradual teeth engagement and continuous
overlapping, which is caused by the teeth curvature. In spiral bevel gear sets, multiple teeth
are in contact at all times. The spiral angle allows more than one teeth to overlap if the face-
width is adequately large. [2] Higher spiral angles offer higher face contact ratio leading to
smoother and lower-noise operation, but also increase the axial loads on shafts and bearings.
[2] Unlike straight bevel gears, spiral bevels can be ground after heat treatment, offering higher
geometric precision. They are commonly employed in general use reduction boxes or as input
stages in high-speed reduction boxes due to the low noise and low vibration offered, as a result
of the higher tooth contact ratio. The most common applications include automotive speed
reducers and machine tools. Spiral bevel gears are preferable to straight bevel gears in speeds
greater than 5 m/sec and can operate up to 11 m/sec or even 60 m/sec if their teeth are hard-
finished. However, spiral bevel gear manufacturing is far more complex than straight bevel
gear cutting. [2, 5-7]

Zerol bevel gears tooth form resembles straight bevel gears. Zerol gears can replace straight
bevel gears without mounting changes to achieve higher loads and faster speeds, similar to
spiral bevel gears. In general, zerol bevel gears combine the advantages of both straight and
spiral bevel gears. Due to the fact that the forces applied on the teeth of straight and zerol
bevel gears are the same, the two types of gears can substitute each other without any
changes on the mounting and the bearings of the shafts. Moreover, zerol bevel gears can be
ground similar to spiral bevel gears, offering higher accuracy and lower-noise operation.
Contrary to spiral bevel gears, zerol bevel gears can rotate in both directions due to the zero
spiral angle at the middle of the face width. This type of bevel gear has high mechanical
strength, as a result of the larger tooth thickness, and is widely used in the aircraft industry. [2,
6, 7]

Hypoid bevel gears are cone-shaped gears whose axes are non-parallel and non-
intersecting. An offset between the two gear-axes is introduced allowing for the pinion spiral
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angle to be larger than that of the ring gear, contrary to spiral bevel gears where the two angles
are equal. Due to the greater pinion spiral angle, the pinion diameter is also increased offering
a larger contact ratio, higher tooth strength and increased gear life. Therefore, the number of
the gear teeth can be reduced and hypoid bevel gears can transmit more torque compared to
spiral bevel gears, offering higher transmission ratios. Hypoid gears can handle rotating
speeds over 1500 rpm. Moreover, the higher contact ratio of hypoid gears makes them run
smoothly and reduces noise and vibration. On the downside, hypoid gears are more difficult to
manufacture than spiral bevel gears. Hypoid gears are mostly used in differential mechanisms
in the automotive industry. [1, 7]

In general, smooth operation and long service life of reduction gearboxes, operating with bevel
gears, highly depend on precision and special attention during manufacturing, assembly and
mounting. [5]

Miter gears are bevel gears with identical geometry and number of teeth. Therefore they
cannot be used to increase or decrease speed but only to change the transmission direction.
Their axes are non-parallel and intersecting. The teeth of miter gears can be either straight,
spiral or zerol. When the two shafts are not perpendicular, the gears are called angular miter
gears and the shaft angle Z lies in the range of 45° to 120°. [7]

23 Bevel Gear Geometry Standards

The following sections deal with the macroscale geometry of bevel gears on the whole, but
also with the specific geometric features of spiral bevel gears in particular. Bevel gears are
elements with complex geometry and are more difficult to analyse and describe compared to
cylindrical gears. This complexity comes as a result of the conical shape of bevel gears which
leads to a constantly changing geometry along the width of the tooth. In the past few decades,
there have been several approaches to the definition and description of bevel gear geometry.
For many decades before the 2000s, information on bevel gear geometry has been developed
and released only by gear machine manufacturers like Gleason and Klingelnberg. In 2003, the
American Gear Manufacturers Association released a design standard for bevel gears which
provides the standards for the design of all types of bevel gears, including also information for
manufacturing and mounting of these gears. The standard was revised in ANSI/AGMA 2005-
D03 [8]. In 2006, the International Standardization Organization created the ISO 23509 “Bevel
and Hypoid Gear Geometry”, which attempts to provide a universal description of bevel gear
geometry taking most of the previous approaches into consideration. Other standards, such
as the AGMA 929-A06/2006 information sheet for the calculation of bevel gear top land and
guidance on cutter edge radius, have been also released. The analysis carried out in the
present study is solely based on ISO 23509 as it was revised in 2006 and 2016 editions and
all calculations agree with and follow this standard. [9]

2.3.1 Main areas of bevel gear geometry

Bevel gear tooth geometry can be subdivided in some major areas, as shown in Figure 2.10.
The top surface of the tooth is the gear’s top land while the bottom area of the gear slot is
called root. When observing the tooth in the lengthwise direction, the area closer to the centre
is the toe and the area close to the outer part of the gear is called heel. When a pinion and a
ring gear are assembled in a gear drive and motion is transmitted from one shaft to the other,
the concave tooth flank of the pinion drives the convex tooth flank of the wheel. This flank
is used as a drive when motion is transmitted from the pinion axle to the ring gear axle, for
instance, when the engine is moving a vehicle forward. In the reverse direction, when the
system is in coast mode, for example when the wheels drive the engine and the engine
decelerates the vehicle, the convex flank of the pinion is loaded and this side is called the
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coast side. [1] Based on the above principle, the tooth flanks of spiral bevel gears, are
categorized as follows:

gear heel gear convex

drive flank
. pinion convex
o givection coast flank

o

gear

top land pinion

root area

||
gear toe Q g ¢f | /
4 /ﬂ '

/.

gear concave pinion toe
coast flank

Figure 2.10: Drive and coast flanks of spiral bevel gears.

Pinion Ring Gear
Drive flank Concave Convex
Coast flank Convex Concave
Table 2.1: Drive and coast flanks of spiral bevel gears.

2.3.2 Basic geometry of Bevel Gear pairs

A bevel gear pair normally consists of two bevel gears meshed at an angle relative to each
other. These two bevel gears are called “pinion”, which is the driving gear and “ring gear” or
“crown gear” or just “gear”, which is the driven gear, with the pinion being the smallest of the
two gears in mesh. The two gears are mounted on two shafts aligned to intersect at 90°.
Angular bevel gears with shaft angles other than 90° do exist, but due to the complexity of
such gearboxes, they are not so commonly used. In a cylindrical gear mesh, one of the two
mating gears can be represented by a linear rack whose teeth are perfectly conjugate with the
teeth of the other gear. This way, every pair of conjugate involute gears corresponds to a
generating rack whose geometry can be used to specify the dimensions of the respective
generating cutting tool for this gear.

Figure 2.11: Generation principle of straight bevel gears. [10]
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The same applies to bevel gears if this generating rack is rotated around an imaginary vertical
axis. In a straight bevel gear assembly, the imaginary generating gear can be placed between
the pinion and the ring gear, as shown in Figure 2.11. If the thickness of this imaginary gear
was close to zero, then all three gears could be in mesh at the same time. [10] Motion between
two bevel gears in mesh is equivalent to rolling without sliding of the pitch cones which are in
contact with each other along their generating curve, and both their apexes coincide on the
intersection point of their shafts. Cutting bevel gears based on the generation principle results
in a conjugate pair of gears in which the two gears have a line contact in each rotating position.
As the rotation of the gears in mesh progresses, the contact line moves from the heel top of
the gear to the toe root area. However, a perfectly conjugate bevel gear pair cannot operate
under load because any possible misalignment would cause high-stress concentration on the
tooth edges. This is the reason why crowning both in the lengthwise and in the profile direction
is applied to almost all pinions. The extent to which a pinion flank is crowned is determined
depending on the expected contact stress and deflections through tooth contact analysis
(TCA). [10] In general, it is more beneficial to crown the pinion because it performs more
revolutions per minute, thus it may generate more noise and vibrations.

Figure 2.12 and Figure 2.13 show the basic geometry of a bevel gear pair in mesh, as
described by ISO 23509:2016. Three main cones are identified in bevel gears and these are
the face cone (a), the pitch cone and the root cone (f). The pitch cone is the most characteristic
geometric feature of the gear and is used to define important geometric parameters. The pitch,
tooth heights and depths are all measured on the pitch cone as shown in Figure 2.13. In order
to make the visualization of the gear geometry easier, the surface of the pitch cone is “un-
wrapped” on a plane which is the pitch plane of the gear and all geometric parameters of the
gear are shown on this plane. In some cases, the face line and the root line converge at one
point (point O in Figure 2.12) which is the apex of the bevel gear and it's also the apex of the
pitch cone. This geometry, though, can vary depending on the specific type of the bevel gear
and the method used to manufacture it, so that the face line and root line can also be parallel
to the pitch line.

The angles between the two gear shafts and the pitch lines of each gear are called pitch
angles 61 and 02, referring to the pinion and the ring gear respectively. The sum of the two
pitch angles equals the shaft angle z.

TS=851+02 (2.1)
For a given shaft angle Z, the pitch angle of the pinion &1 can be calculated as follows:

sin(%)

tan61=m

(2.2)

where: i is the transmission ratio of the bevel gear pair.

Outer cone distance Re [mm] | Face angle Oa [°]
Mean cone distance Rm [mm] | Pitch angle 01,2 [°]
Mean pitch diameter dm [mm] | Root angle Of [°]
Outer pitch diameter de [mm] | Cone angle Cb [°]
Outside diameter da [mm] | Face width b [mm]

Table 2.2: Basic geometric parameters of bevel gears according to ISO 23509:2016. [9]
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In case the shaft angle equals 90°, the gears axes are perpendicular to each other, and the
pitch angles of the pinion and ring gear can be calculated as follows:

cotan(d1) = tan(&2)-i (2.3)

pitch cone
apex

BS 1SO 23509:2016

Figure 2.12: Bevel gear pair geometry according to ISO 23509:2016 — Axial plane. [9]

On a given plane perpendicular to the gear shaft, the intersection of the pitch cone with the
plane produces the pitch circle. The diameter of the pitch circle is given by equation 2.4.

do=z-m (2.4)

where:
do diameter of the pitch circle  (mm)

m  module of the bevel gear (mm)
z number of gear teeth

The diameter of the pitch circle, which varies along the width b of the tooth, has a characteristic
value when measured in the middle of the tooth and it is given by equation 2.5.

dm=Z - Mmn (2.5)

where:
dm mean pitch diameter (mm)

mmn mMean normal module of the bevel gear  (mm)
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z number of gear teeth

I
pitch point |
|

BS ISO 23509:2016

Figure 2.13: Bevel gear pair geometry according to ISO 23509:2016 — Mean transverse

section. [9]
Chordal Addendum 1 [mm] | Backlash 5 [mm]
Clearance c [mm] | Working depth hm [mm]
Circular Thickness 2 [mm] | Addendum ham [mm]
Circular Pitch 3 [mm] | Dedendum hfm [mm]
Chordal Thickness 4 [mm]

Table 2.3: Basic geometric parameters of bevel gears according to ISO 23509:2016.
The pitch of the gear on the pitch circle is given by the following formula:

to=mmn-1r (2.6)
All of the parameters included in Table 2.2 and presented in Figure 2.13 are calculated on the
pitch cone and pitch circle. The following formulas provide the expressions for the most crucial

geometric parameters in bevel gear design.

Pinion pitch angle,

—arct sinX j
d1=arc an(cosZ iy (2.7)
Gear pitch angle,
02=2-01 (2.8)
Outer pitch cone distance,
d
- e2
Re1,2 2-sins, (2.9)

Mean cone distance,
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b
Rm1,2= Re1,2-72 (2.10)

Normal pressure angle,
an (2.11)

In the majority of bevel gear drives, the pressure angle is set to 20°. However, smaller pressure
angles can be the best option when the gear has a large number of teeth, so a higher contact
ratio can be achieved. On the other side, larger values of the pressure angle increase the
strength of the tooth and allow fewer teeth without causing undercut.

Spiral angle,
Bm1= Bm2 (2.12)

Spiral angle is usually defined in the middle of the face width, even though in spiral bevel gears
the spiral angle changes along the face width. This is not the case in skew bevel gears where
the spiral angle remains constant along the width of the tooth, like helical cylindrical gears. The
most common spiral angle is 35°, but spiral angles ranging from 20° to 45° may also be used.

[2]

Mean pitch diameter,

dm1,2=2:Rm1,2:8ind1,2

(2.13)
Shaft angle,
A>=%-90° (2.14)
Mean normal module,
_2-Ry2-sind, - cosP» (2.15)
Mmn =
Z3
Offset angle on the pinion axial plane,
{m=arcsin 2a (2.16)
m— .
dop+d g cosdy
m cosd,
Outer pitch diameter,
de2=2-Re2°sind2 (2.17)
Outer transverse module,
_deo
Met2 = (2.18)



16 State of the art

2.3.3 Tooth profile - Spherical involute

If two mating bevel gears are rolling without sliding, one point of the tooth flank rotates over a
spherical surface, the centre of which, is the crossing point of the two gear axes. The tooth
profile corresponding to this motion is derived either from the intersection of the gear tooth and
the spherical surface or from the unrolled complementary cone. [1] Similar to cylindrical gears,
a trapezoidal profile is used as the reference profile for bevel gears (profile of the generating
rack). The octoid gear has tooth flanks which are identical to the enveloping surfaces
generated by the straight flank-generating gear (rotated rack) as the pitch cones of the
generating gear and bevel gear roll on each other. Thus the methods used to generate octoid
gear teeth and involute teeth on cylindrical gears are equivalent. However, contrary to rolling
on a cylinder, when rolling on a cone, the line of action in the case of meshing octoid gear teeth
deviates from a straight line. On the spherical surface, the projection of the line of action forms
a figure eight curve, shown in Figure 2.14. Although the line of action (E) deviates from a
straight line, the two octoid gears are kinematically exact.

Figure 2.14: Representation of an octoid gear. [1]

Contrary to the straight generating profile of the octoid gears, the spherical involute tooth form
requires a curved generating profile. [1] Figure 2.15 shows the schematic representation of the
spherical involute which is defined as “a 3D curve traced by a point P on a taut chord MP
unwrapping from a base circle of radius rp that lies on sphere S with origin at Os and radius
ro”. [11] A spherical involute curve is traced on sphere S while P unwraps from the base circle
rp, which is a result of the intersection of the base cone and the sphere of radius ro.[11]
Therefore, the arc length MP on the sphere periphery equals the arc length MQ on the base
circle:
ro-w=rp*(Q+06)=ro-sinyp"y (2.19)

where:
Yb  base cone angle (°)

0 involute polar angle  (°)
g  involute roll angle )

y=¢+06 (2.20)
Simplifying equation 2.19,
w = Y-sinyp (2.21)
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Figure 2.15: Schematic representation of the spherical involute. [11]

Combining equations (2.20) and (2.21) and solving for 8, we obtain:

0= .w -0 (2.22)
sin(Yp)

Equation 2.22 can be considered as the function of the spherical involute. Applying the
principles of spherical trigonometry and after several derivations and substitutions, we obtain
the equation that gives angle y as a function of angles yb and ¢. [11]

tan(y- sin(yb))=sin(yb)-tan® (2.23)
Equation 2.23 can be considered the basic equation defining the spherical involute. [11]

2.3.4 Transmission ratio

As all gear pairs, bevel gear pairs are defined by their transmission or gear ratio which is the
ratio of the number of teeth of the ring gear to the teeth of the pinion gear. A well-known
principle in gear-transmission systems states that the linear velocity of the gear measured on
the pitch circle is equal for both gears in mesh, so that they can roll without sliding. Simply put,
the two arcs formed as the gears rotate must be equal in length. The transmission ratio of a
gear pair originates from the mathematical expression of this principle. Equations (2.24)
provide the deduction from the above principle to the equation of the transmission ratio.

01- r1=62-r2 > W1- r1=wW2:r2 — :j—; =% — 22:_2; =% — gy :2_; :% (2.24)
where:
vi linear velocity of gear i on the pitch circle (m/sec)
wij angular velocity of gear i (rad/sec)
ri radius of the pitch circle of gear i (mm)

ni  rotational speed of gear i (rpm)
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The torque transmitted between the two cylindrical gears is associated with the transmission
ratio as follows: The torque on the gear drive input shaft equals T1=F-r1 while the torque
transmitted to the output shaft equals T2=F-r2. As a result, the torque transmitted via the gear
drive is multiplied by r2/ r1 which equals the transmission ratio.

2 T

)T, (2.25)

2
where:

Ti  torque on shafti (N-m)

The gear ratio i12 of a bevel gear pair is given by the following equations:

= ="%=—=2="T2 (2.26)

where:
Zi number of teeth for gear i ®)
Oi pitch angle of gear i ®)
di  mean pitch diameter of gear i (mm)

Figure 2.16 shows a simple bevel gear pair in mesh and the respective gear transmission ratio.

1 pinion
driving gear

/4

crown
driven gear

[ 2 |

ip=2412,

N /227 Z

Figure 2.16: Transmission ratio of bevel gear train.

2.3.5 Bevel gear tooth widths and depths

Like most features in bevel gear geometry, tooth width and tooth depth highly depend on the
manufacturing method. As a result, the tooth depth may be constant or uniform along the face
width or increase gradually from toe to heel. Tooth depth is always measured perpendicular to
the pitch cone. Tooth thickness always varies along the face width, in a way that also depends
on the manufacturing method. For instance, tooth thickness in face milling processes can be
extremely tapered due to the constant slot width, whereas in face hobbing processes thickness
and width variation is split proportionally between the tooth and the slot. Tooth thickness is
measured on the pitch cone. The slot width is usually tapered so that the width variance is
uniformly distributed between the slot and the tooth.
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Figure 2.17: Bevel gear tooth depth, thickness and slot width. [9]

Slot width remains the same only in certain face milling processes (completing process) and
in Palloid method. The space width on the normal section, measured on the pitch cone, is not
usually constant. The root line is tilted in the completing face milling process, thus the slot width
is constant whereas the space width is tapered along the pitch cone. Figure 2.17 shows the
above-mentioned features on a straight bevel gear reference geometry [9]. Figure 2.18 shows
the tooth depth variants according to ISO 23509:2016. [9]

Case a: When the tooth depth is tapered, the depth becomes bigger proportionally to the
distance from the pitch cone apex (cone distance), therefore as the cone distance becomes
bigger, the tooth gets deeper. The extension of the root line intersects the gear axis at the pitch
cone apex, whereas the tip line intersection to the axis is at a different point, defined by the
root line of the mating gear. Standard depth taper applies on most straight bevel gears. [9]

Case b: Tooth depth taper coupled with a constant slot width and a tapered space width,
occurs when the root line is tilted (completing face milling). In this case, the tool radius (rco)
affects significantly the tilt angle of the root line. Large radius tools can produce a very shallow
tooth depth at the toe and a very deep tooth at the heel. This may result in very thin top lands
and may also cause undesired undercut. Thus in such processes, it is recommended that a
tool radius (rco) no larger than the mean cone distance (Rm2) should be used. On the other
side, a very small tool radius may have the opposite effect on the root line, resulting in a deeper
toe and a shallower heel, thus a lower limit to the value of the tool radius of [1.1-Rm2-sin(Bm2)]
is also recommended. An alternative geometry may occur if the root line is tilted about the
mean point. In this case, the ring gear is characterized by a constant tooth width while the
pinion has a tapered tooth width along the face width. [9]

Case c: When the depth is uniform along the tooth length, the root and tip lines are parallel,
therefore root (&) and face (8a) angles are equal. Both root and tip lines intersect the gear axis
at different points than the pitch cone apex. Constant tooth depth typically occurs as a result
of the face hobbing processes. Values of Rm2:sin(Bm2) < rco £ 1.5:Rm2'sin(Bm2) of the cutter
radius are suitable for a constant tooth depth geometry. [9]
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Figure 2.18: Tooth depth variants in bevel gears according to ISO 23509:2016. 1: mean
whole depth, 2: mean addendum, 3: mean dedendum. [9]

All tooth depth and width values are specified in ISO 23509:2016. As mentioned above, tooth
depth is always measured perpendicular to the pitch cone, while tooth width is measured on
the pitch line. Figure 2.19 and the following formulas fully describe the tooth depth and width
characteristics calculation process.

Pdait
@dis

Figure 2.19: Tooth width andrdepth according to ISO 23509:2016. [9]
Tooth width
Ring gear face width from calculation point P to the outside diameter, be2
be2 = Re2-Rm2 (2.27)
Ring gear face width from calculation point P to the inside diameter, bi2

bi2 = Rm2- Ri2 (2.28)
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Ring gear face width, b2
b2 = be2+bi2 (2.29)
Pinion face width, b1
b1=b2 (2.30)
Pinion face width from calculation point to the outside diameter, be1
be1 = Cbe2'b1 (2.31)
Pinion face width from calculation point to the inside diameter, bi1
bi1 = b1 - be1 (2.32)
Tooth depth
Mean addendum, ham1,2
ham1,2 = Mmn*(khap+Xhm1) (2.33)
Mean dedendum, him1,2
hfm1,2 = Mmn* (KhfotXhm1) (2.34)
Mean whole depth, hm
hm = ham1,2 + him1,2 (2.35)
Outer addendum, hae1,2
hae1,2 = ham1,2 + be1,2:tanBa1,2 (2.36)
Outer dedendum, hre1,2
hfe1,2 = hfm1,2 + be1,2-tanbs1 2 (2.37)
Outer whole depth, he1,2
he1,2 = hae1,2 + hfe1,2 (2.38)
Inner addendum, hai1,2
hai1,2=ham1,2 - bi1,2-tanBa12 (2.39)

Inner dedendum, hsi1 2

hfi1,2=hfm1,2 - bi1,2-tan6s1 2

(2.40)
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Inner whole depth, hi12
hi1,2=hai1,2 + hfi1,2 (2.41)

24 Bevel gear materials

Steels, cast materials and plastics are commonly used as gear materials. The selection of the
suitable material depends on multiple criteria such as gear application, the expected loading
conditions, material and production cost etc. [1] More specifically, bevel gears are usually
manufactured by one of the following material groups:

) Plastic and injection molded materials, such as Nylatron® MC901, Duracon® M90-
44, Polyacetal-POM, Polyketone-PK, are used for cost reduction when the expected
loads and stresses are low. Plastic gears also offer lower operating noise compared
to metal gears. [1, 7]

° Sintered metals, made by powder metallurgy, such as SMF 5040, are employed
when gears are expected to be subjected to higher loads. Sintered gears are
classified between plastic and steel gears as to their load capacity-to-weight ratio. [1]

° Grey cast iron, ductile iron and cast steels have the advantage of very good
machinability. However, they are considered weak materials, due to the low to
medium load carrying capacity compared to steel gears. Cast materials are mostly
employed in large-gears manufacturing. [1] High carbon cast steel or alloy steel with
Cr, Ni and Mo are commonly used as cast materials for gears to provide high tensile
strength. Grey cast iron is indeed a brittle and weaker material when compared to
steel, whereas ductile iron has great mechanical properties and can effectively
replace carbon steel for cost reduction and vibration damping.

) Structural and tempering carbon or alloy steels, such as C45, S45C, 20Cr, 40Cr,
show high machinability, medium load capacity, high toughness and lower cost than
higher quality steels. [1, 7]

° Surface-hardened tempering carbon or alloy steels, such as S45C, SCM440 are
used when the requirements in contact strength are higher. The material is heat
treated in order to improve the tooth load carrying capacity. Typical heat treatment
processes for this group of materials are induction hardening and thermal refining
through quenching and tempering. [1, 7]

. Carbon or alloy steels for thermo-chemical heat treatment such as nitriding, case
hardening or carburizing steels, for example, SCM415, 20MnCr5, SACM645, S15CK.
This group of materials offers high geometry and surface quality and also high load
carrying capacity and wear resistance. Although thermochemical heat treatment
processes are complex and the material subsequently requires hard finishing, high
surface hardness and toughness can be achieved. [1, 7]

. Through-hardened steels the hardness of which is uniform through the material,
thus surface hardness Is high regardless of the material removed in hard finishing. [1]

. Stainless steels, such as SUS303 and SUS304 are highly resistant to corrosion and
rust and are mostly used in applications where rust contamination must be prevented,
for example in food processing machinery. Stainless steel, except martensitic
stainless steel, does not go through heat treatment to improve mechanical properties
such as hardness but only to improve other properties, like brittleness and corrosion
resistance. [12]

25 Bevel gear manufacturing
Bevel gears can be manufactured either by cutting or casting/forging/forming processes.
However, due to complications that may occur when the workpiece is extracted from the mould
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or die, casting processes are not commonly applied in bevel gears and especially in spiral
bevel gear manufacturing. Non-cutting processes include casting, sintering, extrusion, die
forging and tumble forging while cutting processes include planning, milling, face milling, and
face hobbing for the soft cutting of bevel gears. Grinding, lapping and honing are frequently
used as hard finishing processes.

Figure 2.20 shows the typical process flow chart in a modern high-volume production system
for bevel gears. Raw parts imported at the beginning of the bevel gear manufacturing process
are forgings that can be used for the production of a variety of parts. Firstly the forgings are
turned on a lathe to achieve the desired shape so that bevel gear blank geometry is produced.
Following, the main and most crucial process of the production procedure takes place. The
formation of gear tooth geometry, via soft cutting processes, lies in the core of the
manufacturing procedure. This step can be performed by means of various machining
processes that will be thoroughly discussed in this thesis. Further processes such as milling,
drilling or tapping are typically performed after tooth formation. When gearing is formed and all
additional soft-cutting processes are also completed, the bevel gear goes through the essential
hardening through heat treatment. The final stage of gear manufacturing involves the hard
finishing of the bevel gear via grinding, lapping or honing depending on the respective soft
cutting process used in the previous step. [13]
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Figure 2.20: Process flow chart of bevel gear manufacturing. [13]

Following, the key historical points in spiral bevel gear manufacturing, with a focus in soft
cutting processes, are outlined. Afterwards, the main machining processes for spiral bevel
gears, utilized in the soft tooth cutting stage of the production procedure, are presented and
their key features and variances are thoroughly discussed.

2.51 History of Bevel Gear Manufacturing

Until the early 19"-century gear manufacturing used to be an art and almost all gears were
made by hand with the use of mechanisms custom-made for this purpose. The first motorized
machines for gear manufacturing and specifically the first gear shapers and gear hobbing
machines for cylindrical gears were manufactured in the 19" century. At the end of the 19™
century, the first bevel gear cutting machines were also developed. Gear cutting technology
evolved radically during the 20" century and various types of machinery and cutting tools were
invented. In modern times, toothed wheels are produced in high volumes in numerical control
(NC) machine tools which can vary from universal machining centres to specially designed
machines produced to perform one or more gear manufacturing methods.

Straight Bevel Gears

As mentioned above, bevel gear cutters started evolving in the late 19" century. As the
automotive industry grew rapidly in the 20" century, bevel gears were in high demand for use
in differentials. The first bevel gear cutting machine was a gear planer invented by William
Gleason in the U.S.A. in 1865 and was employed for the gear planning of straight bevel gears.
An improved process for bevel gear machining was bevel gear shaping (milling) which was
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realized in straight bevel gear generating machines, called gear shapers. A major difference
between these two methods is found in their kinematics which, in the case of gear planning, is
realized by a straight-edged cutting tool mounted on a reciprocating slide while in gear shaping
two circular cutter heads (cutting discs), with a peripheral blade arrangement, rotate about their
axes to generate the gear slots, as shown in Figure 2.21.

Figure 2.21: Gear planning and Gear Shaping.

Spiral Bevel Gears

During the early 20™ century, car differentials were primarily made with straight bevel gears.
Following straight bevel gear manufacturing, special generating machines for spiral bevel gear
cutting were invented in the early 20" century. In 1913 ‘The Gleason Works’ developed a
single-indexing face milling cutter head method. At that point, the company founder James S.
Gleason decided to focus on the single-indexing method only. Most automotive companies in
America and Asia used this new method for car and truck axles. The Gleason method was
also introduced to Europe where the market was split between Gleason and local European
manufacturers. In 1921, Germans Schicht and Preis applied for a patent for a new method of
cutting spiral bevel gears with a conical hob. In 1923 a German manufacturer, Klingelnberg,
produced the first spiral bevel gear continuous indexing machine in Europe, using a conical
hob based on the Palloid method. The application of this method required two conical hobs
with opposing threads in order to produce a pinion and a wheel. This system was utilized by
many automotive companies in Europe until the late 1940s. Apart from the above two methods
introduced by the two leading manufacturers (Gleason, Klingelnberg), some automotive
companies like Fiat and Renault developed their own bevel gear machining methods which
were applied until the late 1940s, when the automotive industry stopped using them along with
the Palloid method. In the next period, Gleason’s single indexing method was the most
commonly used for the mass production of bevel and hypoid gear transmissions in the
automotive industry. The main reason behind the decision of Gleason to focus only on the
single indexing method and the dominance of face milling in the global market for many
decades was that, contrary to face-hobbed gears, face-milled gears can go through grinding
after heat treatment. In 1946, Oerlikon developed a continuous indexing face hobbing
method. During this time, some European companies favoured the newly developed face
hobbing processes introduced by Oerlikon, called the “N” and “G” methods. However, the first
modern continuous indexing process using cutter head tilt and cutters with HSS stick blades
for high volume production was introduced by Oerlikon in the 1970s. This new process caught
the attention of heavy truck manufacturing companies both in Europe and in America. Ten
years later, the first face hobbing machines were installed in gear labs in the U.S for trials and
research on this ‘new method’. In the meantime, Gleason had also adopted the continuous
indexing principle and developed their own face hobbing method. The new method was
provided by Gleason with the first CNC bevel gear cutting machines (G-MAXX). Face hobbing
gained popularity in the U.S. offering many advantages, for example the reduced machining
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time of the completing process, the good tooth spacing and the easy-to-lap tooth surface. At
the same time, the completing Gleason face milling process replaced the five-cut method in
the European market. The completing method, coupled with the rapid motions provided by
CNC technology, offered a reduced overall machining time and high productivity almost
comparable with face hobbing. [1, 10, 14]

Figure 2.22: Klingelnberg’s first spiral bevel gear face hobbing machine. (1923)

For several decades, all these cutting machines had extremely complex mechanics and
mechanical drive chains. These high-precision drive chains were replaced by numerically
controlled drives in the early 1980s. Later, the -up to ten- axes of these complex mechanical
systems were converted into the kinematics of a six-axes CNC machine, via coordinate
transformation. In general, the machining of spiral bevel gear requires all six axes to move
simultaneously. The first machine that enabled the production of both face-milled and face-
hobbed gears was introduced in 1988. Nowadays, six-axes generating machines perform
almost all machining methods for spiral bevel gears. Since the early 215t century, there is a
growing trend in dry cutting of spiral bevel gears, replacing wet cutting with cooling lubricants.
This tendency towards dry cutting leads to further development of the generating machines
and cutters to ensure the necessary removal of the hot metal chips produced by the process.
Cemented carbide tools in the form of coated stick blades are dominating the field of cutting
blades and allow higher cutting speeds, reducing tool wear and production time to a great
extent.

2.5.2 Modern machining methods for spiral bevel gears

Various manufacturing processes can be applied to produce spiral bevel gears. Unlike
cylindrical gears, the lengthwise geometry and the tooth profile of spiral bevel gears vary
according to the employed manufacturing method. Nowadays, there are three dominant types
of processes for the soft cutting of spiral bevel gears. Face milling and face hobbing are two
completing processes applied in modern CNC spiral bevel gear generators. Alternatively, 5-
axis machining on universal milling machines is also used by some manufacturers. The main
reason why face milling and face hobbing prevail in the field of soft cutting of spiral bevel gears
is their high productivity compared to 5-axis machining. Although face hobbing is superior to
five-cut face milling with regards to productivity and machining time, the evolution of face
milling to a completing process raised the process productivity up to the level of face hobbing.
As a result, these two processes are now mostly used to produce spiral bevel gears, and the
selection among them is based on the benefits of each process as per the specific gear-
application demands.
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Although the CNC evolution simplified the machining of spiral bevel gears to a certain extent,
the manufacturing method is still remarkably complex with numerous input parameters. Figure
2.23 provides a diagram of the process input and output parameters.
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Figure 2.23: Input and output parameters of spiral bevel gear cutting process. [13]

2.5.3 Face milling and face hobbing processes

Face milling is the first manufacturing method of spiral bevel gears by means of a bevel gear
generator and a circular cutter head. Face milling is one of the two most popular and productive
processes for spiral bevel gear manufacturing. A significant feature that differentiates it from
face hobbing is the single indexing technique of machining and that is the reason why face
milling processes are also referred to as single indexing processes.

Face hobbing was firstly introduced in Germany by Klingelnberg as a new revolutionary
completing process for the machining of spiral bevel gears, aiming to minimize manufacturing
time. Face hobbing earned popularity in a short time drawing the attention of constantly more
manufacturers and was soon established as one of the two dominant methods for spiral bevel
gear manufacturing. A unique attribute of the process and one of its major benefits is the fact
that all gear slots are cut simultaneously, therefore face hobbing processes are often
mentioned as continuous indexing processes. Face hobbing kinematics is more complex than
the kinematics of face milling, making it harder to analyse. Face hobbing cutter heads carry a
number of blade groups positioned radially on the cutter. Each group normally has an outer
finishing followed by an inner finishing blade, though some cutters also carry a middle roughing
blade. In the next few sections, there will be an effort to summarize some of the previous
research studies on these processes and a brief presentation of some sample cutting
machines and tools, before proceeding to the detailed analysis of each one of them.

Although Gleason, Klingenberg and Oerlikon produce machines that perform both methods
successfully, they are still and probably always will be linked with the process that each of
them first developed, i.e. face milling (Gleason) and face hobbing (Klingelnberg and Oerlikon)
respectively. [15]

In his book [10], Stadtfeld H. documented the major subjects in modern bevel gear technology.
In this great contribution to the field, Stadtfeld presented the basics of gear theory including
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the transition from cylindrical to bevel gear geometry. An analysis of the two major bevel gear
cutting processes providing useful details on the general geometry and kinematic aspects of
each process was provided. Pinion and gear tooth geometry produced by both face milling and
face hobbing, including width and depth characteristics, surface topology, ease-off and root
fillet were described in detail. The effect of specific machine settings, cutter head geometry
and cutting blade profile on the produced gear, was also revealed. Application of angular
transmissions and useful suggestions for the optimal design of bevel gears based on the
optimization of strength, noise and efficiency were included in the textbook. Finally, all major
manufacturing methods, machines, and cutting tools were reviewed, with a particular emphasis
on Gleason technology.

In his work [1], Klingelnberg J. provided a very useful textbook about bevel gear technology
and covered the most important aspects of the subject. Topics such as fields of application,
the complicated 3D geometry of bevel gears, and also bevel gear cutting methods and
equipment, were all discussed in detail. The textbook also included an analysis on tooth flank
development, load capacity and efficiency as well as noise behaviour of bevel gears.

2,54 Machine tools for Spiral Bevel Gear Manufacturing

Section 2.5.2 highlighted the complexity of a spiral bevel gear manufacturing system. The core
of this system is the machine tool as well as the cutter employed for the machining process. In
the following paragraphs, the most common machine tools and cutter heads employed in face
milling and face hobbing operations will be briefly presented.

Machine tools used in spiral bevel gear manufacturing are considered to be among the most
complex modern cutting machines. The generation of the respective tooth geometry requires
the linear motion and/or rotation of six axes in both face milling and face hobbing. As presented
in section 2.5.1, spiral bevel gear machine tools progressed significantly during the 20" century
with a major milestone being the transition to CNC machining from the conventional machine
tools, resulting in more accurate geometries and increased flexibility with respect to the
available cutting strategies. Nowadays, there are two major and pioneer machine tool
manufacturers for spiral bevel gears based in the U.S.A. and Europe. Following, the general
type of modern spiral bevel gear cutting machines but also some of the most characteristic
machine tool types of the two dominant manufacturers will be presented, so that the reader
can have a full picture of the technological aspects of spiral bevel gear machining. Figure 2.24
shows two generic 3D models of a traditional mechanical (top) and a modern CNC (bottom)
spiral bevel and hypoid gear generator. The tooth surface generation model may be derived
from the traditional cradle-style machine as the one presented at the top of Figure 2.24. With
the use of CNC technology, the motions once performed by the traditional machines have been
translated into the motions of the six-axes hypoid gear generators. The six axes move linearly
or rotate simultaneously in order to produce the correct tooth geometry. [16] In modern bevel
gear generators, such as the Phoenix Il generator, the six axes that provide the necessary
degrees of freedom for the correct position and orientation of the cutting tool relative to the
workpiece are the following:

e A-axis: work gear spindle axis
e C-axis: cutter head spindle axis
e B-axis: swing axis

e 1-axis: Z-axis linear

e 2-axis: X-axis linear

e  3-axis: Y-axis linear
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q: Generating cradle

s: Radial distance setting
j:  Swivel angle

i Cultter tilt setting

E..: Work offset

w,,: Work rotation
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Figure 2.24: Mechanical spiral bevel and hypoid gear generator (top). [17] Gleason Phoenix
II CNC spiral bevel hypoid generator basic structure (bottom left & right). [10,
16]

Gleason machine tools

Gleason machine tools are divided into gear generators for spiral bevel gear cutting and
universal machining centres for the 5-axis milling of the gears. Hypoid generators such as the
Phoenix series generators shown in Figure 2.25, are employed to implement the face milling
and face hobbing processes. On the other hand, 5-axis centres like the Heller series presented
in Figure 2.26, have gained ground providing more freedom and flexibility, especially in cases
of low-volume spiral bevel gear production systems.

Figure 2.25: Gleason Phoenix series for spiral bevel and hypoid gear cutting.
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Gleason HELLER

Figure 2.26: Gleason Heller CP series for bevel and cylindrical gear 5-axis machining.

Klingelnberg machine tools

Nowadays, all Klingelnberg machine tools for spiral bevel gear cutting are Oerlikon-type 6-axis
CNC machines. Figure 2.27 shows two typical machine tools included in the Klingelnberg C-
series.

Figure 2.27: C27 and C100U Klingelnberg-Oerlikon machines.

2.5.5 Cutter heads

Bevel gears tooth flank geometry highly depends on the type and geometry of the cutting tool
selected for the machining of the gear. Normally, each tool type is used in different machining
processes although some tools are designed in such a way that they can be utilized in more
than one method. Disc cutter heads with blades that protrude radially on the circumference of
the tool are used in the machining of straight bevel gears. In spiral bevel gears, a disc face
cutter with the blades protruding axially from the face of the cutter at a particular diameter is
used in single indexing processes and produces spiral bevel gears with a circular lead function
(face milling). In the case where the blades are axially oriented but positioned in groups of two
(or in some cases three) blades, then the cutter is used in continuous indexing processes,
producing gear teeth with an extended epicycloid lead function (face hobbing). Another feature
that differentiates the existing cutter systems is the way the blades are adjusted on the cutter
head. The blades can be either integrated into the cutter head as one solid body (Figure 2.28
bottom centre) or adjusted on the cutter either in groups (Figure 2.29 right) or individually
(Figure 2.29 left). Another characteristic that differentiates the type of cutter heads is the way
the blades are adjusted on the cutter. There are two different systems: the 15t system where
the blades are bolted radially on the circumference of the cutter head (Hardac and Zyklo
Palloid), and the 2" system where the stick blades are housed in cutter head slots and are
positioned with clamp screws (Figure 2.28 top centre and right, bottom left).
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Figure 2.28: Gleason cutters for straight and spiral bevel gears for face milling, face hobbing
and 5-axis machining (top left to right: Coniflex straight, Pentac Plus FM-FH,
Tri-AC FH. bottom left to right: RSR FM, Solid FM Pentac slim line 5-Axis.

Figure 2.29: Klingelnberg cutters for face milling (left-Arcoflex) and face hobbing (right-Zyklo
Palloid) operations.

2.5.6 Cutting blades

All modern disc cutter heads for spiral bevel gear cutting in generating machines are equipped
with blades that protrude from the face of the cutter, as presented above. The shape, material,
and arrangement of the blades on the cutter have been the subject of research and
development, as bevel gear technology advances. Figure 2.30 shows some characteristic
types of blades and stick blades and Figure 2.31 presents their most significant geometric
features.

Figure 2.30: Common types of cutting blades (Top, left to right: Hardac, RSR, Pentac,
finished with PVD coating, roughed, blank geometry. Bottom: ETC carbide and
HSS stick blades).
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Figure 2.31: Cutting stick blades geometry.
2.5.7 Cutting tool material and cutting speeds

2.5.7.1 Main or substrate materials

The first cutting tools used in spiral bevel gear machining were mostly made of HSS which
consisted of 18% tungsten carbide, 4% chromium, and 1% vanadium. Nowadays, there is a
variety of materials that can be used in cutting blades such as various types of HSS and carbide
materials. Due to the complexity of their manufacturing, profile blades are still made with HSS
materials. When it comes to stick blades which are much easier to manufacture though,
cemented carbide cutting tools have greatly progressed due to the direction of the current
technology towards high-speed dry cutting, which has been constantly gaining ground against
the old wet cutting processes. Carbide is heavier than steel, and much harder but not as tough.
Cemented carbides which consist of 70-95% tungsten carbide, ISO K grade carbides of up
to 90% tungsten carbide and up to 6-10% cobalt are commonly used and have proven to be
very suitable for machining of bevel gears. It is worth mentioning that the high cobalt content
increases not only toughness but brittleness as well, compromising the wear resistance
properties of the material. One thing is certain when it comes to selecting a substrate material,
the specific machining task and the material of the work gear should be taken into account.
For instance, cemented carbide substrates are prone to diffusion wear in case of hardened
steel cutting, whereas tungsten carbide dissolves. Finally, coating the stick blades is hecessary
in most cases and considerably prolongs tool life. [1, 18]

2.5.7.2 Coatings

The first tool coatings for bevel gear cutting tools were introduced in the 1980s, with the most
prevalent choice being Titanium Nitride (TiN) which worked well with HSS tools in wet cutting
processes. Titanium Aluminum Nitride (TiAIN) was developed in the next decade and was
established as a coating for carbide cutting blades in dry cutting processes of hard materials.
Some of the most popular coatings used nowadays are AlNite, a single layer TiAIN coating
with a 50:50 ratio of Titanium to Aluminum. It is suitable for wet or dry cutting of all steels
including stainless and cast iron. AINite-X, which is also a single layer TiAIN coating specialized
for wet or dry cutting of hardened steel workpieces. AlCroNite, which is a high-performance,
titanium-free coating with very good wear resistance. nACo, a nanocomposite coating
consisting of AITiIN nano-sized particles included in an amorphous silicon nitride matrix. [18]

2.6 Hard Finishing of Spiral Bevel Gears

The final stage of spiral bevel gear manufacturing is the finishing process that all gears undergo
regardless of which method has been used for the soft-cutting process. Finishing is necessary
in order to improve surface quality after soft cutting and heat treatment, depending on the
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quality requirements of the specific application. There are three commonly used hard finishing
processes for spiral bevel gears: Lapping, Grinding and Hard Skiving.

2.6.1 Lapping

Spiral bevel gear lapping is applied mostly on face-hobbed bevel gears. During lapping, the
pinion and the ring gear roll together as if they were assembled in a gearbox. The operation is
applied on special machines manufactured for this purpose, the lapping machines. A
compound which has both lubricating and abrasive properties is fed between the meshed teeth
of the gear pair. This way, the contacting surfaces are finished, and any distortions caused by
the heat treatment process are compensated. Following the lapping operation, the correct
relative position of the two gears is verified in a testing machine so that transmission errors are
minimized. [12] Lapping is mostly applied as a hard finishing process of face-hobbed spiral
bevel gears. Generally, face-milled spiral bevel gears are difficult to lap due to the parallel
generating flanks and contact lines, a feature that will be discussed in the following chapter.
Hypoid gears are even more suitable for the lapping process. [10]

Rotating Gear Lapplg?l

Abrasive Particles
Partialy Embedded

Figure 2.32: Lapping of spiral bevel gears.

2.6.2 Grinding

Hard finishing through grinding can only be applied for face-milled spiral bevel gears in a
completing process. This is because face-milled spiral bevel gears have circular lengthwise
tooth curves in contrast to face-hobbed gears which have teeth with an epicyclic lead function.
This makes grinding of face-hobbed gears with a circular disc cutter impossible without
modifying the tooth geometry.

Grinding

Figure 2.33: Grinding of spiral bevel gears.
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For face-milled gears grinding, it is recommended that, due to strength reasons, the roots are
not ground. However, a smooth transmission from the ground flank surfaces to the root through
the fillet region is expected. Ground spiral bevel gear sets demonstrate quality conforming to
AGMA class 12 and 13. Even so, the surface roughness after grinding is higher than after
lapping operations. The strength of ground gear pairs equals the strength of the respective
lapped gear pairs. [10]

2.6.3 Hard Skiving

Hard Skiving is a finishing process applied only on face-hobbed spiral bevel gears. In hard
skiving, excess material of about 0.1 mm to 0.15 mm is removed with the use of either coated
carbide blades (Gleason) or brazed CBN cutting strips (Klingelnberg). The tips of the cutting
blades do not contact the workpiece; therefore, the depth of the hard finishing process is
smaller than the respective soft cutting process. The quality achieved through hard skiving of
spiral bevel gears is AGMA 12 to 13. The flank surfaces have a very good finish. [10]

2.7 Academic state of the art in spiral bevel gear manufacturing

2.7.1  State of the art in face milling process

Klocke F. and Klein A. [19] conducted experimental trials of dry high-speed bevel gear cutting,
to determine the effect of cutting speed and feed on the tool life of the cutting blades, in a
thorough cutting parameter investigation. Wear land width and chipping size were measured
in order to monitor the blade wear through tool life. At the end of each trial, the cutting blades
were examined with the use of a scanning electron microscope. Regarding the parameter
investigation, the increase in cutting speed led to the increase of tool wear, while an optimum
value of feedrate was determined. Fully coated tools showed a much better wear behavior
than only-rake coated tools whose tool life was significantly lower. Finally, a new concept face
milling cutting tool was presented.

Fan Q. et al. [17] presented a new method for the correction of tooth flank form error using the
universal motions of face milling for spiral bevel and hypoid gears manufacturing. An
investigation of the sensitivity of tooth flank form geometry to the variation of universal motion
coefficients was carried out. The study proposed the corrective universal motion coefficients
which were obtained via an optimization process aiming at the minimization of tooth flank form
errors. Finally, a case study of a face milling completing process was presented by the authors,
in order to prove the proposed method.

Zheng F. et al. [20] proposed a face milling method for the manufacturing of noncircular spiral
bevel gears offering high productivity, using common CNC hypoid generators. The study
presented the mathematical model of the new method, the tooth surfaces by position and
normal vectors and also the kinematic model of free-from CNC machines. A real pair of
noncircular spiral bevel gears, manufactured as an example of the proposed generation
method, was showcased. A roll test of the new gear pair was conducted, and the obtained
contact patterns showed good agreement with those modelled in a commercial CAE software.

Zhang Y. et al. [21] presented a study for the optimization of meshing performance of spiral
bevel gears, machined with the duplex helical method, by modifying the straight cutting edges
of the tool blades and using circular cutting edges instead. The mathematical model of the
spiral bevel and hypoid gear tooth, generated by the circular cutting edges, was presented. A
tooth contact analysis to investigate the effect of straight-lined and circular cutting edges on
the tooth bearings and contact stresses in four design cases was conducted. The results
revealed that the use of the appropriate circular blade profile, can increase the length of the
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bearing contact, and reduce the contact stresses, while the areas of edge contact can be
avoided.

Wang P.Y. et al. [22] proposed a method to improve the adjustability of face-milled spiral bevel
gears by modifying the radial motion of the cutter. The conventional way to modify the
lengthwise curve of the tooth requires a change of the cutter diameter or tilt. On the contrary,
the modifications proposed by this study can be applied by the CNC controller without requiring
any tool change or tool dismounting. The results showed an increase on the adjustability while
the bearing contact ratio remained the same.

In his PhD thesis, Xie S. [23] presented an approach of modelling the genuine tooth surfaces
for the face-milled bevel and hypoid gears. A geometric model of a cutter was created, and
gear tooth surfaces were developed based on the non-generated gear and generated pinion
kinematics. The tooth surfaces were represented as NURBS surfaces by optimizing the
number of sampling and control points.

Usubamatov R. et al. [24] introduced a new method for face milling of spiral bevel gears with
the use of two cutter heads to machine both concave and convex flanks simultaneously. The
purpose of their work was to improve both the productivity and quality of the produced gears.

Zheng F. et al. [25] proposed an algorithm for the calculation of surface roughness in face
milling taking the insert run-out errors into consideration. The effect of the design and process
parameters on roughness distribution was presented through both a numerical study and
experiments.

Zhou Y. et al. [26] proposed a novel method that recalculates the face-milled tooth surface
points to generate approximately equidistant curves. The study included a mapping between
the isoparametric surface curves and the new approximately equidistant curves, as well as an
optimization algorithm, in order to obtain the tooth surface points of the new curves.

A method that replaced the straight cutting edge blades with arc-shaped blades in order to
achieve a tooth surface modification on face-milled spiral bevel gears was proposed by Mu Y.
et al. [27]. The modified tooth surfaces of pinion and gear were obtained based on the principle
of gear mesh and differential geometry. Finite element analysis and tooth contact analysis
were employed to verify the effectiveness of the proposed modifications, showing a reduction
of the tooth edge contact and also a reduction of the maximum contact stress.

Zheng F. et al. [28] proposed an analytical model for the prediction of static cutting forces in
face milling of spiral bevel gears, analyzing the elementary chip geometry in six cutter-
workpiece relative positions. Then a dynamic chip calculation method was developed. The
proposed method was validated through experimental trials for the dynamic cutting force,
cutting vibration and chatter stability.

Mazak J. et al. [29] presented a simulation model for face milling of bevel gears based on
discretised gear blank and tool geometries. The simulation model they developed was based
on a series of intersecting planes, on which the tool profile was projected in order to calculate
the penetration of the tool. In this way, the 3D simulation of the process was reduced in a 2D
analysis. The authors presented an investigation of the process kinematics, the chip geometry
and the effect of the chip thickness calculation method on the results of the model. The
resulting gear geometry was compared with theoretical flank points.
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Litvin F. et al. [30] proposed a method for conjugate spiral bevel gear generation with no
kinematic errors. The method could be applied with the use of Gleason generators. As a result
of their study, machine tool settings were determined and a tooth contact analysis (TCA)
program was developed to simulate bearing contact and investigate the effect of assembly and
manufacturing errors.

2.7.2 State of the art in face hobbing process

Vimercati M. [31] presented a method for the computerized design of face-hobbed hypoid
gears. A mathematical model for the computation of gear tooth surface representation was
developed. The obtained geometry was used as input for a tooth contact analysis conducted
with a method that combines finite element analysis and semi-analytical solutions.

In his study, Fan Q. [16], gave a detailed insight into the theoretical framework of the face
hobbing process developed by Gleason. The article presented a complete description of the
process kinematics, a mathematical model of the tooth flank surface generation process for
both non-generated and generated Gleason methods and a general description of the cutting
blades’ geometry. Additionally, the study introduced a new TCA algorithm for face-hobbed
gearsets.

Fan Q. [32] in his paper presented the theory of the face hobbing process and provided useful
mathematical models of the tooth lengthwise curve and tooth surface generation for Formate
and generating methods.

Shih Y.P. et al. [33] proposed a universal mathematical model for the simulation of all face
hobbing and face milling processes. The model calculates the transformation matrices that
represent the relative positions of the cutter blade, the generating gear and the work gear. For
the verification of the proposed approach, the model is applied to a Klingelnberg Cyclo-Palloid
hypoid generation.

An optimization algorithm was developed by Simon V. [34] in order to detect the optimal cutter-
head geometry and machine-tool settings, so to reduce the tooth contact pressure and angular
displacement error, and also minimize the sensitivity of face-hobbed gears to misalignments.

Habibi M. and Chen Z.C. [35], conducted research focusing on the improvement of tool wear
that occurs on the tool tip corner during face hobbing of bevel gears. After presenting a
complete mathematical description of the cutting blade, the study proposes a new method to
design blades with decreased gradients of working rake and relief angles along the cutting
edge, in order to improve tool wear on the tool corner. The positive influence of this approach
in tool life is verified by a FEA simulation that compares the effectiveness of the proposed
blades and the conventional ones.

Habibi M. et al. [36] introduced a semi-analytical description of the projection of the undeformed
chip geometry on the rake face of face hobbing cutting blades. The purpose of the study is to
achieve the prediction of cutting forces utilizing the oblique cutting theory on the derived chip
geometry, converting face hobbing into many small oblique cuts along the cutting edge. The
proposed method was applied in two case studies.

Perez I. and Aznar A.F. [37] presented a comparative study of two popular face hobbing
methods, ie Cyclo-Palloid™ and Cyclo-Cut™. The study compared the two tooth surfaces
produced by the respective computerized generation models. Through the implementation of
tooth contact and backlash analysis, the similarities and differences of the two processes were
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detected and the possibility of interchanging the two produced gear geometries in cyclo-palloid
and cyclo-cut drives was examined.

In their study, Perez |. and Aznar A.F. [38] proposed a method for the analytical determination
of the basic machine-tool settings to achieve conjugated action in face-hobbed and hypoid
gear drives using the Spirac system. They also proposed a new method for longitudinal
crowning of the pinion tooth surfaces.

Liu S. et al. [39] proposed a mathematical model, mesh models and a quasi-static loaded tooth
contact analysis with FEA to investigate the effect of radial and angular eccentricity errors of
the work holding equipment on both the gear flank geometry and the contact behavior of face-
hobbed hypoid gears.

Zhang W. et al. [40] presented a method for grinding the teeth of formate face-hobbed hypoid
gears with the use of a large-diameter conical grinding wheel. In this scope, a 5-axis tool
location calculation model was established, to position the grinding wheel correctly, avoid
interferences and achieve an accurately produced tooth profile in a CNC hypoid grinding
machine.

In their study, Guo W. et al. [41] focused on a tool path active design method for tooth
modification of face-hobbed spiral bevel gears. The method uses integrated cutter heads
without tilting, along with simplified machine settings, achieving the correction the face-hobbed
tooth surfaces by modifying the tool path and curvature radius of the circular profile blades,
according to the meshing performance.

Habibi M. et al. [42] proposed a semi-analytical method for the optimization of Formate face
hobbing of spiral bevel gears by minimizing the plunge time with respect to cutting forces and
tool wear constraints.

2.7.3  State of the art in 5-axis universal machines

The most popular methods for spiral bevel gear manufacturing are the face milling and face
hobbing processes. However, the main drawback of these methods lies in the fact that they
can only be applied in specialized hypoid generators which are exclusively made for these
processes. Although these machine tools are suitable for mass production of bevel gears, they
are not suitable for limited production, small batches, or prototypes.
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When this is the case, spiral bevel gears can be manufactured more efficiently in 5-axis
universal milling centres, since these machine tools can be utilized for a wide range of
machining processes. In recent years, many machine tool and cutting tool manufacturers have
developed methods, tools and software for 5-axis bevel gear cutting. The 5-axis machining of
spiral bevel gears can be applied with the use of either disc-shaped cutters with indexable
inserts or solid carbide endmills.

Alvarez A. et al. [43] conducted experiments of 5-axis milling of spiral bevel gears applying
different cutting strategies and tool paths in roughing and finishing operations. Solid endmills
and tapered ball endmills were used for roughing and finishing respectively. The purpose of
the study was to identify the optimal cutting strategy with respect to machining time and surface
quality which was measured with the use of a profilometer and a surface roughness tester.

Zhou Y. et al. [44] studied the process of 5-axis milling of spiral bevel gears and presented a
new method for the design of tooth flanks with ruled surfaces. As a result of this method, cutter
position and orientation during the process can be calculated and the actual tooth flank
surfaces can be accurately represented with the cutter envelope surface. The method is
applied for both pinion and ring gear and the two gears are meshed so a tooth contact analysis
can be performed. Results of the TCA indicate that the proposed method is valid and can be
used for the 5-axis machining of spiral bevel gears.

Shih Y.P. et al. [45] proposed an alternative method for the machining of large spiral bevel
gears with a disc-shaped tool in a 5-axis machine. The mathematical models of the tool and
the machine’s coordinate systems were presented, and a method that converts the tooth
surface topography into machine and tool coordinates through inverse kinematics was
developed. The coordinates were then used for the generation of the respective NC code which
was simulated in Vericut.

2.7.4 Previous simulation models in bevel gear manufacturing

The simulation of manufacturing processes has been a field of significant research interest. In
most cases, simulation is necessary for process optimization, as it contributes significantly to
improving productivity, increasing of tool life, reducing machining time and cost, and increase
of the machined part quality. Simulation models can substitute extensive experimental trials
which are time-consuming and raise the total manufacturing cost. The goal of machining
simulation is to increase the knowledge of the cutting process and improve it by optimizing the
process parameters. Although many researchers have focused on this area and worked on
building simulation approaches, there are many challenges in this effort, the most important of
which are:

1. Complexity and variety of the phenomena that occur during machining.

2.  Complexity of the kinematic aspect of the process.

3. High sensitivity of the process results in tool geometry and machine settings.
4. High computational power requirements.

Depending on each simulation method, some of these challenges can be overcome. For
example, a purely kinematical simulation would not have to deal with issues concerning the
thermomechanical phenomena of the process.

Gear cutting simulation has drawn the attention of many researchers due to the high
productivity of these processes but also the excessive tool wear phenomena that occur during
the material removal. Although many simulation approaches and models have been introduced
for most gear cutting processes, research on simulation of bevel gear manufacturing is limited
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to a few research studies. The reasons for this lack of research in this field are mainly the high
complexity of the process kinematics, the specialized tool geometry, and the customized
machine settings. All these challenges make these processes very difficult to analyse and
therefore almost impossible to simulate in a universal model. In the following paragraphs, the
most important simulation approaches are summarized and their strengths as well as their
limitations are highlighted.

A study was carried out by Klocke et al. [46] to analyze the effect of cutting tool profile geometry
on thermal and mechanical tool load in spiral bevel gear cutting. To this end, a finite element
simulation model was developed to calculate chip formation in ring gear cutting. The simulation
results showed high thermal and mechanical load on the tool corner. The investigation of tool
profile geometry revealed a significant effect of both pressure angle and corner radius variation
on the thermal and mechanical load on the tool corner and a minor effect on the respective
load on the tip and flank edge.

Brecher et al. [47] developed a manufacturing simulation approach for the analysis and
optimization of bevel gear cutting processes. The simulation included modelling of the tool,
workpiece and kinematics, and also a 3D-geometrical penetration calculation which was
realized by ray-tracing. The undeformed chip geometry was calculated from the penetrated
volume and characteristic values, like the chip thickness, were derived. Since the material of
the chip is compressed and squeezed on the corner radius of the tool tip, a simple analysis of
the chip thickness in this area of the tool was considered not sufficient by the authors. A new
characteristic value was proposed, which integrated the variation of the chip thickness, working
rake angle and working relief angle into one value, and allowed a different approach to a tool
wear prediction model.

Jiang C. et al. [48] presented a mathematical method for the calculation of cutting forces in
form cutting (non-generating) of hypoid gears. The model considers the tooth line and corner
radius of the cutting blade and calculates both cutting depth and cutting thickness. These
values are used so that cutting forces can be calculated. In addition, a FEA simulation of the
cutting process was conducted in Deform and the results were compared to the theoretical
ones. Finally, an experimental procedure was carried out to further verify the results of the
proposed calculation method.

Brecher C. et al. [49] conducted a finite element-based tooth contact analysis for the
optimization of face-milled bevel gears in terms of load capacity, efficiency, and noise
performance. For this purpose, the excitation behavior of face-milled gears was evaluated
through the analysis of the gear set transmission error. The comparison of the simulated and
experimentally measured transmission error showed good agreement between simulation
results and testing measurements.

In their work [50], Litvin F.L. and Fuentes A., developed a FEA model of a spiral bevel gear
drive to identify contact and bending stresses, investigate the formation of bearing contact and
detect any hidden areas with increased contact stress. An example of a face milled generated
spiral bevel gear drive was presented.

Figliolini G. and Angeles J. [51] presented formulations and algorithms, based on the envelope
theory, for the mathematical generation of involute and octoidal bevel gear. The spherical
involute tooth profile and the tooth-flank surface of octoidal gears were obtained.

Bijonowski B. [52] proposed a method for the calculation of a close approximation of the spiral
bevel gear geometry, based on formulas described in AGMA 929-A06 [53]. The purpose of the
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proposed method was to produce generalized equations for the calculation of the normal tooth
thickness anywhere along the tooth lengthwise direction. The resulted 3D geometry was
compared with data obtained from a Gleason software.

Shiraishi S. et al. [54] developed an analytical model for the prediction of cutting force in hypoid
gear machining. A cutting experiment was conducted to validate the results of the model.

2.8 Present research necessity and contribution

The above research efforts are mainly based on mathematical, analytical or finite element
analysis models for face-milled and face-hobbed bevel gears. Therefore, there is a lack of
research in the field of 3D kinematic simulation of face milling and face hobbing process, the
calculation of cutting forces using the undeformed solid chip geometry as well as the
investigation of cutting parameters’ effect on the process. The present study introduces the
simulation methodology and simulation results of the first full 3D kinematic simulation model
of the spiral bevel gear cutting processes, which is one of the key innovations of the proposed
methodology. Face milling and face hobbing simulation has not yet been investigated in the
context of 3D CAD-based simulation. The 3D CAD kinematic simulation approach offers higher
accuracy compared to purely mathematical models. Furthermore, kinematic simulation
requires much lower computational power and resources, compared to 3D finite element
analysis approaches. Spiral bevel gear cutting forces calculation, by means of undeformed
solid chip geometry analysis, is also first introduced in the present study along with indicative
calculation results. Both BevelSim3D and BevelForce3D algorithms can assist academic
research teams in performing in-depth analysis of face milling and face hobbing and also
contribute to the complete optimization of the process from an academic perspective. In
practical application, simulation models are powerful tools in modern machine shops and gear
manufacturing companies, they support manufacturing process development and optimization
while reducing the amount of experimentation required. [55]

The cutting simulation model BevelSim3D achieves the generation of the solid tooth flank and
solid chip geometries that can be subsequently used in the selection of the correct cutting
parameters for improved surface quality and also the calculation of cutting forces. The model
performs the simulation of both face milling and face hobbing processes, and the results are
validated through the comparison of the simulated and theoretical surface geometry by means
of a novel validation algorithm. Furthermore, cutting forces calculation methodology is
described for the first time and cutting forces results for sample face hobbing simulations are
also included. This approach aims to enable the selection of optimal process parameters, such
as cutting conditions and machining method, according to the desired tooth flank surface
quality and minimization of the cutting forces. The implementation of multiple simulations using
key cutting parameters can reveal the effect of each parameter on the obtained tooth surface
quality. An investigation of the influence of generation feedrate on the quality of the simulated
tooth surface geometry is presented in the study. In addition, finishing stock allowance, plunge
feedrate, and generation feedrate are investigated for their effect on the developed cutting
forces. Regarding the limitations of the present methodology, it must be mentioned that in a
purely kinematic simulation model, thermomechanical phenomena that take place during the
machining process are not taken into account and the participating tool and workpiece
geometries are considered to be undeformed. [55]
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3. KINEMATICS OF SPIRAL BEVEL GEAR CUTTING

The heart of a kinematic simulation model is the process kinematics together with the
geometric characteristics of the workpiece and the tool involved in the process. This chapter
aims to provide a detailed description of face milling and face hobbing kinematics, to ensure a
complete understanding of the two processes before presenting the model created to simulate
them. In the following sections, the kinematics of both processes will be analysed and all the
advantages and drawbacks of each process will be highlighted.

3.1 Spiral Bevel Gear Machining Theory

3.11 Generation Principle

As described in section 2.3.2, the transition from cylindrical to bevel gear generation theory
can be easily made if the generating rack of the cylindrical gears bends around an imaginary
axis. In accordance with the generation of a cylindrical gear pair with the use of two
complementary rack cutters, when it comes to a bevel gear pair generation, i.e. pinion - ring,
two complementary crown gears are used. Obviously, in the case of spiral bevel or hypoid
gears, the corresponding generating crown gear has spiral teeth as well. Taking it a step
further, if the pinion gear engages perfectly with the generating crown gear and if the ring gear
is also in an exact mesh with the generating crown, then it can be safely deduced that should
the common generating gear be virtually removed from the system, the two mating gears,
pinion and ring would perfectly mesh with each other. Figure 3.1 presents the basic concept
of bevel gear cutting and gives the generic set-up of all hypoid gear generators. [10, 17]

The above theory also leads to the identification of the necessary kinematic coupling conditions
for a conjugate pair of bevel gears. First, the generating gears of the two mating bevel gears
must have congruent flanks. Simply put, the pinion and the ring gear have one virtual common
generating gear with mirror flank surfaces. Secondly, the two generating gears rotate around
the same axis. Finally, the surfaces of engagement of the three virtual pairs, i.e. pinion-virtual
generating gear, ring-virtual generating gear, pinion-ring gear must be identical. As it can be
easily concluded by the three kinematic conditions, in order for the pinion to be conjugate to
the ring in a bevel gear mesh, the two virtual generating crown gears must in fact be a common
generating crown for both gears.

generating
gear axis

cutter axis

Figure 3.1:  Generation principle in spiral bevel gears. [56]
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A bevel gear set that not fulfils all the above kinematic conditions can still be generated, though
the roll and transmission quality of the gearset may decrease significantly as the deviation from
the coupling conditions increases. Given this, the extent to which two meshing bevel gears roll
exactly onto each other depends on the level that these coupling conditions are satisfied. [10]
According to the definition of a conjugate gear pair, based on Colbourne J.R. [57], “When two
gears are in mesh, and the two profiles in the same transverse section are such as to produce
constant transmission of motion, these profiles are said to be conjugate. Or else, a pair of
transverse gear tooth profiles are said to be conjugate if a constant angular velocity of one
profile produces a constant angular velocity in the meshing profile.” As mentioned above, the
arrangement presented in Figure 3.1 is used as a basis for all spiral bevel gear / hypoid
generators. On the traditional mechanical hypoid generator, as the one presented in Figure
2.24, the generating crown is represented by a cradle mechanism. The cutter centre is placed
at a certain offset from the cradle axis, and cutter's blades represent one tooth of the
generating crown gear. The generating roll motion rotates the workpiece and the imaginary
generating gear with a specific ratio, called the ratio of roll, while at the same time the two
gears are engaged. [10, 16, 32, 58] This virtual motion is represented by the rotation of the
cutter around the generating gear axis. The starting roll position is commonly on the heel of
the tooth and the generation develops from heel to toe until it reaches the finishing roll position.

The generating ratio of roll is a crucial value in the generating process and can be calculated
by the following equations [10, 16, 32, 58]:
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Combining equations 3.1 and 3.2 we get [10, 16, 32, 58]:

Rg= sin(dw) (3.3)
where:

wg angular velocity of the generating gear around its axis (rad/sec)

ww angular velocity of the work gear around its axis (rad/sec)

Rg generating ratio of roll (-)

zg  generating gear number of teeth (-)

zw  work gear number of teeth (-)

dg  pitch angle imaginary generating gear = 90° )

dw  pitch angle work gear (°)

The produced work gear geometry is very sensitive to the value of the generating roll, so it is
recommended that when it comes to either machine or simulation settings, at least six decimal
places should be provided to accurately define the Rq value.

3.1.2 Plunging and generating roll motions

There are two different motions that can be either combined or performed separately for the
machining of hypoid or spiral bevel gears. The first one is a simple plunge feed motion where
the tool is fed to the final depth to form a gear slot and the second is the generating motion
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where the tool profile rolls on one or both flank surfaces of a gear slot. The plunge only strategy
can be applied only in non-generating processes. The ring gear of a bevel gear pair can be
manufactured with a non-generating process. Based on bevel gear theory, at least one
member of a gear pair must be manufactured via a generating roll motion and that is the pinion
so that the necessary contact characteristics are satisfied. Both motions are presented and
described graphically in Figure 3.2.

A plunge cut generating roll generating roll generating roll

crown gear pmnon gear crown gear pinion gear

Figure 3.2:  a. Generated pinion - formate ring gear (left), b. Generated pinion - generated
ring gear (right).

Figure 3.3 shows the basic steps of pure generating motion. At the first step of the generating
roll, the cutter approaches the workpiece. As generation progresses, the gear blank rotates
around its axis while the cutter rotates around the axis of the imaginary generating gear that
has an offset relative to the cutter axis. The combination or superimposition of the two motions
results in the contact between the cutting blade and the workpiece at the beginning of the
material removal process (step two). During this cutting process, the tooth flank is formed as
a result of the generating motion between the cutter and the workpiece. In the third step of the
process, the cutter approaches the middle slot position where it begins to exit the workpiece
until it reaches the last generating position, where the cutter and the newly formed gear slot
are essentially disengaged (step four). After the fourth step of generation, the cutter is no
longer in contact with the gear until their combined counter-rotations bring them back to the
first step and the beginning of generating process. [10] Chip thickness is not constant along
the cutting edge. Although generating roll can be applied by means of either climb or
conventional cutting strategies, climb milling is mostly preferred, especially when a high-quality
tooth flank surface is expected. Assuming that climb milling is selected, the cutting direction
dictates the generating roll direction. For a ‘toe to heel' cutting direction, generating roll is
performed from heel to toe. If tooth flank surface quality is of high priority, the generating roll
may be performed in two cycles, a roughing and a finishing one. [1, 10]

Start Roll Position Generating Roll Center of Generating Roll End of Generating Roll

0 DD

Figure 3.3:  Generating roll in bevel gear manufacturing. [10]

Plunge cutting is far simpler, in terms of kinematics, compared to generating roll motion.
Plunge feed in gear machining results in a form cutting process since the tool is fed towards
the workpiece performing a linear motion. As shown in Figure 3.4, the process starts with the
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cutter and the workpiece not being in contact, but the workpiece is already placed in the correct
position for the machining of the next gear slot. During the second step of the process, the
cutting blade is fed to the final machining depth, material is removed, and an exact copy of the
blade profile forms a gear slot. The profile of the blade is essentially reproduced in the gear
slot and a negative profile of the blade is formed. Chip thickness varies along the cutting edge
and chip width increases with the plunge depth. In the next step, the cutter withdraws from the
part to the point that they are no longer engaged. The procedure is repeated starting from the
first step after the workpiece is rotated around its axis so that the tool blade reaches the correct
position for the next slot [10]. In face hobbing plunge cutting, the process shown in figure 3.4
is performed for all slots at the same time. When used as a finishing process, the process is
frequently called “Formate” due to its forming nature, though this label is owned by the Gleason
Company. Other methods in this category of plunge only-motion methods are Helixform and
Cyclex. The gears produced by plunge-only cut are non-generated gears.

In most cases, a cutting direction from toe to heel is applied during plunge cutting in order to
enable burr formation on the outside diameter of the gear so their removal is easier. Another
reason that makes this strategy preferable is the direction of cutting forces towards the work
fixture, which results in a steadier cutting. In plunge cutting, the cutting speed ranges from 45
to 70 m/min for HSS tools and from 160 to 280 m/min for carbide tools respectively. [1]

Figure 3.4:  Plunge motion in gear manufacturing. [10]

Based on these two separate motions, many manufacturing variations, that utilize either only
one of the above processes or a combination of both, are applied. Table 3.1 shows the
alternative machining processes depending on the employed method. As it can be observed,
the two strategies can be used in both face milling and face hobbing processes. It should be
noted that regardless of the chosen process, the pinion is always generated in order to satisfy
the necessary contact characteristics, therefore plunging as a finishing method may only be
used for the form-cutting of the ring gear. The two motions described above constitute the
basic kinematics applied to every spiral bevel gear cutting process. Nevertheless, it must be
mentioned that when the above methods, especially the generating roll, are applied in practice,
they might include additional motions or modifications. Some of these possible modifications
are the modified roll, i.e. a non-constant roll ratio throughout the cradle rotation, a helical motion
between the cutter and the gear as well as linear horizontal or vertical slide motions. When a
crown gear identical to the ring gear is used as a generating gear, the pinion is generated by
rolling with the generating ring gear and the ring gear is cut by pure plunging without
generation. [10, 13]

Plunge cutting can be used either as the finishing operation of a non-generated ring gear or as
a roughing operation prior to the generating finishing. In the latter case, the cradle angle at
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which the plunge cutting is carried out does not affect the final tooth flank geometry and it can
be selected in order to cause minimum tool wear.

Process Generation/Plunge

Face milling generated Pinion and gear generated

Face milling formate Pinion generated, gear plunge cut

Face hobbing generated Pinion and gear generated

Face hobbing formate Pinion generated, gear plunge cut
Table 3.1: Generating and Non-Generating Processes.

From the combination of the two processes the following three alternative strategies may
occur:

o Plunge cutting process (Forming).
o Generation roll with prior plunge cutting.
o Generating only process.

Generating roll with or without prior plunge cutting

The generating roll motion can be performed either without a previous plunge roughing
operation or as a finishing operation after plunge cutting. Regarding the second strategy, a
common practice in spiral bevel gear machining, when both generating roll and plunge cutting
are used, is the partition of the machining process into two cycles. During the first cycle, the
workpiece is roughed out to the finishing allowance by means of the plunge-only feed motion.
The reason behind this is the increased efficiency and productivity of plunge cutting method
when it comes to removing as much material as possible, regardless of the machined surface
quality. The most common practice for this cycle is to set the cradle angle so that the cutter is
positioned in the middle of the gear slot. In the second cycle, the cutter moves to the first roll
position, if it is not there already, and the tooth flanks are finished by applying the generating
roll motion. In face milling, the gear slots are firstly roughed out one by one by plunge cutting
and then generated also one by one, while in face hobbing all slots are roughed out and then
generated simultaneously.

Regarding the cutting strategy, climb milling is always recommended for a higher flank surface
quality. Rolling direction depends on the selection of cutting strategy and the cutting direction
of the cutter. Provided that cutting from toe to heel is mostly preferred for the reasons
mentioned above, climb cutting requires the generating roll to be performed from heel to toe.

3.1.3 Single or continuous Indexing processes

Face milling and face hobbing have fundamental differences in their kinematics, in the
produced gear geometry, and in the philosophy behind the cutting tools. Each process has
positive and negative aspects, so whether a gear manufacturer chooses one process over
another for a particular application depends solely on their requirements. With regards to which
one of the two methods offers higher quality gears with more strength and better rolling
performance, one might find the answer in the selection of the hard finishing process that
follows the soft cutting process. On the other hand, if productivity is the main objective, the
selection between the two processes is determined by the overall manufacturing times that
each of them offers. The main feature that distinguishes face milling from face hobbing is the
indexing relation between the cutter and the workpiece. Face milling is a single indexing
operation; hence gear slots are cut one at a time. On the contrary, all slots are cut
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simultaneously in face hobbing, thus this process is defined as a continuous indexing process.
It can be concluded that, due to this difference, face hobbing kinematics is more complex than
the respective motions performed in face milling. The modification in kinematics that offers the
feature of continuous indexing in face hobbing, changes the tool path significantly and
consequently changes the produced gear geometry. The main difference identified between
the two produced geometries is the lead function or the lengthwise curve of the tooth. In both
processes, the methods described in section 3.1.2, namely plunge cut and generating roll, can
be applied either in combination or independently. In the following sections, the two processes
are thoroughly described and their major features regarding their kinematics, the produced
tooth geometry and the productivity offered, will be presented and discussed.

3.2 Face milling

3.21 Indexing method

Face milling is a single indexing method which means that the gear slots are cut in a sequence,
one slot after another and not simultaneously. During the cutting process, the workpiece is
held still or, in the case of generating cutting, it performs a narrow rotation required for the
generating roll. All cutting blades pass through the same slot consecutively as the cutter
rotates. After each slot is machined to the desired depth, the cutter withdraws from the
workpiece and the workpiece rotates around its axis and indexes to the next slot position. This
process is repeated until all slots are machined. Figure 3.5 shows how all cutter blades, inside
and outside, pass through the same slot while the cutter plunges to the full depth or rolls until
roughing or generation is completed. Following, the cutter retracts so that the work gear can
rotate by one pitch for the next slot to be cut.

generating
gear center |

cutter T
center

cutter

rotation ”
1
/

\ /

Figure 3.5:  Single indexing in face milling. [59]

3.2.2 Kinematics

As face milling is the simpler of the two manufacturing processes, the kinematics of the process
is not of very high complexity. In order to provide a full description of the kinematics, two cutting
processes, i.e. plunge cutting and generating roll cutting must be considered separately.

Non-generating Plunge cutting: When only plunge cutting is performed, the cutter executes
two separate motions. The first one is a rotation wc¢ about its axis which is the primary cutting
motion with the cutter’s axis being in a fixed position relative to the generating axis and the
second motion is a plunge feed to reach the full depth of the slot.
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Generating roll: In the case of generating roll, the cutter performs the cutting rotation around
its axis and the generating motion is executed due to the combined rotation of the generating
gear and the work gear. The cutter starts rotating about its axis with the rotating speed wc,
then it is fed to the final machining depth and rolled in the first generation position where the
generating rotation about the cradle-generating axis wg begins. Meanwhile, the workpiece
rotates around its axis ww, without of course exceeding the limits of the current indexing
position. This relative rotation of the cradle and the workpiece is described by the following
formula [10, 16, 32, 58]:

—~2 =R

(3.4)

where:
wg angular velocity of the generating gear around its axis (rad/sec)

ww angular velocity of the work gear around its axis (rad/sec)
Rg  generating ratio of roll (-)
A
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Figure 3.6:  Cutter position and reference plane in face milling. [10]

The generating ratio of roll is essentially the ratio of generating gear number of teeth to work
gear number of teeth and is calculated as follows: Rg=zw / z4. [10, 16, 32, 58]

The distance between the cutter axis and the generating gear axis as well as the exact position
of the cutter centre is calculated with the use of the spiral angle B and the cutter radius Rw
according to Figure 3.6. As illustrated in Figure 3.7, the traces that the cutter leaves on the
flank of the tooth in case of face milling cutting, are almost parallel to the contact lines between
pinion and ring gear when the two are in mesh. The distance between the cutting traces
depends on the rolling feedrate and the angular distance of the blades on the cutter.
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Figure 3.7:  Cutting and contact lines are almost parallel in face milling. [12]

3.2.3 Gear and tooth geometry
The motions described in section 3.2.2 produce a specific gear tooth and slot geometry that
characterizes the face milling process.

Flank line geometry along the face width

One of the most characteristic features of the face-milled gear geometry is the flank lead
function, i.e. the lengthwise tooth curve, which is a circular arc. This geometry is produced by
the cutter rotation around its axis and by the fact that the cutter rotations is not combined with
a work gear rotation since the workpiece in face milling is held still. This circular flank line in
spiral bevel gears is wrapped around a conical pitch element/surface. The curvature of the
teeth is constant along the face width and equal to the cutter radius. Consequently, when both
flanks are cut simultaneously in a completing process, the radius of the concave flank is
approximately the sum of the radius of the convex flank plus the slot width.

Tooth depth, tooth thickness and slot width

The circular flank lines produced by the cutter rotation in face milling, form a gear slot with a
constant slot width. In the case of completing processes when both flanks are cut
simultaneously with one cutter head, this feature combined with the conical shape of the gear
and more specifically the deviation between the inner and outer cone diameters results in an
extreme tooth thickness variation (un-proportional tooth thickness taper). The produced tooth
is thick close to the heel, while it is very thin close to the toe. This geometry may have the
following disadvantages: The top land of the toe may degrade to a point, but more importantly,
if both members of the gear-set are manufactured with this method, the tapered teeth of one
gear would not fit in the parallel slots of the other gear and therefore the two gears could not
mesh with each other. [10]

The need for a proportional tool thickness from heel to toe, makes the formation of a tooth
depth taper necessary so that a space width taper can be also generated. The tooth depth
taper is applied in such a way that the resulting space width taper splits the difference in tooth
thickness between the heel and the toe, to form equal tooth thickness and space width taper.
Generation of tooth depth taper may be accomplished by lifting the root towards the toe,
introducing a dedendum angle which is usually combined with an addendum angle too. The
root line is tilted around the mean point ensuring that the mean working depth of the tooth
remains the same. [10] This keeps the root width of the slot parallel while at the same time a
proportionally reduced space width from heel to toe is formed. It is worth mentioning that both
tooth thickness and space width values are calculated on the generating gear pitch plane. This
modification ensures that the teeth of one gear fit in the slots of the mating gear and provides
a smooth roll.
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Figure 3.8:  Conical tooth thickness after adjusting the tooth depth in face milling. [10]

3.2.4 Five-cut double flank vs Completing processes

Manufacturing of spiral bevel gears by means of face milling can be applied either in a
completing or in a five-cut two-flank process. Five-cut processes were introduced in the U.S.A.
in 1913 as the first face milling manufacturing process. Due to the competition that arose when
face hobbing was developed as a revolutionary completing manufacturing process, the
company that focused its research on face milling developed a competitive completing face
milling method. The benefits of cutting in a two-flank process are obvious. Each flank is cut in
a separate cycle, so the flank form can be adjusted or corrected according to the design
requirements without affecting the geometry of the opposite flank. This is mostly achieved by
changing the machine and the cutter head settings from one cycle to the other. The five main
steps of the five-cut method are listed below. [10]

Steps of the five cut process

Ring gear roughing, cutter head has inside and outside roughing blades,
Ring gear finishing, cutter head has inside and outside finishing blades,
Pinion roughing, cutter head has inside and outside roughing blades,
Pinion finishing of convex flanks, cutter head has inside blades only,
Pinion finishing of concave flanks, cutter head has outside blades only.

o=

Steps of the completing process

1. Ring gear roughing / finishing, with inside and outside roughing / finishing blades,
2. Pinion roughing, with inside and outside roughing blades,
3. Pinion finishing, with inside and outside finishing blades.

The five-cut method requires five different setups, one for each step. This further increases
manufacturing time as gear parts must be moved from one machine to another. A typical cutter
used in five-cut processes is the Hardac cutter. [10] This cutter is capable of roughing and
finishing of pinions and ring gears. [10] In five-cut methods length crowning is possible with the
variation of cutter radius, whereas profile crowning is achieved with the modification of machine
settings. It must be mentioned that nowadays five-cut methods are rather outdated and mostly
replaced by completing methods, because apart from raising the total manufacturing time and
cost, they also require wet-cutting conditions. During completing processes, the process
parameters change in order to be adjusted in either roughing or finishing conditions. Typical
cutter heads employed in completing processes are the RSR cutter head which carries HSS
stick blades with a rectangular cross-section and the Pentac cutter head which carries stick
blades optimized with a pentagon-shaped cross-section. [10]

3.2.5 The advantage of grinding

After the soft cutting operations, all bevel gears undergo the necessary heat treatment in order
to improve their mechanical properties. Following the heat-treating process, a hard finishing
process is applied so that any deflections and dimensional changes resulting from heat
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treatment are corrected and the quality of flank surfaces is enhanced. Hard finishing processes
in spiral bevel gears were briefly presented in section 2.6. Regarding the finishing of face-
milled spiral bevel gears, the circular arc flank curve produced by the soft cutting process offers
a great advantage compared to face-hobbed gears. The geometry of the tooth allows the hard
finishing of the gear using grinding, which is reported to improve important properties such as
strength, noise, and efficiency more than the other hard-finishing processes. This advantage,
coupled with the increased productivity offered by the modern completing processes, has
made face milling more competitive and preferable to the manufacturers, compared to previous
decades.

3.3 Face hobbing

Face hobbing was firstly introduced in Germany by Klingelnberg as a new revolutionary
completing process for the machining of spiral bevel gears, aiming to minimize manufacturing
time. Face hobbing earned popularity in a short time drawing the attention of more and more
manufacturers and was soon established as one of the two dominant methods for spiral bevel
gear manufacturing. A unique attribute of the process and one of its major benéefits is the fact
that all slots are cut simultaneously, thus face hobbing processes are often mentioned as
continuous indexing processes. All face hobbing processes are completing methods; hence
the two flanks are cut in the same cycle either by a roll only operation, a plunge cut or a
combination of the two. Length crowning in face-hobbed gears can be achieved by tilting the
cutter head, similar to the completing face milling process. Profile crowning can be generated
by means of curved cutting edges. [10] Face hobbing kinematics and all the process-included
motions are far more complex than the respective ones in face milling and thus, they are more
difficult to be analysed. Face hobbing cutter heads carry a series of blade groups protruding
axially from the face of the cutter at a certain diameter. Each group normally consists of an
outer blade followed by an inner blade to machine the outer and inner tooth flank respectively.
The next sections will attempt to analyse the process and highlight all features of great
importance.

3.3.1  Indexing Method

Face hobbing is a continuous indexing method; hence all gear slots are cut at once, in contrast
to face milling where slots are cut one by one. During machining, the workpiece rotates in
timed relation with the cutter as if the two “gears” were meshed in a gearbox assembly. When
an outer and inner blade cut a slot of the work gear, the gear rotates in the opposite direction
so that the next blade group enters the next gear slot, and so on. The ratio of the two rotations
is equivalent to the indexing ratio as if the cutter and workpiece were engaged in a gear set,
hence the rotation of the cutter to the rotation of the work equals the number of work gear teeth
divided by the number of blade groups, i.e. starts of the cutter.

3.3.2 Kinematics

The complexity of face hobbing kinematics processes lies mainly in their complicated relative
motions. Three independent motions, indexing, generating roll, and feed are combined in face
hobbing. As in the case of face milling, face hobbing may be performed either in a non-
generating plunge cutting or in a generating roll motion.

Non-generating plunge cutting in face hobbing: Non-generating cutting in face hobbing
offers high productivity so it is often used in order to machine the ring gear but also as a
roughing process prior to finishing with a generating roll, when higher material removal rate is
required. When non-generating cutting is used as a roughing process, the cutter is fed to the
workpiece at the centre roll position until it reaches a certain cutting depth, when generating
rolling motion begins.
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Figure 3.9:  Continuous indexing in Face Hobbing. [55]

Two independent motions are involved in this non-generating process and that is the feeding
motion until the cutter reaches the final depth and the indexing motion which consists of a
combined rotation of the cutter and the workpiece and resembles the rotation of two gears in
mesh. The indexing motion includes the cutting rotation of the tool which, as an independent
motion, defines the primary cutting motion of the process. The feedrate of the cutter moving
towards the work gear is slower than in face milling.

Generating roll cutting in face hobbing: In the case of generating roll, the cutter head
executes two motions while the gear rotates around its axis. The first one is the cutting motion,
which also contributes to the indexing procedure i.e., the timed rotation of the cutter around its
axis. The second motion is the generating roll of the cutter around the generating-cradle axis.
The motions involved in generating face hobbing cutting can be described by the following
formulas [10, 16, 32, 58]:

Continuous indexing, as a result of the combined cutter and workpiece rotation:

w_W = Z_C = RI
We  Zw (3.5)

or continuous indexing through the rotation of the tool and the generating gear:

We _%g
Wy Ze (3.6)
Generating roll, as a result of the combined generating gear and workpiece rotation:
w
9 _Zw =R
TR (3.7)

where:
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wg angular velocity of the generating gear around its axis (rad/sec)

ww angular velocity of the work gear around its axis (rad/sec)
wc  angular velocity of the cutter around its axis (rad/sec)
Rg  generating ratio of roll (-)
Ri  indexing ratio (-)
zg imaginary generating gear number of teeth (-)
zw  work gear number of number of teeth (-)
zc  number of cutter blade groups (-)

In the non-generating cutting process, only the indexing motion takes part along with the feed
of the cutter to the final depth. Unlike face milling, in face hobbing of spiral bevel gears, the
cutter blade’s velocity vector is not tangent to the circle formed by the rotation of the cutter
around its axis. Instead, as presented in Figure 3.10, while the cutter rotates around its axis, it
simultaneously rolls on a base circle. Hence, the cutting blades move from point A to point C
instead of B, as a result of the superimposed indexing and cutting motions as described above.
This combination of motions results in the tooth lengthwise curve, the most representative
geometric feature of face-hobbed spiral bevel gears.

roll
circle

‘\

/
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circle

Figure 3.10: Velocity vector of cutting blades in face hobbing. [10, 55]

3.3.3 Gear and Tooth Geometry
The face-hobbed gears tooth geometry is uniquely defined by the process kinematics
described in the previous section. These geometric features are detailed below.

Flank line geometry along the face width

The superimposition of the two primary motions in face hobbing, i.e., indexing and cutting,
generates an extended epicycloid flank line function, in contrast to face milling where the lead
function is a circular arc resulting simply from the cutter rotation. The curvature radius of the
tooth flank in face-hobbed gears is not constant but increases from toe to heel. The mean
curvature depends on the radius of the cutter and the number of blade groups. As presented
in Figure 3.10, the combined effect of the rotation of the cutter about its axis and the rolling on
the base circle of the generating gear changes the direction of the blade velocity from being
tangent on the cutter circle as in face milling. Figure 3.11 shows the relative cutting and
indexing motions and the resulting extended epicycloid flank line. When the epicycloid is
formed, the ratio of the number of generating gear teeth to the number of blade groups is equal
to the ratio of the base circle radius to the roll circle radius. An extended epicycloid occurs,
when the radius on which the cutting edges are positioned is greater than the radius of the roll
circle. [10]




Kinematics of spiral bevel gear cutting 53

_ work gear
" rotation

/ cutter extenéed
rotation epicycloid
Figure 3.11: Flank line geometry and relative motions in face hobbing. [12]

Tooth depth, tooth thickness and slot width

The extended epicycloid flank lines produced by the continuous indexing motion between
cutter and gear, result in a proportional space width and tooth thickness taper along the face
width. If the tooth depth remains constant along the face width, then the pitch plane is parallel
to the root plane which results in conjugate gear geometry between pinion and ring gear. [10]

| hheel -
A

Figure 3.12: Tooth depth, tooth thickness and slot width in face hobbing process.[10]

Opposite to face milling, the traces of the tool on the tooth flank are not parallel to the contact
lines, instead, they are extended and intersect the contact lines with a corner, as shown in
Figure 3.13. This feature makes face-hobbed gears suitable for lapping after heat treatment.
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Figure 3.13: Cutting lines in face hobbing. [12]
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4. SPIRAL BEVEL GEAR CUTTING SIMULATION MODEL

The objective of the present research is to fill the gap in understanding and simulating spiral
bevel gear cutting. For this purpose, a novel simulation software called /thaca BevelSim3D
was developed, and is presented in this study. The model receives as input some necessary
geometric characteristics of the cutting tool and the work gear, simulates the process
kinematics and produces valuable output data. The outputs of the model include the 3D tooth
flank surface topography and the 3D undeformed chip geometry at each simulation step. The
outputs of the kinematic simulation, specifically the 3D undeformed chip geometry, can be then
used for the calculation of cutting forces via Ithaca BevelForce3D, a subject which will be
further discussed in Chapter 6.

4.1 Simulation model structure

The structure of the lthaca BevelSim3D model follows the general structure of most simulation
models which receive specific parameters as inputs, apply the simulation process by means
of functions and calculation routines and provide the values of certain parameters as output.
More specifically, the simulation is implemented in the following steps:

1. The user sets the input parameters.
The algorithm automatically models the work gear and tool geometries.

3. Face milling and face hobbing methods are simulated in steps, according to pre-
defined resolution.

4, Tooth flank and gear slot topographies and undeformed chip geometries are
calculated in each simulation step.

5. Cutting forces are calculated for each simulation step. (BevelForce3D)

6. Investigation of optimal cutting parameters based on the above results.

The simulation algorithm is completed in step 4 and the study continues with the calculation of
cutting forces (step 5) and the investigation of optimal cutting conditions (step 6). A flow chart
of the simulation procedure is presented in Figure 4.1.

Cutting Tool Workpiece Manufacturing
DIN3972 3 ,=20° BS ISO 23509 Method
P Ve « face milling

Y, | g | » face hobbing

. * single stage finishing
E 4 3 + two stage roughing/finishing
< < Parameters
ot LT » simulation resolution
/2 | Su=ly/2 « finishing stock allowance
tp=m 17 * plunging feed rate
. » generation feed rate
Cutting
Side rake Hook . direction
angle z Simulation Algorithm
¢ Inputs:
Edge workpiece and tool geometry
; radius Undeformed Chi * Simulation:
Blade Cutting P , T .
Shanls Edge . in steps, resolution defined by user
Tooth Surface Topomorphy ] * Outputs: ,
% 3D undeformed chip, 3D tooth
i ) surface geometry
@{ | « Final outcomes:
~ « cutting forces calculation

+ optimum cutting conditions
Figure 4.1:  Structure of the Ithaca BevelSim3D model. [59]
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4.1.1 Simulation process input parameters

The three major input parameter groups for the software are 1. work gear geometry, 2. tool
geometry and 3. process-related parameters. Both work gear and tool geometries are
modelled automatically by the algorithm, according to international standards and regulations.

4.1.1.1 Work gear blank 3D-Geometry

Work gear blank geometry is modelled according to ISO 23509:2016, which is the International
Standard for bevel and hypoid gear geometry. This standard essentially defines the basic bevel
gear cone and tooth geometry both in the lengthwise and in the transverse direction. According
to this standard, there are four methods currently used for the calculation and design of spiral
bevel and hypoid gear geometry. The developed model implements two of these methods,
specifically Method 0 for the face-milled spiral bevel gears and Method 2 for the face-hobbed
gears. Table 4.1 shows the necessary work gear input parameters which must be provided by
the user so that an accurate solid model of the work gear blank geometry is built, and the rest
of the parameters are used for the accurate positioning of the tool and the development of the
correct tool path. After the parameters are imported by the user, the model automatically
calculates all necessary values and geometric characteristics, using over 50 equations
included in ISO 235009.

Parameter Symbol Units
Shaft angle b2 °
Number of teeth (pinion, wheel) Z1, 22 -
Wheel face width b2 mm
Outer & mean pitch diameter, wheel de2, dm2 mm
Mean spiral angle Bm2 °
Addendum & dedendum angle, wheel Oa2, B2 °
Table 4.1: Work gear input parameters.

Additional to the tooth geometry, the above input parameters are also used for the specification
of critical kinematic conditions, such as the position of the tool relative to the workpiece etc.
When all necessary geometric parameters are calculated, the blank work gear geometry,
which is essentially represented by a part of a cone (frustum), is modelled. Figure 4.2 shows
the steps followed in this process.
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Figure 4.2:  Modelling the blank work gear 3D-geometry.
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4.1.1.2 Cutting tool geometry

Cutting tool geometry plays a crucial role in spiral bevel gear machining. Even minor changes
in the geometry of the tool, have a dramatic effect on the produced gear geometry. Cutting
blade profile, blades arrangement on the cutter head and cutter head orientation are the three
factors that mostly affect the result of the process. The following paragraphs show the way
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these elements are used as inputs in the simulation process depending on the manufacturing
method.

Cutting Blade Profile

The cutting tool used in the simulation process is also automatically modelled by the software
in two steps. Firstly, the user provides all the necessary parameters so that the profile 2D-
geometry can be calculated according to DIN3972. Figure 4.3 shows the basic profile specified
in DIN3972 as well as the input parameters and equations involved. After the tooth profile is
fully described and modelled, the 3D geometry of the tool which participates in the machining
assembly is modelled for each calculation step as a loft feature. The solid geometry is defined
by the tool profile and the kinematic curve, which is essentially the tool trajectory, and is used
as a drive geometry. Table 4.2 shows all the input geometrical data regarding the cutting blade
and cutter head geometry.
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Figure 4.3:  Cutting blade profile according to DIN3972.
Parameter Symbol Units
Number of blade groups Zo -
Cutter radius reo mm
Normal pressure angle o °
Blade edge radius r1 mm

Table 4.2: Cutting blade and cutter head input parameters.

Cutting blades arrangement

Depending on the machining method employed for manufacturing a spiral bevel gear, the
relative position of the cutting blades changes during machining according to the indexing
method. Figure 4.4 presents the two alternative blade arrangements implemented in the

simulation model in the case of face milling and face hobbing simulation.

Figure 4.4:
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Inner and outer blades arrangement in single and continuous cutting processes.
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In the face milling process, the inner and outer blades are modelled in such a way so that they
form a gear slot, while in face hobbing, the two calculation points coincide and the two cutting
edges cross each other and intersect on the common calculation point. The crossed blade
arrangement combined with the continuous indexing rotation of the work gear place both
blades in the correct positions with respect to the concave and convex tooth flanks. The
intermediate angle between the inside and outside blade defines the tooth thickness which can
be modified with an adjustment of the blades on the cutter head by changing the distance of
the blades from the cutter centre.

4.1.1.3 Cutter head orientation

The geometry of the cutting tool plays an important role in spiral bevel gear machining, but so
does the position of the cutter head relative to the workpiece. According to Stadtfeld [10], there
are several methods for positioning the tool and selecting the appropriate generating plane, all
of which lead to different results in terms of tooth and slot geometry. The orientation of the
cutter and the generating plane is adjusted according to the kinematics of the applied process,
e.g. single or continuous indexing. Depending on these settings, both pinion and ring gears
are produced with different tooth depth and thickness, which ultimately affects the way the two
gears mesh with one another and their ability to transmit motion smoothly. Two of these
methods, Method A and Method F, are embedded in the simulation model.

Method A

As described by Stadtfeld [10], and presented in Figure 4.5, this method is used for the
generation of spiral bevel gears with a uniform tooth depth. The generating plane coincides
with the pitch plane. The cutter is tilted so that the cutter axis is perpendicular to the generating
plane for both pinion and ring gear. The cutter axis for the pinion is the same as the cutter axis
for the ring gear and both of them are parallel to the generating gear axis. The tooth depth
produced with this method is parallel along the face width. This method can be applied in both
single and continuous indexing processes, however, in the case of face milling the selection
of method A for the generation of the gear causes major compatibility issues. It is quite obvious
that the gear produced with method A corresponds to the third gear defined by ISO 23509 in
Figure 2.18.
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Figure 4.5:  Generating Method A. [10]
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The extended epicycloid form of the tooth requires spiral bevel gears manufactured with
continuous indexing to have a parallel tooth depth along the face width in order to achieve
even distribution between the tooth thickness and the space width. The proportional split
between tooth thickness and space width is automatically produced by the process kinematics.
On the other hand, bevel gears produced via face milling processes have circular curved teeth.
As mentioned in 3.2.3, this circular geometry combined with the conical shape of the gears
results in an uneven distribution of the tooth thickness and the space width and also an extreme
tapered tooth along the face width. Due to the constant space width and the extreme taper in
tooth thickness, if both pinion and ring gear are manufactured with this process, they will not
be compatible with one another in a gear pair. To overcome this compatibility issue, the root
can be lifted towards the toe so that the root width remains constant but the space width is
reduced proportionally from heel to toe. This way, the tooth thickness also increases
proportionally from heel to toe and the two meshing gears can fit each other. The tapered tooth
depth can be achieved with the use of a dedendum angle and the corresponding addendum
angle. This configuration can be realized with the non-exact generating Method F. [10]

Method F

One of the methods described by Stadtfeld [10], shown in Figure 4.6, is used when the root
line of the tooth is tilted, thus a tapered tooth depth is produced. The generating gear axes for
both pinion and ring gear are co-linear. The generating plane coincides with the root plane of
the work gear. The cutters for both pinion and ring are tilted at an angle equal to (k1+k2). The
cutter blades follow the root plane of the work gear. Small flank form deviations are produced
as a result of the cutter head tilt. Apparently, the geometry of the gears produced with method
F conforms to the geometry described in the second gear presented in Figure 2.18.
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Figure 4.6: Generating Method F. [10]

4.1.1.4 Machining simulation parameters

Apart from the geometrical input data defining the work gear and cutting tool geometries, there
are a few more process-related parameters which are essential for simulating the process.
These parameters are also provided by the user and include, among others, the type of
machining process, the type of calculation process and also the two parameters which define
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the simulation resolution. Table 4.3 shows all the process-related parameters that must be
provided by the user prior to the simulation process being initiated.

Parameter Value Units
Machining method Face milling / Face hobbing -
Number of stages Single stage finish / Two stage rough & finish -
Calculation method Method 0/ 2 -
Generation method Method A/ F -
Plunge feed rate fp mm/rev
Generation feedrate fg °Irev
Revolution discretisation (0] e
Finishing depth (stock) te mm
Table 4.3: Process-related input data.

4.1.2 Simulation process algorithm

Ithaca BevelSim3D is a simulation algorithm that integrates the two main processes for spiral
bevel gear manufacturing. The model simulates the process kinematics so that the
undeformed chip and tooth flank solid geometries are produced as an output. The simulation
approach allows the investigation of optimal cutting parameters depending on the generated
tooth flank surface as well as the calculation of the cutting forces using the simulated
undeformed chip geometries. Modelling and simulation procedures are implemented in the six
steps listed below.

o Step 1: Calculation / Modelling of blank gear geometry.

. Step 2: Tool profile and cutter head geometry calculation.

° Step 3: Kinematics simulation & tool trajectory generation.

o Step 4: Calculation of the undeformed chip geometry.

o Step 5: Calculation of the pinion and wheel tooth flank geometry.

Step 1. Calculation / Modelling of blank gear geometry

The process begins with the calculation of crucial bevel gear parameters according to ISO
23509:2016 [9] and the automatic modelling of blank gear geometry based on the input data
provided by the user.

Step 2. Tool profile and cutter head geometry calculation

The blade profile geometry is then calculated and modelled according to established
specifications of DIN 3972 [60]. Critical cutter head parameters such as the cutter radius and
the number of blades or blade groups are considered.

Step 3. Kinematics simulation & tool trajectory generation

Then the user selects the desired method to apply, from the available face milling and face
hobbing variants, and whether the work gear will be plunge cut or generated. In addition, the
user specifies the required cutting parameters such as plunge and roll feed rates, finishing
stock allowance, etc. The simulation resolution can also be altered according to the
requirements for accuracy and simulation speed. When all necessary work gear, cutting tool,
and process parameters are set, the simulation algorithm is executed and all the related
motions of the tool, the work gear, and the imaginary generating gear (cradle of the machine)
are automatically performed with the use of geometrical transformations. As mentioned above,
the simulation is run in steps, whose resolution has already been defined by the user.
Machining of one gear slot, can either be completed in one or two stages. In the first case,
which is the single-stage completion, the tool executes two combined motions of plunging and
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generation rolling. In the second case, the two-stage completion, the tool first plunges into the
work gear to a certain depth, without rolling, leaving a predefined amount of stock for the
following finishing operation. Afterwards, the cutter begins the generating roll motion to the
final slot depth until both slot flanks have been generated from heel to toe.
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Figure 4.7:  Calculation of Simulation steps.

Machining simulation steps: Each simulation step corresponds to one plunge or generation
position. Figure 4.7 shows the discretization of simulation in steps and fFigure 4.8 shows the
subdivision of the total generating roll motion into discrete plunge or generation positions.
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Figure 4.8:  Roughing and finishing generation positions.

3D-tool geometry is calculated as a combination of the 2D-profile and the kinematic tool
trajectory which is altered at each step. The produced simulated work gear geometry from the
previous simulation step is used as a blank gear geometry in the following step. Figure 4.9
presents the process of cutting tool generation for every simulation step. The final 3D tool
geometry modelled at each plunge or generation step is basically a solid feature created by
the several tool profiles at every revolving position, therefore it is a combination of the basic
tool profile and the tool trajectory, which is formed by the relative tool rotations and revolutions.
Figure 4.9 shows an example of 3D-cutting tool geometry, as well as the participating revolved
profiles, cutting planes and coordinate systems.

cutting planes and UCSs on \anes

reference the tool trajectory @ 5

profile

reference
profile

zy X
Figure 4.9:  Cutting tool 3D geometry creation. [59]

Step 4 & Step 5. Calculation of the undeformed chip geometry and the tooth flank geometry

In each simulation step, the algorithm creates the machining assembly which consists of the
work gear and tool solid geometries. The machining assembly is created so that the two solid
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geometries of the simulated tooth flank and the 3D undeformed chip, can be calculated through
the Boolean operations of subtraction and intersection respectively. Figure 4.10 presents this
process which is the core of the simulation algorithm.

cutter rotation
S intersection subtraction

@ =3 (D

3D-chip simulated surface

Figure 4.10: Boolean operations in machining simulation. [55, 59]

4.2 Kinematic Analysis

Analysing and simulating process kinematics can prove very challenging when it comes to
spiral bevel gear cutting. The following paragraphs will attempt to provide an analysis of the
process kinematics in a comprehensible and figurative way.

421 Revolving Positions

As described in sections 3.2.2 and 3.3.2, kinematics of face milling and face hobbing processes
is a combination of the rotations of the cutting tool, the work gear and the generating gear
around their axes. The algorithm carries out the kinematic simulation of the processes by
incorporating all the related rotations included in the process kinematics. In order to achieve
this, the algorithm automatically creates multiple User Coordinate Systems that define the
position and orientation of the tool profile in every revolving position. This iterative process
begins with the creation of the first coordinate system, which is used as a reference for all the
succeeding revolving positions. The algorithm then creates the second UCS by rotating the
reference UCS by means of consecutive transformation matrices, each of one representing a
rotation of the tool around its axis or a revolution relative to the work gear or the cradle. This
way, all the rotations implemented by the tool, the work gear and the cradle are transformed
into revolutions of the tool so the correct tool trajectory can be built. Figure 4.11In both face
milling and face hobbing, the tool performs a total of five relative-to-work-gear rotations and
revolutions in each revolving position. These revolutions are performed in a specific order so
that they can mimic the actual machine tool motions in the most accurate possible way. The
five relative revolutions are the following:

° Rotation of the cutter (cutting blade UCS) around its axis.

. Revolution of the cutter (cutting blade UCS) around the cradle’s (generating gear)
axis.

° Revolution of the cutter (cutting blade UCS) around the work gear’s axis.

. Revolution of the cutter axis around the cradle’s axis.

° Revolution of the cutter axis around the work gear axis.

Figure 4.11 shows the successive transformations applied to the coordinate system of the
blade tip to revolve around an axis/vector R other than the X, Y, and Z axes of the global
coordinate system G. In formate face milling, vector R may represent either the cutter’s or the
cradle’s axis while in face hobbing or generating face milling, vector R may also represent the
work gear’s axis. The blade tip coordinate system is revolved around the above-mentioned
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axes, while the cutter’s axis is revolved around the cradle axis. These transformations are
applied for each revolving position included in every generation position.
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Figure 4.11: Cutting tool to work gear relative revolutions. [55]

The results of these motions for both processes are shown in Figure 4.12, where five
intermediate generation positions (g.p.) of the tool are presented relative to the work gear. As
illustrated in the figure, in face milling, the coordinate systems of the revolving positions,
included in each generation position, form an approximate circle. This is the result of the
heavier impact of the cutter’s rotation around its axis on the position of the blade tip compared
to the impact of the generating speed. In face hobbing though, the resulting tool trajectory in
each generation position is more complex, due to the synchronized rotation of the work gear
and the cutter. As it can be observed in the figure, the series of revolving positions is denser
within the tool width calculation area and sparse for the rest of the revolutions in a generation
position. This variation in the density of the revolving positions was included in the calculation
algorithm to improve the resolution of the results without reducing the speed of the simulation.
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Face milling simulation major revolutions

1. Rotation of the cutter around its axis A;— A,
2. Revolution of the cutter around the cradle axis Ao— A;
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1. Rotation of the cutter around its axis A;—= A, !
2. Revolution of the cutter around the cradle axis A;—= A3 z‘r’
3. Revolution of the cutter around the work gear axis A; — A,
4. Revolution of the cutter axis around the cradle Ri—R;

5. Revolution of the cutter axis around the work gear axis R=—= R

Figure 4.12: Face milling and face hobbing UCS revolutions. [55, 59]

4.2.2 Generation Positions

The generating roll motion is simulated as an iterative process which is performed as many
times as necessary so that the tool can generate both convex, root and concave flank surface
geometries. The first position of the tool profile is defined by the reference user coordinate
system. This position initiates the simulation process since it is the 15 revolving position of the
1st generation position. The iterative process of revolving starts at the first revolving position
and terminates at the last revolving position of each generation position. Apart from the first
generation position, which initiates with the reference UCS, all the succeeding generating
iterations (m) begin with a (n) UCS which is created as a result of the revolution of the previous
(n-1) UCS which is the last UCS of the previous generation position (m-1).

Each revolving position is superimposed on the previous one in such a way that a series of
revolving positions results in a completed generation position. The number of revolving
positions included in each generating step results from the revolving discretization selected by
the user. When simulating face milling and face hobbing, each generation position corresponds
to a full rotation of the cutter around its axis and also includes the relative rotation of the cradle
(generating gear) and the work gear around their axes, depending on the generating ratio of
roll and the indexing ratio respectively.
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This 360° rotation of the cutter (master rotation) is translated to a respective rotation of the
work gear (1%t slave rotation) and a respective rotation of the cradle (2" slave rotation), both
calculated according to equations 4.1 to 4.3. Work gear rotation angle 8y, cutter rotation angle
B¢, and cradle rotation angle 84 are combined so that both cutting and generating motions of
the tool and the workpiece can be simulated.

Bc=v° (4.1)
Bw=Ri-6c° (4.2)
eg = Rg " Bw ° (43)

When all angles are calculated, the number of the revolving steps is calculated based on the
revolving resolution. As can be seen in Figure 4.12, the revolving positions are not equally
distributed on the tool trajectory. On the contrary, the series of revolving positions is denser
within the tool width and sparse for the rest of the revolution in a generation position. This
difference in the revolving precision within a step is also controlled by the user in such a way
that the precision in the area of interest remains high while at the same time, the simulation
time does not increase dramatically. In case that the simulated process is a non-generating
process, the same principles apply to describe a plunge position, excluding the generating
revolution from the five relative revolutions presented in section 4.2 and Figure 4.12. In order
to fully describe the process kinematics, it is necessary to include as many generation positions
as possible, so that the tool accurately forms the whole gear slot surface topography. Similar
to the revolving positions, the number of generation positions is calculated by the total
generating angle (Bg) and the generation resolution factor (pg). Figure 4.13 and Figure 4.14
show the generating motion of the inner and outer blades of the cutter in a face milling
simulation. The rotational motion of the cutter is implemented from toe to heel as described
above. The generating roll motion between the work gear and the cutter is implemented
starting from the tip of the tooth on the outside diameter of the gear (heel), passing through the
root area at the middle of the tooth and gradually moving towards the inside diameter (toe),
exiting the work gear from the tip of the toe.

cutting direction
. g.p.0

g.p. 10
tool
entrance
g.p. 20
generation
trajectory direction
g.p. 30
g.p. 40
g.p- 50

Figure 4.13: Generation trajectory — Inner blade. [59]
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Therefore, the generation develops exactly as expected from the tip of the tooth to the root
area and to the opposite flank tip, but also from heel to toe. Six characteristic intermediate
generation positions, extracted from the simulation results, are shown for both blades, allowing
a rough visual evaluation of the resulting motion which reveals that the simulated face milling
kinematics agree with literature data. The abbreviation g.p. refers to a specific generation
position. It must be mentioned that during a face milling process each blade, for example the
inner, is positioned very close to the opposite tooth flank, which is machined by the outer blade.
Therefore, any inaccuracy in the tool trajectory would result in the wrong positioning of the two
blades with respect to each other and would consequently cause undesired collisions of each
blade with the opposite tooth flank.

cutting direction
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Figure 4.14: Generation trajectory — Outer blade. [59]

4.3 Simulation Results: Simulated work gear geometry and simulated
undeformed chip geometry

Once the machining assembly is created, the simulated gear geometry and surface topography
as well as the undeformed chips are calculated for each plunge and generation position. Both
geometries are produced by simple Boolean operations performed between the two solid
geometries of the work gear and the cutting tool. The simulated gear geometry is the result of
a Boolean subtraction of the cutting tool from the work gear, while the undeformed chip
geometry is generated as the intersection of the tool with the work gear. Each simulated work
gear and chip solid is a unique solid geometry, stored in a separate solid file. The chip solids
are then used to calculate the cutting forces through an analysis of the chip geometry. It should
be noted that the inner and outer blades create different chip and work gear geometries
considering that the inner blade interacts with the convex tooth flank while the outer blade
interacts with the concave tooth flank.

4.3.1 Simulated work gear geometry

4.3.1.1 Face milling results

First, the resulting pinion and ring gear geometries from a face milling simulation will be
presented. A case study, in which a spiral bevel gear pair is machined with a two-stage
roughing by plunging and finishing by generating operation, was selected for presentation.
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Figure 4.15 and Figure 4.16 show a simulated gear slot including the convex, the concave
flank and also the root area from a pinion and a ring gear face milling simulation respectively.

blank work-gear intermediate plunging final plunging generating position:10

generating position:24 generating position:38 generating position:45

final g.p. - TOE final g.p. - HEEL

Gear geometry input data:
gear type: pinion, z;=18, spiral direction: left, §,,=35°, b=25.4mm, d,,=176.893mm, 8,_,=2.6186°, 8;,=2.6186°

Process input data:
manufacturing: face milling, profile: DIN 3972 Profile II, a,=20°, r,=82mm, t=0.4mm, f,=0.5mm/rev, f;=0.58/rev

Figure 4.15: Simulated tooth flank surfaces of a face-milled pinion gear. [59]

The subtraction of the two opposite chip geometries from the previously produced work gear
geometry in every simulation step results in the plunge cut or generated gear slot consisting
of a convex and a concave tooth flank. Both figures 4.15 and 4.16 show some examples of
tooth flank geometries produced in various plunge-cut and generation steps. For brevity
purposes, a limited set of representative intermediate plunge and generation positions is
included in the figures in order to show the development of the process. More specifically, the
plunging stage is presented with one intermediate and the final plunge position in which the
depth of the slot equals the final slot depth of the gear minus the finishing stock allowance for
the generating stage of the process. The number of the simulated roughing geometries results
from the final slot depth, the depth of cut of every plunging pass (plunge feedrate) and the
finishing stock allowance. The final geometry of this stage (final plunging) is the output of the
roughing-plunging stage and the input for the following generating process. As it can be
observed even in these first roughing steps, the tooth depth is tapered as a result of the root
line tilting so that a proportional split of tooth thickness and space width can be achieved as
described in previous sections. The generation of the tooth flanks and finishing of the root area
can be realized in one or more finishing stages. In this example, the final finishing stage is
presented for both pinion and ring gear. The slot geometry in both gears is built from heel to
toe. All simulated geometries are extracted and stored for each simulation step so that the
changes in the tooth flank topography, caused by the consecutive cutting tool traces as the
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process progresses, can be revealed. Each discrete chip is also stored as a solid geometry so
it can be subsequently used for the calculation of the cutting forces. [59]

blank work-gear intermediate plunging final plunging generating position:10

generating position:15 generating position:35

Gear geometry data:

gear type: gear, z,=41, spiral direction: right, B,=35 °, b=25.4 mm, d.,=176.893 mm, 6,,=2.6186 °, 6;,=2.6186 °
m,,,=3.0695 mm

Process data:

manuffring: face milling, profile: DIN 3972 Profile Il, a,=20 °, r,=82 mm, t,=0.4 mm, f;=0.5 mm/rev, f,=1.26 °/rev

Figure 4.16: Simulated tooth flank surfaces of a face-milled ring gear. [59]

As described in a previous section, face-milled tooth geometry is characterized by an arc-
shaped lengthwise curve, a tapered tooth depth, and a tapered tooth thickness along the width
of the tooth. Both flanks of the gear slot, convex and concave, are cut at each simulation step
by the inner and outer cutting blade respectively. The outside blade proceeds and the inside
blade follows. The machining action is initiated at the toe and is directed towards the heel for
better burr formation on the outside diameter of the gear and the direction of cutting forces
towards the fixture. The tooth cutting traces are almost parallel to the contact lines which is a
typical characteristic of the face milling method. A total of five intermediate generation positions
are presented in both Figure 4.15 and Figure 4.16 in the top view, while the final finished
geometries are demonstrated from toe and heel sides. Finally, the full gear geometry is
presented at the right bottom part of the figures showing all finished slots. The gear pair
selected for the presentation of simulation results consists of a generated pinion and generated
wheel. The calculation algorithm is also capable of producing non-generated ring gears in case
this option is selected by the user. The pair has a shaft angle of =90 ° and consists of a pinion
with z1=18 teeth, left spiral and a ring gear (wheel) with z2=41 teeth and a right spiral. The
outside diameter of the wheel is de2=176.893 mm with @ mmn=3.0695 mm mean normal
module. The face width of the tooth for both members of the pair equals b=25.4 mm with a
an=20 ° normal pressure angle. The addendum and dedendum angles are equal and set to
Ba2= 0r2=2.6186 °. The radius of the cutter rco=82 mm is selected to be slightly smaller than
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the mean cone distance Rm which is a good choice for these processes, according to Stadtfeld
[10]. The profile of the cutter blades, hence the reference geometry of the gears, is designed
according to DIN 3972 Profile Il specification. All cutting parameters such as the plunge feed
per cutter revolution fp (mm/rev), the finishing stock allowance tr (mm), as well as the feedrate
of the generating stage fg (°/rev) are provided at the bottom part of the figures. [59]

Figure 4.17 presents the assembled gear pair after the completion of the manufacturing
simulation, where the produced surface topography in both members can be seen. A cross-
section of the gear pair close to the meshing position is also shown in the figure. Magnified
views of the pinion and ring gear produced topographies are also presented in Figure 4.17,
allowing a visual examination of the simulated cutting lines which appear to be perfectly
symmetrical, uniformly distributed along the tooth profile and parallel with respect to the contact
lines, exactly as expected.

Figure 4.17: Assembly of a simulated face-milled gear pair. [59]

4.3.1.2 Face hobbing results

The simulated face-hobbed pinion and ring gear geometries are presented in this section with
the use of actual solid geometries, produced in a sample simulation case study. The face-
hobbed gear geometry is characterized by an extended epicycloid lengthwise tooth curve, a
constant tooth depth, and a uniformly distributed tapered tooth thickness along the face width
of the tooth. The outer and inner blades of the cutter, machine the concave and the convex
flanks of the tooth respectively, with the outer blade preceding, followed by the inner blade.
[55] Figure 4.18 and Figure 4.19 present two sample simulated gear slots from a face-hobbed
pinion and a ring gear respectively. The slots consist of the convex and concave flanks of two
consecutive teeth and also the slot root area. The two gears are part of the same pair and are
both machined with a two-stage roughing by plunging (forming) followed by a generating
finishing operation. Two intermediate plunge and generation positions are shown in the figures
for both gears, and the final geometries are also presented. All geometrical and process-
related data are provided in the bottom part of the figures. In both figures, the uniform slot
depth and the tapered slot width can be observed in all simulation stages. The cutting action
is taking place from toe to heel while the slot geometry is built from heel to toe as a result of
the down milling strategy selection for the finishing generation stage.
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blank work-gear intermediate plunging final plunging generating position:10

generating position:17

final g.p. - TOE final g.p. - HEEL

Gear geometry input data:

gear type: pinion, z,=15, spiral direction: right, B_,=21°, b=26 mm, d,=146.7 mm, 6,,=0 °, 6;,=0 °

Process input data:

manufacturing: face hobbing, profile: DIN 3972 Profile Il, a,=20 °, r ;=75 mm, z,=15, {=0.5 mm, fp=0.5 mm/rev,
f4=0.022 °/rev

Figure 4.18: Simulated tooth flank surfaces of a face-hobbed pinion gear. [55]

As it can be seen in both figures the tool cutting traces are inclined relative to the contact lines
which is typical for the face hobbing method. The depth of the tooth in both cases remains
constant along the face width, while the kinematics of face hobbing form an extended epicyclic
flank line which produces a balanced taper between the gear tooth and the gear slot. Both
tooth thickness and space width decrease from heel to toe. As both members of a gear pair
are machined in the same way, the tapered teeth of the pinion fit in the tapered slots of the
ring gear and vice versa. At the bottom of the figure, two views of the finished gear slot captured
from toe and heel positions are presented, where the variance in the width of the slot is
obvious. The simulated pair has a shaft angle of £=90 ° and consists of a pinion with z1=15
teeth, a right spiral and a ring gear (wheel) with zo=34 teeth and a left spiral. The mean pitch
diameter of the wheel is dm2=146.7 mm with a mmn=4.0281 mm mean normal module. The
face width of the tooth for both members of the pair equals b=26 mm with an an=20 ° normal
pressure angle and a fm=21 ° helix angle. The addendum and dedendum angles are equal
and set to 8a2= B12=0 °. The radius of the cutter rco=78 mm is selected to be close to the mean
cone distance Rm. Figure 4.19 shows the simulated ring gear geometry with the respective
intermediate plunge and generation positions. [55]
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blank work-gear intermediate plunging final plunging generating position:05

generating position:15 generating position:25

final g.p. - TOE final g.p. - HEEL

Gear geometry input data:

gear type: ring, z,=34, spiral direction: left, B,=21°, b=26 mm, d,,=146.7 mm, 6,,=0 °, 8;,=0 °, m,,=4.0281 mm
Process input data:

manufacturing: face hobbing, profile: DIN 3972 Prdfile Il, a,=20 °, r,=78 mm, z,=16, fg=0.044 °/rev, t=0.5 mm,
fo=1 mm/rev

Figure 4.19: Simulated tooth flank surfaces of a face-hobbed ring gear. [55]

The cutting blade profiles are designed according to DIN 3972 Profile Il specification [60], so
the reference geometry of the gears corresponds to this specification. The rest of the cutting
parameters such as the number of blade groups, the finishing stock allowance as well as the
plunge and generation feedrates are shown in the bottom part of both figures. The generation
feedrate is chosen for both gears so that an acceptable topography can be produced with
multiple cutting lines formed at each tooth flank. In the case of the face-hobbed pinion, the
distance between the consecutive cutting lines ranges from 0.4 mm to 0.8 mm, while for the
face hobbed ring gear the cutting lines are at about 0.7 mm up to 1.2 mm distance from each
other. The simulation algorithm can produce a full gear pair as the one presented in Figure
4.18 and Figure 4.19. Figure 4.20 shows the two members of the gear pair as they would be
assembled in a gearbox. The cut lines are visible for both gears and a magnified view close to
the meshing position is also presented in the figure. [55, 60]
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detail B

Figure 4.20: Assembly of a simulated face-hobbed gear pair. [55]

4.3.2 Simulated undeformed chip geometry

Apart from the solid tooth flank geometry, the undeformed chip 3D geometry is also
automatically calculated in each simulation step. Each plunge or generationposition includes
two individual solid chip geometries resulting from the interaction of the inner and outer blades
with the gear slot surfaces. All chip geometries are stored so they can be used for the
calculation of cutting forces. A first insight into the chip formation process can be obtained by
a geometric analysis of the produced chips, prior to the cutting forces calculation.

4.3.2.1 Face milling results

The following figures show some samples of undeformed chip geometries produced for a
specific gear slot by the outer and inner blades of the cutter in face milling simulation. For the
sake of concision and clarity, not all intermediate generation positions are included in the
figures. Figure 4.21 and Figure 4.22 show the chip geometries produced in face milling of a
pinion gear and a ring gear respectively. The chips produced in certain positions during plunge
cutting and generating roll are indicated in all figures by the abbreviations p.p. for plunge
position and g.p. for generation position. On the left part of the figures, some intermediate chips
produced during the plunging stage are shown. While performing the plunging, the cutter is fed
towards the final slot depth leaving a finishing stock allowance for the following generating
stage. The two motions that take place during this stage are the rotation of the cutter, which
provides the cutting motion, and the feed of the cutter in the work gear. The two blades cut
with both cutting edges (flank and tip) and the edge radius, therefore the chips include both
parts of the roughed flank and root area. On the right side of the figures, the chips produced in
the generation stage are shown. As can be easily observed, there are certain stages in the
generation process in which the blades cut only parts of the flank and others in which part of
the root area is also machined. It should be noted that the outer and inner blade chips,
illustrated in pairs in the figure, represent certain instances in the process. [55, 59]

As described above, when using a face milling cutter, the outer blade precedes and the inner
blade follows. Depending on the number of cutting blades the distance from the outer to the
inner blade produces a phase difference in the generating process between the two blades.
This phase difference is taken into account in the algorithm, thus the chips produced by the
outer blade at a certain point in the process are more advanced in terms of generation than
the respective chips of the inner blade.
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Undeformed solid chip geometries of a pinion gear for various simulation steps

Regarding the chip thickness values for the pinion as the process progresses, the maximum
chip thickness during plunge cutting is 500 um at the root area for both inner and outer blades,
a value that is provided as an input for the process, indicated as the plunge feed rate fp and
set by the user, while the maximum thickness on the flank is 250 um and 200 pm for the outer
and inner blade respectively. In the finishing generation stage, the chips produced by the outer
and inner blades presented in Figure 4.21 have maximum thickness values shown in Table

4.4
PINION Chip thickness (um)
Outer blade g.p- 10 g.p- 17 g.p- 24 g.p-31 g.p.38 g.p.45
Flank 75 60 80 105 85 50
Root 186 151 200 98 12 -
Inner blade g.p- 10 g.p- 17 g.p- 24 g.p-31 g.p.38 g.p-45
Flank 147 102 88 50 40 17
Root 73 22 189 89 20 -
Table 4.4: Maximum chip thickness values in the finishing generation stage of the face-

milled pinion gear.
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Figure 4.22: Undeformed solid chip geometries of a ring gear for various simulation steps of
face milling method. [59]

Concerning the ring gear chip thickness values, the maximum chip thickness on the root area
during plunge cutting is 500 um, as defined by the user and 230 um on the flank for both inner
and outer blades. In the finishing generation stage, the chips produced by both blades,
presented from top to bottom in Figure 4.22, have maximum thickness values shown in Table
4.5 below.

RING GEAR Chip thickness (um)

Outer blade g.p. 10 g.p. 15 d.p- 20 g.p.25 g.p.30 g.p.35
Flank 40 40 20 50 37 25
Root 90 60 70 50 30 -

Inner blade g.p. 10 g.p.- 15 d.p- 20 g.p.25 g.p.30 g.p.35
Flank 50 40 35 40 25 12
Root 90 40 31 60 30 -

Table 4.5: Maximum chip thickness values in the finishing generation stage of the face-

milled ring gear.

4.3.2.2 Face hobbing results

Figure 4.23 and Figure 4.24 show the undeformed chip geometries produced in a two-stage
face hobbing process of a pinion and a ring gear respectively. On the left part of Figure 4.23
and Figure 4.24, a series of intermediate chip geometries produced in the roughing plunge cut
(forming) are presented. At this stage, the cutter head is fed to the final slot depth leaving the
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desired stock allowance for the finishing generating phase. The motions that take place in the
plunging phase are the feed of the cutter in the work gear as well as the timed rotation of the
cutter head and the workpiece which provides both the cutting action and the engagement of
the cutter with the work gear, so all slots can be machined at once. The solid chip geometries
result from the interaction of both cutting edges of each blade with the respective flank and
root area of the slot. The chips produced during the generation stage of the process consist of
either both flank and root area chip portions or only flank area portions, depending on the
relative position of the tool and work gear at each generating step. When machining with a
face hobbing process, the outside blade of each blade group precedes, followed by the inside
blade. The angular distance between the two blades introduces a phase difference in the
convex and concave flank generation process. This phase difference is considered in the
algorithm, therefore the cutting chips produced by the outer blade are more advanced than the
ones produced by the inner blade. [55, 59]

outer blade outer blade
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¥ / g.p.5
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p.p p / -
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Input Data: = > 7
gear type: pinion 20 ) y 2
manufacturing method: face hobbing 9-p- <Y y /
blade profile: DIN 3972 Profile I vy /
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plunging feed rate: fp=0.5 mm/rev
generation feed rate: fg=0.022 °lrev

= generating stage

Figure 4.23: Undeformed chip geometries of a pinion gear for various simulation steps in
face hobbing method. [55]

The ring gear of the pair was roughed with the cutting depth set to 1mm/rev. As a result, the
roughing chips presented in Figure 4.24 are much thicker in this case. As can be seen in the
right part of the figure, the generating chips are narrower than those produced in the pinion
generation and this is due to the “lighter” conical shape of the wheel. Table 4.6 provides the
maximum chip thickness values for both inner and outer blades in roughing and finishing of
the pinion and ring gear. Regarding the maximum chip thickness values of the pinion and the
evolution of the chip thickness as the process progresses, the maximum chip thickness during
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plunge cutting is 500 um on the root area for both inner and outer blades, which corresponds
to the desired plunge feedrate fp provided as an input to the model.

outer blade outer blade

p.p. 2 : \\» .
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Input Data:
gear type: ring gear
manufacturing method: face hobbing
blade profile: DIN 3972 Profile Ii 8.p.20 \\
cutter radius: r,;=75 mm 18
normal pressure angle: a,=20 °
gear teeth: z,=15, spiral direction: right
mean spiral angle: B,=21 °
ring outside diameter: d,,=146.7 mm
face width: b=26 mm
mean normal module m, =4.0281 mm
addendum angle: 6,,=0°
dedendum angle: 8;,=0 °
finishing stock allowance: t=0.5 mm g.p. 30 1
plunging feed rate: fp=0.5 mm/rev \
generation feed rate: f;=0.044 ®/rev

g.p. 25

generating stage

Figure 4.24: Undeformed solid chip geometries of a ring gear for various simulation steps of
face hobbing method.

The maximum chip thickness on the flank is 260 um and 360 um for the outer and inner blades
respectively. Although the chip thickness remains almost constant during the roughing stage,
the shape and thickness of the chips show great variability during the generating process. For
the outer blade, the maximum chip thickness is located at the root area in the first finishing
positions, while the chip becomes gradually thicker at the flank area as the finishing process
progresses. This indicates that the cutting action for the outer blade begins at the root of the
slot and ends at the tip of the tooth. Another point worth mentioning is that all the chips are
thicker closer to the toe of the gear and become thinner towards the heel. Given that the cutter
rotates from toe to heel and the generation is performed heel to toe, this variation in tooth
thickness is explained by the climb cutting strategy of the outer blade. Contrary to the outer
blade, the generating action of the inner blade begins at the convex tooth flank and gradually
moves towards the slot root area, so maximum chip thickness is measured at the flank area in
the first finishing positions and in the root area at the end of the process. Opposite to the outer
blade, the convex chips produced by the inner blade are thinner at the toe area of the gear
and become gradually thicker towards the heel. This is because the inner blade performs a
conventional cutting process. As to the plunge cut of the ring gear, the maximum thickness of
the chip on the root area is 1000 um for both inner and outer blades, which is a value set by
the user. The maximum value of chip thickness on the flank is 350 um for the outer and 370
um for the inner blade. In the finishing generation stage of the ring gear, the maximum chip
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thickness at the root area is 190 ym and 120 ym for the outer and inner blades respectively,
while the respective values on the flank are 75 um and 88 um. Similar to the pinion generation,
the cutting action of the outer blade begins in the root area of the slot and progresses towards
the concave flank, while the inner blade starts cutting on the convex flank and moves towards
the root area. The same variation in the thickness of the chip from toe to heel observed on the
pinion, applies to the ring gear as well, since the outer blade follows a climb cut strategy and
the inner blade performs a conventional cut. [55]

PINION Outer blade Inner blade
Root area Flank area Root area Flank area
Roughing (um) 500 260 500 360
Finishing (um) 330 140 190 120
Outer blade Inner blade
RING GEAR Root area Flank area Root area Flank area
Roughing (pm) 1000 350 1000 370
Finishing (um) 190 75 120 88
Table 4.6: Maximum chip thickness values in the finishing generation stage of the face-

hobbed pinion and ring gears.

4.4 Ithaca Bevel Gear Suite - Graphical User Interface
The Ithaca Bevel Gear Suite is a novel platform developed as part of the current research,
dedicated to the integrated study of spiral bevel gear cutting.

Copyright © 2022 C. Efstathiou

BevelSim3D

BevelForcedD

BevelCurve3D

User Manual
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Figure 4.25: Ithaca Bevel Gear Suite GUI.

The platform allows the kinematic simulation of the process via the BevelSim3D algorithm, the
calculation of the cutting forces generated during the process via the BevelForce3D algorithm
and also the validation of the simulation results via the BevelCurve3D application. The Bevel
Gear Suite platform is developed in Visual Studio. Figure 4.25 shows the graphical user
interface that provides access to all the aforementioned applications.
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4.41 Ithaca BevelSim3D — Graphical User Interface

BevelSim3D is a novel application for the kinematic simulation of spiral bevel gear cutting
developed using the API of a leading CAD system. The following paragraphs present the
graphical user interface of the software as it appears on the screen when the user sets and
executes a simulation case. The simulation model was developed within the Application
Programming Interface of Autodesk Inventor using VBA. Autodesk Inventor’s APl enables the
creation of custom applications which automate the design process and provide control on the
design parameters. The application exploits the benefits of object-oriented programming in
combination with the extended parametric design capabilities of Autodesk Inventor. In order to
start a new simulation project, the user provides the algorithm with the input parameters values
in the form of a text file. The input data file contains a total of 28 parameter values that are
being used throughout the simulation. The user might also interactively alter these parametric
values directly on the program form after loading them from the input file and may also save
them to a new or existing data file inside the project folder. Figure 4.26 shows the Configuration
tab of the program.
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Figure 4.26: Configuration tab.

When all necessary data have been imported to the calculation algorithm, the set-up process
continues with the creation of the 3D model of the work gear. Figure 4.27 shows the workpiece
setup tab (Geometry) of the software. Some of the most significant geometric parameters of
the tooth geometry are listed on the tab so that the user can revise and alter them, if necessary,
before modelling the 3D geometry.
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Back Cone Angle o = n
Hypoid Offset a 0 ]
Profile Shift Xhmn 0 il
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Figure 4.27: Geometry setup tab.



Spiral bevel gear cutting simulation model 79

The tab also shows the basic bevel gear geometry as specified in ISO 23509:2016. Following
the 3D work gear generation, the user clicks on the Cutting Tool tab that contains all the basic
tool-related features which are also filled automatically during the data input process. The user
fills in a series of values that are missing and can also modify all the values before running the
simulation. On the right part of the tab, there are some informative figures about the cutting
tool and blade geometry. After all the values are filled, the user activates the “set tool
parameters” command so that the values can be stored and used by the algorithm during the
simulation. Figure 4.28 shows the Cutting Tool setup tab.
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Figure 4.28: Cutting tool setup tab.

The final tab before the beginning of the simulation is the Manufacturing tab which is used for
the configuration of all process—related parameters such as the accuracy of the simulation, the
depths of cuts, the indexing and generating ratios etc. These parameters are automatically
populated during the data import process, but the user may alter them as per the requirements
of the manufacturing process. Figure 4.29 shows the manufacturing setup tab.
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Figure 4.29: Manufacturing setup tab.
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5. VALIDATION OF THE SIMULATION MODEL

The simulated tooth flank geometry is a result of the process kinematics that define the motion
of the cutter and the workpiece. Therefore, the simulated tooth surface has an octoid form, like
the surfaces produced by most face milling and face hobbing processes. However, the exact
theoretical spiral bevel gear geometry is based on the spherical involute function. Due to the
fact that the solid flank geometry is not determined by the theoretic definition of bevel gear
geometry, it is not governed by the mathematical expression of the spherical involute curve.
The octoid form resembles the spherical involute form but also deviates from the accurate
spherical involute in the range of tolerance for common spiral bevel gear applications [61].
While this simulation model attempts to reproduce the kinematics of the machine, it is still
necessary to compare the simulated geometry with the theoretical one to validate the model.
[55, 59]

A validation application named Hermes BevelCurve3D was developed in order to validate the
simulation results and specifically the 3D tooth flank geometry. Similar to the two previously
discussed applications, BevelCurve3D can be launched via the Bevel Gear Suite platform. A
key objective of this application is to enable quick and easy validation of the simulation results
against the theoretical solid geometry. Hermes BevelCurve3D application is introduced in the
following sections and the validation procedure along with some validation results are
presented and thoroughly discussed.

5.1 Hermes BevelCurve3D validation software

5.1.1  Application GUI

BevelCurve3D is an application developed for the validation of BevelSim3D simulation results
and can be accessed via the Bevel Gear Suite platform. Figure 5.1 shows the main window of
the application GUI. The user has the following options: 1. Run a new validation case, 2. Import
the current or previous validation results into the form and 3. Show the results in the form of
3D-graphs. In case the user chooses to run a new validation example, the program
automatically opens the validation form, shown on the right part of Figure 5.1, where all input
data referring to the specific simulation case must be entered. Instead of manually entering the
necessary data, the user can import the data from the input text file produced when the
simulation is executed. Additionally, before running the validation the user must make sure that
the theoretic solid geometry file is named properly and placed in the correct validation results
folder. Upon completion of the validation, the user can import the results into the BevelCurve3D
form and view them in three graphs.
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Figure 5.1:  BevelCurve3D graphical user interface.
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5.1.2 Validation procedure

The final tooth flank geometry produced by the simulation algorithm is a result of the interaction
between the tool and the work gear based on the process kinematics. Since the simulated
flank profile is not modelled analytically according to the spherical involute function, the results
must be compared to the theoretical geometry and validated. Hermes BevelCurve3D is a novel
algorithm for the validation of the simulation results and specifically the convex and concave
tooth flank surfaces as well as the root area surface. The inputs provided automatically to the
validation algorithm, when a certain simulation case is selected for validation, are the simulated
and the theoretical gear flank geometry, the last is derived by Kisssoft, a commercial and well-
established gear design and calculation software. In this regard, it is important to clarify that
BevelCurve3D does not produce or calculate the theoretical (target) gear geometry, but rather
receives this geometry as input from Kisssoft as a solid model. After the theoretical model is
extracted from the software, no modifications or alterations are applied to the geometry that is
directly used to validate the simulated gear geometry. [55, 59]

The validation algorithm is executed in three stages. First, the user selects the specific
simulation case to be validated and all necessary simulation data are loaded into the program.
At this point, the user can alter the validation resolution and run the validation. The second
stage involves the execution of the validation procedure by comparing the two geometries -
theoretical and simulated - as to the form of the flank surfaces along the tooth width. For this
reason, the algorithm automatically creates a series of concentric spheres, the centre of which
lies on the apex of the pitch cone of the gear. Depending on the validation resolution, the
algorithm creates the necessary number of intersection spheres to cover the entire facewidth
of the tooth. When a sphere is created, the algorithm draws the intersection curve between the
sphere and the gear geometry. Finally, all simulated curves are automatically discretized in
points, the coordinates of which are exported as output from the program. This procedure is
followed for both the simulated and the theoretical tooth flank geometry, except for the 3D point
discretization which is applied only for the simulated geometry. Figure 5.2 presents the
validation process with the creation of the spherical intersection surfaces, the flank profile
curves and finally, the 3D profile points for a simulated pinion. Figure 5.3 shows the respective
procedure followed for the theoretical geometry. Apart from the profile point coordinates, the
deviation between the simulated and theoretical profile geometry is also calculated as the
minimum distance of each simulated profile point from the theoretical profile curve. All the
above-mentioned validation output data, that is the simulated and theoretical profile point
coordinates and also the deviation values, are stored in separate text files in every validation
step. The third and final stage of the validation procedure involves the presentation of all the
results indicated above in useful graphs that allow the user to evaluate the results and examine
whether the deviation between the theoretical and the simulated geometry is acceptable or
not. The three figures shown automatically on the program form are the flank/root area curves
of the simulated and theoretical curves, the simulated and theoretical surfaces and also the
deviation on the surface along the face width. [55, 59]

Section 5.1.1 provided a brief introduction to the validation software interface. The following
paragraphs present the validation procedure which results in the validation figures. The
validation procedure is implemented in three steps which are executed automatically after the
user starts running a specific validation case:

1. Firstly, the simulated solid geometry of the produced gear slot is discretized along the
face width of the tooth but also along the profile of the tooth flanks. The discretization
along the face width of the tooth is controlled by the user and can be altered in the
main form of the program, presented in Figure 5.1. The discretization of the profile
curve is predefined in the algorithm. Figure 5.2 shows an example of this geometric
discretization. The top left part of the figure shows the complete solid geometry as it
is extracted from the simulation algorithm BevelSim3D.
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Simulated geometry Spherical intersection surfaces

N 4

> discretization of
intersection curves

Figure 5.2:  Calculation of the simulated flank profile curves and extraction of points in
BevelCurve3D. [59]

The upper right part of the figure shows the multiple spheres used to create the profile
curves. All intersection spheres are concentric, and their centre is located at the apex
of the gear. The radius of the spheres depends on the mean cone distance Rm, the
tooth width b and each sphere are smaller than the next one by an offset value which
is implicitly defined by the user with the validation resolution. The bottom part shows
the validation profile curves. After the profile curves are drawn, they are discretized
into 3D points, whose XYZ coordinates are then exported to text files as output of the
validation process.

2. The second step of the validation process deals with the discretization of the
theoretical gear geometry and follows the same pattern described in the previous
step. The slot geometry is discretized along the face width and validation profile
curves are created at the same distance from the gear apex as the simulated ones so
that the respective curves of the theoretical and the simulated geometry are
comparable with each other. Figure 5.3 shows an example of this process where the
simulated geometry corresponds to the theoretical presented in Figure 5.2.

3. In the final step of the validation process, the calculation of the theoretical and
simulated geometries deviation is carried out. The deviation is calculated as the
distance of each simulated profile curve point from the theoretical profile curve. These
values are then exported to text files and plotted in deviation figures so they can be
evaluated by the user.
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Figure 5.3:  Calculation of the theoretical flank profile curves in BevelCurve3D.

Figure 5.4 shows an example of the validation graphs as they are presented for each validation
case. The first figure on the top left of the form shows the consecutive profile curves for both
simulated and theoretical geometries. The graph on the bottom left part of the form illustrates
the simulated and theoretical tooth flanks. The top right figure shows the deviation of the
simulated flank with respect to the theoretical one. The figure also includes a colour scale
which relates the several colours on the flank with specific deviation values. Important process
and geometric parameters of each validation case are also included in the form.
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Figure 5.4:  Validation graphs in BevelCurve3D interface.



Validation of the simulation model 85

5.2 Simulation Model Validation

The exact theoretical bevel gear profile geometry is based on the spherical involute function
which is the equivalent of the involute function in cylindrical gears. Ithaca BevelSim3D
algorithm simulates the kinematics of the actual gear machining process, therefore the
resulting 3D geometry is expected to approximate the form of the octoid curve. Solid bevel
gears modelled via a commercial gear calculation and design software were used as a medium
for the validation. Following, two validation case studies for face milling and face hobbing are
presented.

5.21 Face milling validation case study

Figure 5.5 presents the graphs of flank and root area curves of a face-milled pinion and ring
gear. As can be seen, the simulated curves in red show very good agreement with the
theoretical ones in blue. The deviation between the flanks, which will be analysed further in the
following paragraph, is low and the two curves look almost identical. However, the validation
algorithm not only exports an image of these graphs, but the source figure file, allowing the
user to zoom in/out and rotate the graph to identify any areas of specific interest, for instance,
the areas where the deviation is maximized. Another clarification concerning the curve figures
is that the profile curves only appear in one of the two colours in certain areas, and this is
because the two curves are very close to each other and hide one behind the other depending
on the view angle selected for presentation. Some examples of deviation values are also
indicated below the two figures and correspond to six characteristic positions in the two gear
slots. [59]

theoretical & simulated
flank curves

gear type: pinion-ring, blade profile: DIN 3972 I, face milling, r,q=82 mm, z,=18, z,=41, d ,=176.893mm,
Br=35 °, b=25.4 mm, a,=20 °, 6,,=2.6186 °, 8;,=2.6186 °, t;=0.4 mm, f,=0.5 mm/rev, f;4,=0.58 °/rev, f;,=1.26 °/rev

Figure 5.5:  Simulated and theoretical profile curves for pinion (left) and ring gear (right). [59]

As indicated in the six circles, deviation at p1 position which is located at the toe area of the
convex flank of the pinion has a minimum value of 20 ym and a maximum of 36 ym. Deviation
decreases to minimum values near the middle of the convex flank, where it varies from 0.2 pm
up to 2 um, to increase again at p3 towards the heel of the tooth, where the values vary
between 1 um to 9 um. Regarding the respective values on the ring gear, deviation on p4
position ranges between 0.09 ym and 36 pm, it then decreases dramatically near the middle
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of the tooth to 0.2 ym — 7 ym and finally increases to reach higher values of 2.8 ym — 22 ym
on p6, close to the heel of the tooth. It must be clarified that deviation curves on p1, p2,..., p6
are only used for illustration/visualization purposes of the above-mentioned deviation values
and do not represent the actual form and tilt of the flank curves. Simply put, deviation and tilt
between the theoretical and simulated flank curves are magnified in p1,p2,...,p6 so that all
deviation values can be clearly visualized in the same figure. The actual deviation of the
surfaces and the tilt of the profile curves is as shown in the two slot figures at the top of Figure
5.5. [59]

One of the most important outputs from the validation process is presented in Figure 5.6. Upon
completion of the validation process, the user has access to these surface deviation source
figures from which crucial conclusions about the process can be drawn. Since all deviation
values are stored in text files, they can be used for further, more analytical investigation. The
results shown as an example for the presentation of the validation algorithm, correspond to the
same face milled pinion and ring gear geometries presented throughout the paper. Regarding
the actual numerical deviation figures, the main values and observations are outlined below.
Table 5.1 provides some characteristic surface deviation values measured in three key areas
for both pinion and ring gear. These areas are 1. the heel, close to the outside diameter of the
gear, 2. the toe, close to the inside diameter of the gear and 3. the area at the middle of the
face-width of the tooth. Each of these areas is subdivided into three zones along the flank of
the tooth: a. The concave side of the tooth, b. the root area of the gear slot and c. the convex
side of the tooth. In reference to both pinion and ring gear geometries, it can be deduced that
the deviation remains low on the concave and convex flanks of the tooth, while it rises in the
area closer to the root. This difference in the deviation between the two flanks and the root
area can be explained by the fact that the cutting action close to the root area is unstable
because it is the cutting blade tip rather than the side cutting edge that mostly participates in
the cutting action. [59]

SURFACE DEVIATION (um)

Pinion Gear Convex Flank Root Area Concave Flank
Heel 1-9 30-55 2-25
Middle of face- 0.02-2 15-28 3-7
width
Toe 20-36 29-66 8.5-20
Ring Gear Convex Flank Root Area Concave Flank
Heel 2.8-22 40-68 3.7-34
Middle of face- 0.2-7 2-27 0.05-9
width
Toe 0.09-36 25-73 20-30
Table 5.1: Minimum and maximum values of tooth surface deviation between theoretical

and simulated geometries.

Regarding the tooth geometry along the face-width, it can be observed that the deviation
values remain average closer to the heel and toe sides of the tooth, but drop to low levels in
the middle of the tooth (middle of the face-width) and especially on the flanks. The flank surface
is almost identical to the theoretical one at the middle of the face width, in the range of a few
microns <10 ym, while the deviation for most of the flank surface remains less than 10-20 ym
and gradually increases to reach slightly higher values of a few tenths of microns right on the
edges of the heel and toe. [59] A common conclusion after the evaluation of the validation
results for the two members of this gear pair is that the simulated geometry matches the
theoretical one at a satisfactory level for the biggest part of the flank surface close to the middle
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of the tooth, which is the area of great interest since it is the main contact area of the two gears
when they are in mesh. The deviation exceeds the desired values for most of the gear slot root
area, for the reasons explained above, but this area is not critical for the smooth function of
the gear pair as it is always outside the contact area due to the clearances applied. [59]

flank deviation
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[ [/ )]
[T T[]

flank deviation in ym

gear type: pinion-ring, blade profile: DIN 3972 II, face milling, r,=82mm, z,=18, z,=41, d,=176.893mm,

B,=35°, b=25.4mm, a,=20°, 8,,=2.6186°, 8;,=2.6186°, t=0.4mm, f =0.5mm/rev, f,;=0.58/rev,  ,=1.26"/rev

Figure 5.6:  Simulated surface deviation for face-milled pinion (left) and ring gear (right).

5.2.2 Face hobbing validation case study

The face hobbing simulation case presented in section 4.3 will be used to showcase the face
hobbing validation algorithm. Both members of the face-hobbed simulated bevel gear set were
validated with the BevelCurve3D application and the validation results are presented below.
Figure 5.7 shows the graphs of the simulated and theoretical profile curves of the face-hobbed
pinion (left) and ring gear (right). This validation example uses the same simulation case study
presented above for the pinion, but the generation feedrate of the ring gear equals 0.025 °/rev.
All the simulation-related data remain the same and are included at the bottom of Figure 5.7.
As it can be observed, the blue curves which correspond to the theoretical profile curves, and
the red curves for the simulated profile curves, are almost identical to the point that, depending
on the viewpoint, only one of the two curves is visible. The source figure files of the profile
curve graphs are available to the user so they can study the curves in more detail. Below the
two profile curve graphs, six profile positions, three for the concave and another three for the
convex flank, are included. The p1, p2 and p3 circles show the numerical values of profile
deviation on the convex flank of the ring gear starting from heel to toe. As can be seen, the
deviation values range is quite low at the heel of the tooth (-2 to 7.5 pym), increases slightly at
the middle of the face width (3.5 to 10 ym), and rises more towards the toe of the gear tooth
(9 to 13.5 pm). Positions p4, p5 and p6 refer to the concave flank, heel to toe, where the
deviation values start from (-5.5 to 6.5 ym) at the heel of the tooth, dropping drastically in the
middle area of the tooth (0.01 to 3.5 uym) and increase closer to the toe area (-3.5 to 8 ym). A
general conclusion that is indicative of all the simulation case studies carried out as part of the
present research, is that the deviation on the flank surfaces of the pinion gear is always higher
than the corresponding values on the ring gear, and this is explained by the fact that the
curvature of the pinion tooth surface is significantly higher than the curvature of the ring gear.
This makes the process kinematics and machine settings much more difficult to approach,
therefore it is more challenging to reproduce the theoretical surface of the tooth. [55]
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Figure 5.7:  Simulated and theoretical profile curves for pinion (left) and ring gear (right). [55]

Another general and quite crucial conclusion concerning the validity of the face hobbing
simulation results is the fact that for all executed simulation case studies, the deviation between
the simulated and theoretical surface remains significantly low for most of the area not far from
the middle of the tooth, while it is higher at the toe and heel areas of the tooth. The area close
to the middle of the tooth is the area of interest in spiral bevel gears since most of the contact
action, when two spiral bevel gears are in mesh, happens closer to the middle of the tooth.

flank deviation in um

gear type: pinion-ring, blade profile: DIN 3972 Il, face hobbing, r,=75/78 mm, z,=17, z,=34, d,,=146.7 mm,
Bm=21"°, b=26 mm, a,=20 °, 8,,=6,=0 °, t=0.5mm, f,1=0.5 mm/rev, f,,=1 mm/rev, {;;=0.022 °/rev, f;;=0.025 °/rev

Figure 5.8:  Simulated surface deviation for face-hobbed pinion (left) and ring gear (right).
[53]
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Valuable results of the validation process are also the surface deviation graphs such as the
ones shown in Figure 5.8. As soon as the validation procedure is completed, the source
surface deviation graphs are available for a more analytical investigation from which important
conclusions can be drawn. The two deviation graphs presented in Figure 5.8 correspond to
the same simulation case study presented in Figure 5.7. Concerning the deviation
development along the flank of the tooth, deviation values remain relatively low on the tooth
flanks, especially closer to the middle of the face-width but reach much higher values at the
root area of the gear slot. This significant difference in the deviation between the tooth flank
and tooth-root areas is justified by the fact that the cutting action close to the root area is quite
unstable as it is the cutting blade tip rather than the side cutting edge that mostly participates
in the cutting action. However, the root area of the gear slot is not a region of interest because
in most cases a clearance between the tip and the root area of two meshing gears is applied.
This way the root area is excluded from the contact path of the gears in mesh. It can be
therefore concluded that the simulated tooth surface matches the theoretical geometry to a
great extent for most of the flank surface. [55]

5.3 Tool trajectory validation

In a purely kinematical simulation like the one presented in the present thesis, where no
physical or thermal phenomena are considered, the only factors influencing the result of the
simulation are the geometry of the cutting tool and the kinematic chain of the process. As
discussed above, the blank gear geometry is modelled automatically in the simulation
algorithm with the implementation of accurate and established ISO 23509 equations. Likewise,
the cutting blade profile is modelled according to DIN3972 standard geometry. Therefore, the
only factor left that could affect the accuracy of the results is the process kinematics, which
can be validated by confirming both the tool trajectory and the produced gear tooth surface.
The accuracy of the produced trajectory was examined as part of the development of the
model.
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Figure 5.9:  Tool trajectory deviation. [59]
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Figure 5.9 shows an investigation of the tool trajectory deviation with respect to the DIN 3972
Il reference geometry, as the discretization of the revolving positions changes. The
investigation is carried out by examining the section of the different trajectories on a reference
plane where the DIN 3972 profile Il is modelled. As shown in Figure 5.9, the tool trajectory
accuracy improves with the decrease of the discretisation revolving angle. Based on the figure,
using a revolution angle of 1° produces an acceptable blade surface with 0.086 um deviation
with respect to the theoretical blade profile as defined in DIN 3972 II. In the present study, a
discretisation of 1°~1.5 ° is used for all simulation case studies. [59]



6. CUTTING FORCES CALCULATION

The goal of the present study is the calculation of surface topography and cutting forces, both
in face milling and face hobbing operations. Cutting forces calculation can significantly
contribute to the reduction of tool wear and the increase in productivity. Excessive tool wear
caused by the developed cutting forces may lead to unplanned production stoppages for
cutting tool replacements, increasing the manufacturing cost by a considerable amount.
Additionally, there are several issues that must be considered and make cutting forces
particularly important, such as deflection of the work gear and the residual stresses on the
workpiece after the process has been completed, as well as the type of fixture and clamping
force that has to be applied on the work gear prior to machining. [55] The following sections
provide a brief introduction to the theoretical aspect of cutting forces as well as a presentation
of the cutting forces calculation algorithm integrated in the BevelForce3D application.

6.1 Forces in machining operations

The most common metal removal processes involve complex kinematics and geometric
characteristics. However, in metal cutting literature, the simple model of two-dimensional
orthogonal cutting is used to describe the general characteristics and mechanics of metal
cutting. Orthogonal cutting resembles a planning process in which a cutting tool performs a
linear movement relative to a workpiece with the cutting edge being perpendicular to this
movement. Regarding the cutting forces in this case, two components are examined, namely
the tangential (Ft) and feed (Ff) force. The machined chip which is sheared off from the
workpiece has a width b and a height h. Oblique cutting on the other hand, is a three-
dimensional process the mechanics of which are used to describe the mechanics of complex
three-dimensional cutting processes such as turning, drilling, and milling, through geometric
and kinematic transformations applied to orthogonal cutting. Cutting forces in the case of
oblique cutting can be calculated by transforming and adjusting the respective orthogonal
cutting parameters. In oblique cutting, the edge of the cutting tool is inclined relative to the
cutting motion. This causes a third force component (Fr) to act on the tool in the radial direction.
[62, 63]

Orthogonal cutting Oblique cutting
Ve

rake face chip flow

cut chip angle

cutting edge
inclination angle

Figure 6.1:  Cutting force components in orthogonal and oblique cutting. [62]

Figure 6.1 shows the orthogonal vs. oblique cutting geometry and kinematics, as well as the
force components acting on the tool in both cases.

In the present study, Kienzle-Victor [64] exponential model for cutting force analysis is used.

The Kienzle-Victor model is commonly used in cutting forces calculation and is based on a
purely empirical method. The Kienzle-Victor model is based on the following assumptions [65]:
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The cutting speed vc¢ has no significant influence on cutting force (when selected so
there is no built-up edge).

The increase in depth of cut leads to an increase in cutting forces.

The relation between feed rate and cutting force is exponential. Higher feed rate
results in a much higher cutting force.

The influence of the workpiece material is expressed by the specific cutting force K.
This is equivalent to the cutting force that would be measured if this material were
machined with 1 mm depth of cut and 1 mm/rev feed rate.

Figure 6.2 shows the cutting force analysis which considers all the relative force and velocity
components in the three-dimensional metal cutting.

Figure 6.2:  Cutting force analysis. [55]

The main force components Fs Fr, Fy are calculated based on the following equations, 6.1 to

6.3.

where:
Fs
Fr
FV
Fa
Fd
FZ
Ve
Vf

beq

Fs = beq * Ks - heg'™ (6.1)
Fr= beq “Kre heq1_r (62)
Fv= beq Ky - heq1_v (6.3)

tangential cutting force (N)

passive (or radial) force (N)

feed force (N)

active force (N)

thrust force (N)

resultant force (N)

cutting speed (m/min)

feed rate (mm/min)

equivalent chip width (mm)
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heq equivalent chip thickness (mm)
Ks, Kr, Ky material specific cutting force (N/mm2)
s, v material specific constant value ()

6.2 Cutting forces calculation algorithm

BevelForce3D is an algorithm developed to enable the accurate calculation of forces in spiral
bevel gear cutting with face milling and face hobbing processes. The undeformed chip
geometries generated by BevelSim3D are the main input data for the cutting force analysis
performed by BevelForce3D algorithm. As shown in Figure 6.3, BevelForce3D receives the
undeformed chip geometry at each plunging/generating simulation step and analyses this
geometry by sectioning the chip in each revolving position. For this purpose, cutting planes in
all revolving positions are created. This iterative process discretizes the chip geometry in
elementary chip entities which are then used for the calculation of the elementary force
components. To achieve this, the chip is sectioned at the corresponding revolving position
using a plane perpendicular to the cutting direction, and then segmented into 2D sections
(elementary chips) which are automatically drawn on the current cutting plane. Depending on
the chip geometry, each chip segment can be either a normal trapezium (chip zone a) or a
curved trapezoid (chip zone c). [55]

cutting plane at rev:x+1

/ chip zone a

- ho >

chip zone ¢
h

o

direction

cutting NG

— v
Fsi+x
force analysis: chip segmentation:
elementary force components elementary chips

Figure 6.3:  Calculation of the cutting force components on each cutting plane, for every
generation position. [55]

Chip segmentation and geometry analysis

Equation 6.4 provides the formulas employed to analyze the chip geometry in zone a and
calculate the respective equivalent values of chip thickness and width so that they can be used
in the calculation of forces. [55]

_hi+h

heq =152, beg =b (6.4)
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where:
h1, ho  the chip thickness on the two sides of the elementary chip (mm)

b the width of the elementary segment of the chip (mm)

Equations 6.5-6.10 provide the respective formulas for the chip thickness and width
calculation, in the case of a curved trapezoid chip segment in zone c. [66]

hi+hy

hay1 = 2 (6.5)
(b4 +b2)~cos% (6.6)
bav1 = 2 '
hayo =0.1-Mmn -(1-003(%)) (6.7)
(0.2~mmn)2~(%—(cos%-sin%)) 6.8)
bav2 = 2 '
2 2
oq = (bav1 'hav1)+(bav2 'hav2) (6.9)
(bav1 'hav1)+(bav2 'hav2)
(bg\m 'hav1 )+ (bgvz ’ hav2 )
eq~ (6.10)
(Bay1- hav1 )+(bay2- hav2 )

where:
hav1, hav2  chip thickness on the upper and lower part of the elementary segment ~ (mm)
bav1, bavz  chip width on the upper and lower part of the elementary segment (mm)
(0} angle included between the two sides of the elementary segment (°)

Cutting forces calculation

The force components Fs, Fr, Fyv are then calculated according to equations 6.1-6.3 and this
procedure is followed iteratively on each elementary chip, in each revolving position for all the
generation positions. After the force components are calculated, they are analyzed and
transformed in the X, y, and z directions relative to the local XYZ-CSYS of each cutting plane,
as presented in Figure 6.4. This transformation leads to the calculation of the Fxloc, Fy,loc, Fz,loc
force components, relative to the local XYZ-CSYS. The Fx,oc, Fy,loc, Fzloc components are
calculated as follows:

Fx,loc = [cos(K) - Fv] — [sin(k) - F] (6.11)
Fy,loc = [sin(k) - Fv] + [sin(k) - Fy] (6.12)
Fzioc = Fs (6.13)

where:
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k  the angle between the cutting edge on the specific elementary chip and the (°)
y-axis (or the tool axis)

The local force components (2Fx,oc, ZFy,loc, ZFzloc in Figure 6.4) on the tip of each cutting
blade correspond to the force values measured during the cutting process, provided that the
dynamometer is mounted on the cutting tool and follows all the revolutions performed by the
cutting blades. These local force components are then transformed according to the global
coordinate system which lies on the pitch cone apex of the work gear. The x-, y-, and z- forces
of all generation positions for both inner and outer blades are summed in three total ZFx,giob,
2Fy,giob, and ZFzgiob components according to the global coordinate system. [55]

Z
global CSYS ?Y'Y_

ZI:z,lo B
ZFx,loc

i Fi Fx
2F
y.loc
Fu F A
X vi y
Fs—®™ F,

inner
work gear cutting

blade *48
Figure 6.4:  Transformation of cutting force components to XYZ CSYS of each cutting plane.
[55]

The correct calculation of cutting forces was verified by comparing the automatically measured
heq, beq, K, Fs, Fr, Fv, Fxloc, Fy,loc, Fzloc values with the ones measured manually, utilizing the
user interface tools of the 3D modelling software. All automatically calculated values were
found to match the manually measured widths, thicknesses, and angles as well as the
manually calculated force component values. This verification procedure was carried out for
several elementary chips in various simulations. Also, as presented in Chapter 5, the simulated
surface agrees with the theoretical one, showing that the process kinematics are simulated
correctly. Therefore, the tool trajectory is accurate to a satisfactory level, so the cutting chip
geometry and the calculated force components should close-approximate the respective
forces of the actual machining process. [55]

6.3 Ithaca BevelForce3D - Cutting forces calculation software

The BevelForce3D application can be launched by the user through the Bevel Gear Suite
interface after the kinematic simulation results are obtained from the BevelSim3D algorithm.

BevelSim3D

BevelForce3D Ithaca Cutting force analysis

BevelCurve3D \

Figure 6.5: Initiation of the Bevel Force 3D application.
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The cutting forces calculation can be applied to all completed cutting simulation cases. Figure
6.5 shows the control that is used to launch the application. When the application is initiated,
the user can choose to either start a new calculation or present the results of an already
completed one. Figure 6.6 shows the main window of BevelForce3D which provides access to
both procedures. If forces calculation is selected, the respective window shown in Figure 6.7
appears and the user can then select among all available simulation cases to run the forces
calculation algorithm.

85 BEVELFORCE3D = m} >

Cutting Forces Calculation

Forces Stage
Coordinate System Blade
Generating Position

| - | Show

Previous Position Next Position

Figure 6.6: BevelForce3D.

After the selection of the specific simulation case, all the controls on the window are filled with
the calculation-specific data such as the workpiece material properties and the desired
calculation resolution. All data is provided via a text data file created as a result of the previous
cutting simulation and is stored in the respective simulation output folder. The simulation-
related data can also be altered by the user before the force calculation procedure starts.

Bevel Force 3D X

Cutting Forces ] Help l

- Cutting Forces

~ Workpiece

Material CK45N X

ke | 142 o [oi213
ke | 119 1y [03485
ke | 1453 4z | 08234

Generating Positions 10

[—
Rotating Positions 05
[—

Chip segmentation 10

Force Report Output [v

‘ Cutting Forces Calculation I

Figure 6.7:  Main window of BevelForce3D application for the calculation of the cutting
forces.

The calculation of cutting forces is then initiated and all output results are stored in the same
simulation case folder. Such output results include:
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1.

The force solid files created for each generation position for both inner and outer
blades. Each force file is created based on the 3D undeformed chip output files from
the kinematic simulation, which is analysed so that all essential data for the calculation
of cutting forces is obtained. Figure 6.8 shows an example of how the chip is analysed.

outer blade inner blade

=
- conventional
cutting

cutting planes on
the revolving positions

chip segmentation

elementary chips
thicknesses (h)
&

widths (b)

Figure 6.8:  Inner and outer blade 3D chip analysis sample.

As described above, several sections matching the revolving positions are created on
the chip. Each section is then discretized in elementary chips so that a more accurate
calculation of the cutting forces can be achieved. Cutting forces are calculated for
each elementary chip by analysing the geometry by means of the equations 6.4-6.10.
To this end, all thickness and width values are obtained, and cutting forces are then
calculated via equations 6.1-6.3 which are subsequently transformed to Fx, Fy and Fz
components relative to the local XYZ coordinate system according to equations 6.11-
6.13.

The force text files include all widths, thicknesses, cutting edge angles and elementary
force components on the cutting plane on each revolving position of every generation
position. Table 6.1 contains all data included in a sample text force file. For
presentation reasons, only sample data lines of a certain text file are included in the
table. There are three discrete areas that can be distinguished on the table. The first
area includes the elementary chips on the inclined cutting edge of the blade, the
second area refers to the circular arc of the cutting edge and the third area includes
the linear edge on the tip of the blade. Chip widths: The first three columns include
the widths of the elementary chips. As can be seen on both linear areas all widths are
equal so the discretization of the chip into elementary parts is achieved in a more
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uniform way. Elementary chip widths on the second area vary due to the circular
shape of the cutting edge. Chip thicknesses: On the contrary, thickness values may
vary along the cutting edge as a result of the non-uniform shape of the chip. Cutting
forces: Cutting forces Fy, Fr, Fs are calculated for each elementary chip and also
exported to the force text file. Cutting edge angles: The varying cutting edge angle
plays an important role in the final calculation of Fx, Fy, Fz components, so these
values are also included in the exported results. As can be easily observed, the k
angle values are constant along the linear cutting edges (20° on the inclined and 90°
on the horizontal) but range between these two values on the circular area. XYZ force
components: Finally, the force components Fx, Fy, Fz are calculated and exported to
the force file.

edge

chip widths chip depths cutting forces angle

XYZ force components

b1

b2 beq h1 h2 heq FV FR FS k Fx Fy Fz

[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [N] [N] [N] ° [N] [N] [N]

0,082 | 0,082 | 0,082 | 0,093 | 0,092 | 0,092 | 9,213 | 4,967 | 19,644 | 90,0 | 4,967 | 9,213 | -19,644
0,082 | 0,082 | 0,082 | 0,092 | 0,091 | 0,091 | 9,183 | 4,941 | 19,497 | 90,0 | 4,941 | 9,183 | -19,497
0,082 | 0,082 | 0,082 | 0,091 | 0,090 | 0,091 | 9,152 | 4,914 | 19,351 | 90,0 | 4,914 | 9,152 | -19,351
0,082 | 0,082 | 0,082 | 0,090 | 0,089 | 0,090 | 9,121 | 4,887 | 19,203 | 90,0 | 4,887 | 9,121 | -19,203
0,082 | 0,082 | 0,082 | 0,089 | 0,088 | 0,089 | 9,090 | 4,860 | 19,056 | 90,0 | 4,860 | 9,090 | -19,056
0,082 | 0,082 | 0,082 | 0,088 | 0,087 | 0,088 | 9,059 | 4,833 | 18,908 | 90,0 | 4,833 | 9,059 | -18,908

0,082 | 0,073 | 0,077 | 0,093 | 0,090 | 0,091 | 8,683 | 4,671 | 18,434 | 87,1 4,224 | 8,909 | -18,434
0,082 | 0,073 | 0,078 | 0,090 | 0,085 | 0,087 | 8,581 | 4,572 | 17,866 | 81,2 3,213 | 9,176 | -17,866
0,082 | 0,074 | 0,078 | 0,085 | 0,079 | 0,082 | 8,418 | 4,419 | 17,015 | 75,4 2,157 | 9,259 | -17,015
0,082 | 0,075 | 0,078 | 0,079 | 0,072 | 0,075 | 8,218 | 4,237 | 16,020 | 69,6 1,104 | 9,180 | -16,020
0,082 | 0,075 | 0,079 | 0,072 | 0,064 | 0,068 | 7,977 | 4,022 | 14,873 | 63,7 0,079 | 8,933 | -14,873
0,082 | 0,076 | 0,079 | 0,064 | 0,055 | 0,060 | 7,684 | 3,770 | 13,568 | 57,9 | -0,887 | 8,513 | -13,568
0,082 | 0,077 | 0,080 | 0,055 | 0,047 | 0,051 | 7,328 | 3,476 | 12,093 | 52,1 | -1,761 | 7,917 | -12,093
0,082 | 0,078 | 0,080 | 0,047 | 0,037 | 0,042 | 6,889 | 3,131 | 10,434 | 46,2 | -2,503 | 7,142 | -10,434
0,082 | 0,079 | 0,081 | 0,037 | 0,027 | 0,032 | 6,338 | 2,721 | 8,567 | 40,4 | -3,061 | 6,181 -8,567
0,082 | 0,080 | 0,081 | 0,027 | 0,017 | 0,022 | 5,612 | 2,222 | 6,448 | 34,6 | -3,359 | 5,014 | -6,448

0,082 | 0,082 | 0,082 | 0,083 | 0,082 | 0,082 | 8,851 | 4,653 | 17,938 | 20,0 | -6,726 | 7,399 | -17,938
0,082 | 0,082 | 0,082 | 0,082 | 0,081 | 0,081 | 8,819 | 4,625 | 17,790 | 20,0 | -6,705 | 7,362 | -17,790
0,082 | 0,082 | 0,082 | 0,081 | 0,080 | 0,080 | 8,786 | 4,597 | 17,640 | 20,0 | -6,684 | 7,325 | -17,640
0,082 | 0,082 | 0,082 | 0,080 | 0,079 | 0,079 | 8,753 | 4,569 | 17,491 | 20,0 | -6,662 | 7,287 | -17,491
0,082 | 0,082 | 0,082 | 0,079 | 0,078 | 0,079 | 8,720 | 4,541 | 17,341 | 20,0 | -6,641 | 7,249 | -17,341
0,082 | 0,082 | 0,082 | 0,078 | 0,077 | 0,078 | 8,686 | 4,512 | 17,190 | 20,0 | -6,619 | 7,211 | -17,190
0,082 | 0,082 | 0,082 | 0,077 | 0,076 | 0,077 | 8,653 | 4,484 | 17,039 | 20,0 | -6,597 | 7,173 | -17,039
0,082 | 0,082 | 0,082 | 0,076 | 0,075 | 0,076 | 8,619 | 4,455 | 16,888 | 20,0 | -6,575 | 7,134 | -16,888
0,082 | 0,082 | 0,082 | 0,075 | 0,075 | 0,075 | 8,584 | 4,426 | 16,737 | 20,0 | -6,553 | 7,095 | -16,737
0,082 | 0,082 | 0,082 | 0,075 | 0,074 | 0,074 | 8,550 | 4,397 | 16,585 | 20,0 | -6,530 | 7,056 | -16,585
0,082 | 0,082 | 0,082 | 0,074 | 0,073 | 0,073 | 8,515 | 4,368 | 16,432 | 20,0 | -6,508 | 7,017 | -16,432
0,082 | 0,082 | 0,082 | 0,073 | 0,072 | 0,072 | 8,480 | 4,339 | 16,279 | 20,0 | -6,485 | 6,977 | -16,279

Table 6.1: Forces calculation text output sample file.
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3. The summarizing global force text files contain the sum global forces for every
generation position. The XYZ force components are transformed into the global
coordinate system and the summarized global forces are calculated and stored in
separate text files.

6.4 Cutting Forces presentation

6.4.1 Introduction

Following the calculation of cutting forces, the user can proceed to the presentation and
assessment of the results using the BevelForce3D platform. Figure 6.9 illustrates the main
window of the platform as the user loads the calculation data.
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Figure 6.9: Cutting forces presentation and data input GUI.

All calculated force components and sums can be presented on the platform in the form of
cutting force graphs. More specifically, the sets of forces presented are the following:

o Discretized Forces: The summarized forces of all cutting planes on each generation
position.

o Total Forces: The total forces acting on the cutter by both inner and outer blades on
all generation positions.

o Local Forces: Discretized forces can be presented with respect to the local
coordinate systems of the revolving positions of each generation position.

inner blade

¥ fl 4 d
W, T N e o

Figure 6.10: Local XYZ CSYS for both inner and outer blades.
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. Global Forces: Both discretized and total forces can be presented relative to the
global coordinate system of the work gear (pinion or ring). The position of the global
CSYS, as illustrated in Figure 6.11, matches the pitch cone apex of the work gear.

Figure 6.11 shows the local coordinate systems on the inner and outer blades. As shown in
the figure, Y-axis of the CSYS is set on the axis of the blade profile, while Z-axis is
perpendicular to the plane facing opposite the cutting direction, thus facing towards the cutting
blade. This setup of the CSYS is common for both blades and is repeated on every cutting
(revolving) plane of each generation position. Therefore, when Fx force component is
calculated with respect to the local CSYS of the inner blade, the force has a negative sign, in
contrast to the outer blade where the calculated Fx force is calculated with the actual positive
value. The respective Fz force component of the outer blade is calculated with the opposite
negative value based on the local coordinate system of the blade tip.

z
global CSYS T:'Y

|

local CSYS

cutting
blades

work gear

Figure 6.11: Local and Global Coordinate Systems.

6.4.2 Cutting forces graphs

Since all forces-related data are loaded to the platform and the user has selected the
discretized or summarized forces, the desired coordinate system as described above, and the
generation position in case of discretized forces, the following graphs appear, and the results
can be qualitatively and quantitatively assessed.

Discretized forces on the local XYZ CSYS as a means to predict tool wear

Discretized forces can be displayed for every single generation position, these are the values
of Fx, Fy, and Fz components on each cutting plane (revolving position). In the case of the local
forces, the cutting force is analysed in three components relative to the local CSYS of each
cutting plane and these values are then displayed in a graph that represents the specific
generation position and includes all revolving positions of it. The local discretized forces are
essentially the cutting forces developed at the tool tip. Unlike global total forces, local forces
are measured on the local coordinate systems of both inner and outer blade tips that follow the
exact motion of the cutter. The local cutting forces can greatly contribute to the prediction of
tool wear. Figure 6.12 shows some sample graphs of the local forces developed for a given
pass of the tool in a plunging (forming) ring gear simulation case. The plunge feedrate is set
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to fp=0.1 mm/rev. The three graphs on the left of the figure refer to local discretised cutting
forces developed as a result of the material removed by the outer blades of the cutter while
the graphs on the right of the figure present the forces on the inner blade. The phase difference
between the inner and outer blade cutting is visible in the graphs, with the inner blade curve
shifted towards the right side on the x-axis. It must be mentioned that Fz local forces are
negative on the outer blade and positive on the inner blade, which is explained by the opposite
direction of Z-axis on the local coordinate system of each blade.
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Figure 6.12: Discretized forces on inner and outer blades relative to the local blade
coordinate system. [55]

Total forces on the global XYZ CSYS

Local discretized forces are transformed into the global coordinate system of the work gear
and they are subsequently summed for all generation positions. A sample graph for the same
plunging simulation case presented in Figure 6.12 is displayed in Figure 6.13.
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Figure 6.13: Total forces from inner and outer blades for all generation positions relative to
the global gear coordinate system. [55]
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All the results presented in section 7.3, which deal with the total global forces that act on a
fixed point of the work gear, provide a valuable tool for the prediction of the deformation of the
work gear due to the residual stresses introduced into the workpiece, as well as the type of
fixture and the clamping force which must be applied to the work gear prior to machining.



7. SIMULATION RESULTS ANALYSIS AND

PARAMETERS INVESTIGATION

71 Chip thickness and cross-sectional area analysis

Calculation of the undeformed solid chips enables the detailed analysis of the chip geometry
that provides further insight into the spiral bevel gear cutting process. Useful conclusions can
be drawn, by analysing the produced chip geometries, with an examination of the chip area
and thickness evolution along several generation positions. [59]
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Figure 7.1:  Maximum chip thickness and cross-sectional area analysis. [59]

Maximum chip thickness Chip cross sectional area ‘

Maximum chip thickness and chip cross-sectional area values, measured on the cutting planes
perpendicular to cutting speed for the consecutive revolving positions, can provide a good
103
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indication of the developed cutting forces. Figure 7.1 shows an example with some sample
calculations based on the case of a pinion gear face milling operation. The graphs shown in
the figure reveal the evolution of both maximum chip thickness and cross-sectional area in five
sample generation positions which correspond to the first five pinion chip geometries (g.p.10
— 0.p.38) presented in Figure 4.21. [59] As it can be observed, the development of the cross-
section area follows the evolution of maximum chip thickness along the several revolving
positions in all generation positions. Starting from g.p.10 which is closer to the initial generation
positions when the tool enters the slot from the heel to start the generating motion, the
maximum chip thickness values are on the tooth flank for the inner blade which generates the
convex flank and on the root area for the outer blade which generates the concave flank of the
tooth. Normally, this difference between the two blades is to be expected since the inner blade
starts the generating cut from the flank while the outer blade starts the generation closer to the
root area of the slot. For both blades, the maximum chip thickness increases towards the last
revolving position, after the middle of the chip, and then drops towards the end of the chip,
where it becomes zero. At this stage, the maximum values are located closer to the end of the
chip because this part of the chip is closer to the center of the slot. The maximum chip thickness
values are approximately 200 um and cross-sectional areas are approximately 300 um? for
both blades. A similar chip shape is observed in g.p.17, although the maximum chip thickness
and cross-sectional area values are smaller. This is explained by the fact that as the tool moves
towards the middle of the slot by mainly cutting the flanks of the tooth, the chip becomes both
thinner and longer, as also indicated in the graphs with the additional revolving positions in
g.p.17 compared to g.p.10. The maximum chip thickness and cross-sectional area values in
g.p.17 are approximately 100 um and 20 um? respectively for both blades. In the next
generation position (g.p.24), the measured values are almost doubled, where the maximum
chip thickness is in the root area for both blades in most revolving positions. This also explains
the increase in thickness, since there is much more material left in the root area from the
roughing operation than the remaining stock on the flanks. The cross-sectional area and
maximum chip thickness are about 400 ym? and 200 um respectively for both blades. At this
point in the process, the maximum chip thickness values are found at the initial revolving
positions which are the ones closer to the middle of the slot. The form of the chip remains
approximately the same until the final generation position, while the thickness and cross-
sectional area in g.p.31 and g.p.38 gradually decrease. [59]

Chip thickness provides a measure of the loading of the tool which, through further analysis
and calculation, can lead to the estimate of in-process cutting forces and tool wear in various
cutting tool areas. The above measurements and observations are useful for a first rough
qualitative estimate of the areas of maximum force on each blade as the cutting action
develops. For example, at the start of the generating action, the inner blade’s side cutting edge
(flank) is more heavily loaded than the tip of the cutter, because the generating motion is
initiated on the flank of the gear tooth. As the cutting motion progresses, the chip thickness in
the root area increases and therefore the blade tip is subjected to higher load. Towards the
end of the generating action, the inner blade is loaded more on the side cutting edge as the
blade moves away from the root area of the gear slot and only the flank is engaged with the
workpiece. In general, the greatest chip thicknesses are observed at the blade tip due to the
greater engagement in that area, where there is more stock material left from the roughing
operation than the material left on the tooth flanks. Therefore, the blade tips are subjected to
the greatest stresses. [59]
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7.2 Investigation of the effect of process parameters on simulated gear
topography

7.21 Investigation of process parameters in face hobbing

After the validation of the face hobbing simulation methodology, the model can be used to
study the influence of process parameters on the gear tooth flank geometry. The fundamental
purpose of this simulation model is to provide valuable process data and also to enable
analytical study of the spiral bevel gear cutting process without the need for time-consuming
and costly machining trials. A total of five simulations were performed using the BevelSim3D
algorithm, to reveal the effect of generation feedrate fg on the generated geometry. This
particular process parameter was chosen because it does not affect the target — theoretical
geometry, which remains the same for all five case studies. The work gear topographies
generated from the five simulation cases were compared to the theoretical gear geometry of
the ring gear investigated using the BevelCurve3D algorithm. For this purpose, five intersection
curves covering the tooth area from heel to toe were plotted using the method described in
Chapter 5. For all simulation cases, the deviation values were extracted revealing the
difference between the simulated and theoretical gear geometries. Figure 7.2 and Figure 7.3
show five graphs, each corresponding to the respective intersection curve along the width of
the tooth, for the concave and convex flanks cut by the outer and inner blades respectively.
Each graph shows the deviation curves for the five simulations, performed with a variable
generation feedrate, on the specific intersection surface. [55]

The goal of this investigation is to reveal the effect of the generation feed rate on the simulated
surface quality, as this is one of the primary parameters which greatly impacts the actual cutting
process. As shown in both figures (7.2 & 7.3) the higher the generation feedrate, the lower the
quality of the flank surfaces to the point that the surface deviation is doubled in fg=0.055 °/rev
compared to fg=0.015 °/rev. What is more, increasing the generation feedrate results in an
escalation of the surface deviation in the examined intersection surfaces from the heel to the
toe of the tooth. Regarding the concave flank shown in Figure 7.2, the 3™ and 4" surface
intersections are those closest to the middle of the gear slot and are distinguished by very low
surface deviation values, less than 5 ym for most of the flank surface. All deviation values
remain below 5 um in the areas near the centre of the tooth shown in the intermediate sub-
figures of Figure 7.2 and below +10 um in the areas closest to the heel and the toe of the gear
tooth. Another point worth mentioning is that in the case of the concave flank as shown in
Figure 7.2, positive deviation values indicate that excess material is left on the work gear, while
negative deviation values indicate that the outer blade has removed more material than
expected.

As regards the deviation of the simulated convex flank from the theoretical one, shown in
Figure 7.3, it can be noted that the areas close to the middle of the tooth, shown in the three
intermediate sub-figures, display deviation values in the range of [0,+10] ym, while closer to
the heel and the toe of the tooth the deviation range increases to [-5,+10] um and [0,+20] um,
respectively. As in the concave flank, negative values of the convex surface deviation indicate
that more material has been removed from the surface, while positive deviation values show
that less material has been removed, compared to the theoretical values. [55]
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Figure 7.2:  Effect of generation feedrate on the quality of the produced concave surface.
[55]

The causes behind the deviation between the simulated and theoretical surface are as follows:
First, the simulated octoid surface is compared with the theoretical spherical involute surface.
Secondly, there are some machine and tool-related input data that have not been considered
in the model.
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Figure 7.3:  Effect of generation feedrate on the quality of the produced convex surface. [55]

Ideally, the deviation values would be close to zero and the deviation curves would be tangent
to the zero-plane (x-axis on Figure 7.2 and Figure 7.3). Regarding the variation in surface
deviation with the variation of feedrate in most of the graphs of Figure 7.2 and Figure 7.3, the
reasons lie mainly in process kinematics and secondly in simulation resolution. In spiral bevel
gears generation, the generation feedrate is a vector always parallel to the tool trajectory which
is a freeform 3D curve. Increasing and decreasing the feedrate affects the form of the tool
trajectory curve and therefore the form of the machined surface. On the process modelling
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side, there are considerably more revolving and generation positions produced when a
simulation is executed with a lower feedrate than at higher feedrate. [55]

Another useful conclusion that can be drawn from the above study on the effect of generation
feedrate on the quality of the tooth flank surfaces is the progression of the mean total height
Rt of the surface roughness profiles shown in Figure 7.2 and Figure 7.3. Figure 7.4 shows the
evolution of the mean total height Rt as the generation feedrate increases. The two curves
shown in the figure represent the concave and convex flank surfaces. The mean total height
Rt is the average of the total height values for all five intersecting surfaces shown in the figures
above. As illustrated, the total height Rt increases as the generation feedrate fg increases both
on the concave and on the convex flanks. In addition, the gradient of the curve increases with
increasing fg, indicating a more dramatic decrease in the simulated surface quality at higher fg
values. [55]
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Figure 7.4:  Effect of the generation feedrate on the quality of the produced work gear
surface — face-hobbed ring gear. [55]

7.2.2 Investigation of process parameters in face milling

Following the same procedure to investigate the influence of process parameters in face
milling, a series of five simulations of face-milled pinion gears were performed using the
BevelSim3D algorithm. Simulated and theoretical geometries were compared on five
intersection surfaces starting from heel to toe. The effect of generation feedrate on the
simulated surface quality is shown in Figure 7.5. The two curves included in the figure reveal
the progression of the mean total height Rt of the surface roughness profiles with the increase
of the generation feedrate. Similar to face hobbing results described above, the mean total
height Rt value equals the average height of the five heel-to-toe deviation curves. The total
height Rt increases as expected with the increasing generation federate. The gradient of the
two curves remains almost constant, which means that the simulated surface quality steadily
decreases as feedrate fg increases. [55]
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Figure 7.5:  Effect of generation feedrate on the quality of the produced work gear surface
— face-milled pinion. [55]

7.3 Investigation of the effect of process parameters on the developed
cutting forces

Following the numerical verification of the calculated force components, several studies were
performed on the effect of cutting parameters on the cutting forces, the most significant results
of which are presented in the following sections. Since the cutting forces developed during the
process are largely influenced by the volume and shape of the produced chips, the parameters
selected for the investigation are those that have the greatest influence on the cutting chips.
These are the plunge feedrate (fp), the generation feedrate (fg) as well as the finishing stock
allowance (tr). The material of the work gear, in all simulation results shown below, is St 50-2
carbon steel and the material-dependent parameters, i.e., the material cutting resistance, and
material-specific constant are experimentally determined in [67]. All simulations presented in
the following sections were conducted for the face-hobbed ring gear examined in Chapter 4,
the main geometric and machining parameters of which, are included in Table 7.1.

Geometric parameters Cutter & machining parameters

Gear Ring gear Blade edge radius, r1 0.8055 mm
Number of teeth, z2 34 Number of blade groups, zo 16

Wheel face width, b2 26 mm Cutter radius, rco 78 mm

Mean pitch diameter, dm2 146.7 mm Normal pressure angle, ao 20°

Mean spiral angle, fm2 21° Machining method Face hobbing
Addend./dedendum angle, 6a2/6f2 0°/0° Rake angle 0°

Mean normal module, mmn 4.027882 mm  Cutting speed, vc 200 m/min
Table 7.1: Geometric and cutting parameters in the investigation of the effect of process

parameters on cutting forces. [55]

7.3.1  The effect of finishing stock allowance on cutting forces

Aiming to examine the effect of finishing stock allowance on the cutting forces developed in a
two-stage face hobbing process, including a roughing (forming) and a finishing (generating)
stage, three simulations were carried out. All simulation runs deal with the face-hobbed ring
gear presented in the previous section, therefore all geometric and process-related
parameters, except for the finishing stock allowance, remain the same and are shown in Table
4.2 and Figure 7.6. The finishing stock allowance, i.e., the material left at the root surface of
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the slot after the roughing stage is completed, is set to 0.5 mm, 0.75 mm, and 1 mm. Figure
7.6 shows the summarized global ZFx, ZFy and ZF; force components according to the fixed
coordinate system on the pitch cone apex. As can be seen, the increase in the finishing stock
allowance has a great impact on the developed cutting forces, which is clearly explained by
the increase in the undeformed chip volumes shown at the bottom right part of the figure. [55]
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Figure 7.6:  Effect of finishing allowance on the developed cutting forces. [55]

As the finishing stock on the root of the slot increases, the material left on the flanks of the
tooth also grows, and with all the other strategy parameters, such as feedrate, remaining
unchanged, the volumes of the undeformed chips increase causing an increase in the cutting
forces. As can be seen in the chip volume graph of Figure 7.6, the chips are smaller in size at
the start of the finishing process and increase as the process progresses as engagement with
the work gear is increased and the tool advances at a larger depth into the work gear.
Furthermore, the cutting process begins earlier with a higher stock allowance, than in the cases
of smaller stock, and this is indicated in Figure 7.6 by both the cutting forces graphs and the
chip volume curves. Another interesting conclusion can be drawn from the form of all three
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chip volume curves after the middle of the cutting action. The three curves coincide for the last
part of the process which can be explained by the fact that the tool has already made one pass
on both flank surfaces at that point. Therefore, the remaining stock for the last pass is the
same. [55]

7.3.2 The effect of plunge feedrate in the roughing stage of the process

To investigate the plunge feedrate during the roughing (forming) stage of the process, three
simulations of a two-stage, face-hobbed ring gear were performed. All geometric and process-
related parameters, except the depth of the roughing pass (fp), are the same as in previously
presented simulations. The simulations were carried out for a plunge feedrate of 0.1 mm/reyv,
0.2 mm/rev and 0.3 mm/rev. The results presented in Figure 7.7 show a significant increase in
the developed cutting forces with increasing depth of the plunging passes.
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Figure 7.7:  Effect of plunge (forming) feedrate on the developed cutting forces. [55]

The figure shows the summarized global ZFx, ¥Fy and ZF; force components according to the
fixed coordinate system at the pitch cone apex. As the forming feedrate increases, the material
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removed in each pass increases, increasing the volumes of the undeformed chips, causing a
significant rise in the cutting forces. This increase in chip volumes as the plunge feedrate
increases is illustrated in the bottom right graph of Figure 7.7. The cutting force graphs in all
simulations display a change in the first roughing pass caused by the different shape of the
chip as the tool penetrates the workpiece. Another interesting point revealed in Figure 7.7, is
that as the roughing process progresses, the cutting forces increase, which is caused by the
increasing volume of the chip as the tool plunges deeper into the work gear due to the DIN
3972 1l profile of the cutting blades. It should be noted that this study of the effect of plunge
feedrate on the developed cutting forces is equivalent to the respective investigation of the
face hobbing forming process. [55]

7.3.3 The effect of generation feedrate in a single stage finishing process
The effect of generation feedrate was examined in both a two-stage and a single-stage face
hobbing process.

0 | [tk
< A
>
- 20
-3.0 . -3.0 .
generating passes = generating passes .
g -1.0 g -1.0 H
E -2.0 ik E -2.0
-3.0 -3.0
<4 generating passes - “4 generating passes -
45 — 45 | -
3.5 3.5
Z 25 z 25
N 15 o 15 t i
0.5 ! 0.5 i}
0.5 ‘ 0.5
f5,1=0.025 °/rev f4,=0.035 “/rev
0 T 80 - o
z i o % e L
= ' £ 60 — 0.025 °/rev
w20 ! . o { A\
E 40 i -
3.0 : 3 ™
generating passes S 5] / / X \ \
_ I e s | \| \
z -1.0 I W 0 I\ N
E -2.0 i Al 20 40 60 80 100 120
-3.0 generating passes —»
-4.0 : —
45 generating passes = * process: finishing, material: St 50-2
_ 3.5 » work gear: ring, z,=34, d,=146.7 mm
= Iy
< fg | « Bra=21°, b=26 mm, a,=20 °
LI_N - iy | - _ _
05 P\PI" — profile: DIN3972 Il ryo= 78 mm, z,=16
-0.5 *t=0.5mm

f,3=0.045 °/rev

Figure 7.8:  Effect of generation feedrate on the developed cutting forces in a single stage
process. [55]
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Regarding the two-stage process, where generation takes place as a finishing operation with
relatively low chip volumes, the investigation revealed a rather low sensitivity of the cutting
forces to the increase or decrease of generation feedrate. The cutting forces followed the
expected upward trend with the increase of feedrate, but the variance was small. On the
contrary, in a single-stage face hobbing process, where generation is performed throughout
the roughing/finishing phase, the generation feedrate has a remarkable effect on cutting forces,
as shown in Figure 7.8. The above figure shows the summarized global £Fx, ¥Fy and %F force
components in three simulations with fg=0.025 °/rev, f3=0.035 °/rev, and fg=0.045 °/rev.
Increasing the feedrate produces notably larger chips which consequently raises the cutting
forces developed at the tool tip. As can be seen in the chip volume graph at the bottom right
part of Figure 7.8, in all three cases the chip volume is relatively low at the beginning of the
process, it becomes larger towards the middle of the process and then gradually decreases
towards the end of the process, as expected from the initial evaluation of the chip form in Figure
4.24. [55]
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8. CONCLUSIONS

In this study, a novel 3D CAD-based model aimed at simulating the spiral bevel gear
manufacturing processes was introduced. Three algorithms have been developed for the
integrated analysis of the cutting process. First, the BevelSim3D algorithm developed for the
kinematic simulation of spiral bevel gear face milling and face hobbing. The algorithm allows
the automated creation of gear tooth and undeformed chip solid geometries. Second, the
BevelCurve3D algorithm was developed for the validation of kinematic simulation results. The
algorithm compares the simulated gear flank geometry with the theoretical geometry, which is
obtained from a well-established gear design and calculation software. Finally, the
BevelForce3D algorithm was developed for the calculation of cutting forces through the
analysis of the undeformed chip geometry. The algorithm was also utilised for the investigation
of the effect of a series of cutting parameters on the developed cutting forces. Several
simulations were executed for the validation of the BevelSim3D model and the investigation of
the effect of cutting parameters on the produced tooth surface and the developed forces.
BevelCurve3D revealed good agreement between the simulated surface geometry and the
theoretical surface, especially in the case of ring gear simulations. The surface deviation for
the pinion was found to be higher than the corresponding values for the ring gear and this is
explained by the fact that the curvature of the pinion tooth surface is remarkably higher than
the curvature of the ring gear. The cutting process is more difficult to analyse and simulate,
therefore the simulation results show lower accuracy. After the validation of the model, a study
was conducted to investigate the effect of generation feedrate on the produced tooth surface,
which showed that feedrate greatly affects the surface roughness and the simulated surface
deviation. In particular, increasing the feedrate increases both the deviation of the simulated
surface from the theoretical one, and the total height R; of the surface roughness profile.

The results of the cutting force calculation algorithm, BevelForce3D, were verified by
comparing the values measured automatically by the algorithm, with the values measured
manually via the user interface tools of the 3D modelling software. All automatically calculated
force component values were found to be consistent with the manually calculated forces. This
verification procedure was followed for several elementary chips in various simulations.
Provided that the tool trajectory is simulated correctly, as proven by the BevelCurve3D
algorithm, the cutting chip geometry and the calculated force components should closely
approximate the respective forces of the actual machining process. After the verification of the
model, the influence of finishing stock allowance, plunge feedrate and generation feedrate on
the developed cutting forces was examined. The results revealed a significant influence of
these cutting parameters on the volume of the undeformed chip and therefore on the cutting
forces developed. The BevelForce3D algorithm calculates both the cutting forces developed
at the tool tip, as they would be measured if a dynamometer was adjusted on the tool following
the machine kinematics, but also the global forces calculated on a coordinate system placed
on the pitch cone apex as if the dynamometer was placed steadily on the work gear. Local
forces can be used to predict tool wear and help optimize process productivity, while global
forces can be used as a guide to predict the deformation of the work gear due to the residual
stresses introduced into the workpiece, as well as the type of fixture and the clamping force
that must be applied to the work gear before machining.

The author is working actively on developing and extending the simulation model and
introducing more cutting tool parameters, machine settings, and cutting blade profiles to
improve the simulation results and enhance the universality of the proposed approach.
Research also focuses on improving the simulated pinion flank geometry. The next steps to
extend the simulation algorithm include the variability of the surface quality depending on the
selected tool geometry and the influence of the rake angle on the developed cutting forces.
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