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BupTyanHo NHxeHepcTBO

AvncepTaumoHHUAT Tpya € obCcbAeH M HacoyeH 3a 3awuTta OT KaTegpa “TexHornorus Ha
MaLLUMHOCTPOEHETO N MeTanopexewm mawnHn’, MT® npn TY-Codus, Ha 3acefaHne Ha KaTeapeH
CbBeT, CbCTOoAN ce Ha 18.03.2019 .

KanamnpateT e npodecop B MTO, TY -Codous, cbagaten n pbkoBoguTen € Ha nabopaTtopus
,CAD/CAM/CAE B UHaycTpuarta” npu MT®, TY-Codumsa nosede oT 25 r., o1 2009 r. e pbkoBoguTen
Ha ,LEeHTBbP 3a BUpPTanaHo UHXeHepcTBO — npod. a-p Un. boagpxkmes®, ot 2010 r. e gekaH Ha MT®.

N3cnegBaHuaTa No gucepTaunoHHns Tpya ca ussbplueHn B nabopatopusa ,CAD/CAM/CAE
B MlHOycTpumaTa” 1 No NpoekTu ¢ peauua nHaycTpuanHm napTHbLOPW.

Homepauuata Ha dopmynute, durypute, Tabnuuute M uuTMpaHata nuTepatypa B
aBTOpedhepaTa CbOTBETCTBAT Ha Te3n B AucepTaumsTa.

AncepTtaumoHHuAT Tpya € B 06w, obem oT 423 cTpaHuum, cbabpxka 359 dwurypu, 44
Tabnuum 1 cNNCbK Ha M3nona3BaHuTe 186 nMTepaTypHU U3TOYHULMW.

My6nnyHaTa 3awmTa Ha ancepTaumMoHHMsA TpyAa Wwe ce cbeton Ha 11.07.2019 r. ot 15 4. B
3aceparternHa 3ana Ha bUL Ha TY-Codma Ha 3aceaHme Ha Hay4yHo Xypu B CbCTaBs:

Mpod. a-p nHx. Jllo6ommp Oumntpos Mpencenarten
Mpodb. a-p nHx. MBo Manakos, HayuyeH cekpeTap
Un. Kop. npodh. ATH uHx. BeHennH >Knekos UneH

Mpodb. ATH nHX. Hukonan Munyes, OXK UneH

Mpodb. ATH nHX. dumntop Onyes UneH

Mpod. a-p nHx. AHren [ukos UneH

Mpod. a-p nHx. JTbyesap Ctoes UneH

MaTteprnanuTe no 3awmrara ca Ha pasnosfiokeHne Ha UHTepecyBalluTe ce B KaHuenapuara
Ha MalumHHO-TexHonormYHUA pakynteT Ha TY-Codus, kabunHeT 3230.

AsTtop: 'eoprn Jumutpos Togopos
3arnasue: BUPTYAJTHO U PUBUYECKO NMPOTOTUTTUPAHE

Tupax: 30 6p.
lNeuvaTHa 6a3a Ha TY-Codums

BITAFOOAPHOCTH

ABTOpPBT M3Ka3Ba cneuuanHu bnarogapHoOCcTH Ha:

Ekvna Ha na6opatopusa ,CAD/CAM/CAE B uHgyctpudata“, MT®, TY -Codwusi, KOWTO gonpuHece
U3KITHOYUTENHO MHOMO 3a MOTMBMPAHETO, KOHLUENMpaHeTo, Cb3gaBaHeTo U O0hOpMSHETO Ha To3m TpyA. Ha
BCWYKM JOKTOPAHTU M AMMNIIOMAaHTU, KOUTO ca paboTunu no TemMmy B CBbpP3aHn 06riacTn 1 ca AonpuHecny 3a
ochopmsiHeETO Ha rpacbuyHN 1 OpyrM maTepuany;

Ha nHgycTpranHuTe H1 napTHbOPU:

CMS srl, ltaly; Deltica, USA; Genmark Automation, USA; Mantovanibenne Srl, Italy; Nexen Lift
Trucks Ltd.,, UK; VISTEON (JCI), Bulgaria, France; SIGUREN Ingénierie, France; Sensata
Technologies/Sensor-Nite  Industrial, Bulgaria, Holland; Texas Institute of Science, USA; Vi
TECHNOLOGY, France; bbaewHoct Al; CMAPKN EJITOC Al n MHOro Apyru, NPOEKTUTE C KOUTO MU
Aajoxa onvta n yBepeHoCTTa B NPUIOXKMMOCTTa Ha BUPTyanHUTe TEXHOMOMN;

Ha Bcuykum konern ot MT®, TY- Cocumsa n npocdecrmoHanHaTa obLHOCT,

N ocobeHo Ha mouTe B6nNmM3kn 1 NpUSTENn, KOUTO Me MHCIMpUpaxa, NodKkpensixa u oKypakaBaxa ga
NOAroTBSA TO3M HayyeH TpyAa.
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I. OBLLA XAPAKTEPUCTUKA HA PABOTATA

AKTYANHOCT HA NPOBJIEMA

LianocTHOTO HapacTBaHe Ha KOMMIIEKCHOCTTA Ha NPOAYKTUTE B MEXaTPOHEH, TEXHOSTOMMYEH
N MHOPMAaLIMOHEH acnekT, KakTO N BapMaHTHOCTTa Ha NPOAYKTUTE, Cb3daBaHEeTO UM MO 3asiBKa Ha
KNMeHTa M BCUYKO TOBa Ha d)OHa HA HeNpekbCHaTMsS Nas3apeH HaTUCK 3a CbKpallaBaHETO Ha
BPEMETO Ha pas3BUTME W OOCTUraHe OO0 nasapa M Ole MNOo-rofiiM HaTUCK 3a pegyumpaHe Ha
cebecToMHOCTTa, WM3UCKBAT HOBW TEXHOMOMMM 3a KOHUenupaHe, MpoOeKkTUpaHe, OeTanrHo
KOHCTpyMpaHe n ocobeHOo 3a BanugupaHe Ha Cb3daBaHWTE MHOBAUWMWM W TexHorormn. B pesynrtar
Ha TOBa opraHM3aumMsita M MeTOAOSIorMATa Ha MNPOEKTMPAHETO € MU3KITUUTENHO akTyasneH
npobnem, ocobeHO KaTo MOLLHO CPeACTBO 3a yCKOpsiBaHe Ha npoueca Ha pasBuTue U 0cobeHo
KaTO MHCTPYMEHT 3a nacrnegBaHe vype3 METOAMNTE Ha BUPTYanHOTO U OM3MYECKOTO NPOTOTUNMpaHe
3a nogobpsiBaHe Ha Ka4yeCcTBOTO M HamansiBaHe Ha pasxogute. CbyeTaBaHeTO Ha BUpTyanHuTe
TEXHONMOrMM ¢ MeToauTe Ha aguTmeBHuTe TexHonormm (RP) ce ouveptaBa kaTo obGellaBaly
WHCTPYMEHTaApPUyM 3a Cb3gaBaHe W u3rpakgaHe Ha MEeOULMHCKA MMMNaHTW, BKINKOYUTENHO C
nepcoHndurKaumsi.

HAYYHA HOBOCT

,D,HeLIJHI/lTe MHOYCTPpUarnHn N MHXeHepHU npouecu ce onpenendr oT UAnoCTHaTa AurnTanHa
TpaHCCbOpMaLl,I/IFI. To3n HOB CBAT Ha CBBbpP3aHOCT N aurntTanmn3auma n3nckea 1 HoOBU UHXEeHEepPHU U
TEXHOJTOTMYHN pelleHna 3a HoBaTa peasiHoCT Ha AurntanHata WKOHOMUKa, WHOBaUUUTe,
aunrntTandHnuTe nasapun n npoMeHunTe B OusHec mogenute. ToBa BKMO4YBa Cb3gaBaHe cTparterma 3a
aunrnTarnHa Tpchcbopmau,M;l, HOBU YMEHUA N eKCrneptu3arta Ha XopaTa, 3aHMMaBalln ce B Ta3un
obnacTt. Bce no-akTyBHO ce M3non3BaT TEXHOMOMMYHU pelweHna 3a oOMeH Ha OaHHW, Ha 3HaHWA, Ha
aHanu3 Ha ronemmn obemm OaHHW, Ha p060TI/I3aL|,I/I$I, Ha 3D BUPTYyarnHoO marpaxxgaHe M agutmuBHU
mMeToanm 3a npom3BoAcCTBO, Ha I'IepCOHI/Id)I/IKaLI,VIFI Ha MNpoAaykKTute, Ha BUPTyalrHM CUMynauunm Ha
npouecun, npoaykTn n CUCTeMun, Ha aurnTarnHu 6]'IVI3HaLI,VI n KVI6€p-d)I/I3I/I‘-IHI/I cuctemMm n ocobeHo Ha
CUCTEMUN C elieMeHTN Ha U3KYCTBEH WHTENEKT. Bcunukn Tesnm HOBM TEXHOMOIMM M3UCKBAT HOBMU
3HaHUA 3a npouecunute Ha ,El,ed)I/lHMpaHe, passutue, Banngauua, ntHoyctpunanmiaumd, npon3soacTBO,
noaapmXKa U peuuknmpaHe Ha npoayktute B TEXHUA XUSHEH LUKDBIT.

MPAKTUYECKA NPUNOXUMOCT

Han-eekTnBHMAT Nogxo4 3a HamansBaHe Ha MHBECTULUMOHHUTE U NasapHUTE PUCKOBE Ha
Cb3[aBaHuNTE MHOBALMM € NPOLECHT Ha M3rpaxgaHe Ha MPOTOTUMM Ha HaW-pPaHHUTE Bb3MOXHU
eTanu C M3non3BaHe Ha MeToauTe U CpeacTBaTa Ha BUPTYariHOTO UHXeHepcTBo. B pabortata e
paspaboTeHa MeTOAOMNorMyHa nocrneaoBaTENHOCT NPU KOHUEMUMPaHe M MPOEKTUpPaHe Ha CIOXHU
CUCTEMW, BKIIOYMUTENHO 3a Cb3daBaHe Ha umMnnaHTu. MNpegnoxeH e HOB hpakTaneH MeTos, KakTo v
nHosaTmeeH “LL” meToa 3a BMpTyanHO M hmsmyecko npototunupaHe. NpeanoxeH e HOB MeTon
.bana/MepHa“ kyTnua 3a BanuavpaHe Ha BUpPTyanHuTe npoToTmnu. Ypes npumepu oT uHaycTpusaTa e
AOKa3aHo, 4e cuMynauumte gaBaT MHOMO TOYHM OLUEHKM npyu onTuMmsauusaTa Ha AusaviHa B
cbyeTaHne C u3nyeckn TectoBe M obpaTHa Bpb3ka C BUPTyanHWs NpOTOTMN, eBonoupal B
avrutaneH 6nusHak. NpeanoxeHnte MeToan u NOAXOAM ca C Mnpsika NpakTudecka NpUoXMMOCT,
anpobupaHa B peguua WHAYCTPUANHW W MK3CNedoBaTEeNiCKM MPOEKTU, HAKOM OT KOWUTO ca
npegcraBeHu B paboTaTa.

PEANU3NPAHE HA PABOTATA

M3cnegBaHuaTa no guceprtauusita ca u3bpweHn B nabopatopus “CAD/CAM/CAE B
nhgyctpuatra” kbm MT® Ha TY-Codumsa, yact oT mscneaBaHusita ca ocblectBeHn B CIMAPKA
ENNTOC AL, JInbxep xaycrepete bbnrapusa, TermaTech, ®paHuma, NEXEN Forklift, UK, n mHoro
apyrn. Pesyntatute OT m3cnegBaHusTa ca BHEApPEHM M Ce NOon3BaT Npy pasBUMTUMETO Ha HOBWU
NpoAyKTn B ronsm 6pon komnaHun B bbnrapus, ®paHums, Utanus, MNepmanusa, Benvkobputanms un
Ap.

OOOBPABAHE HA PABOTATA

OuceptaumoHHata pabota e poknagBaHa npen kategpa  “TexHomorvss  Ha

MaLLMHOCTPOEHeTO 1 MeTanopexewwmrte mawmHu”, MT®, TY -Codums v npeg ®C Ha MTO.

MYBNUKYBAHE HA PE3YNTATUTE

CoblectBeHuTe pe3yntatv Ha gucepTtauudara ca nybnukysanun B 8 pabotu, pedepupanun B
SCOPUS un Web of Science, B 22 paboTtu, nybnukyBaHn B KOH(epeHunn n cnucaHus, B Hag 10
MeXOyHapoaHW naTeHTa U peanua MexayHapo4HU NPOEKTU MO PbKOBOACTBOTO Ha aBTopa.
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II. CbOAbPXAHUE HA ANCEPTALUUATA
1. BbLBEOEHUE B U3CINIEABAHATA OBJIACT

1.1. OBEKT HA U3CNIEOBAHETO

OGeKT Ha u3cnegBaHeToO ca cpeacTearta, MeToaUTE U NOAXOOAUTE Ha BUPTYanHOTO W
PU3M4ECKOTO NPOTOTUNUPAHE MPU Pa3BMTUETO HA HOBW NPOAYKTW, NO3BOSMSBALLM PAHHO TECTBaHE
Ha KOHUENnTyanHW pelueHus, unaeHTudukaums Ha  (QYHKLMOHANHOCTTA, OTKPUBaHE Ha
NOTEHUMANHUTE WHXEHEpPHN npobnemu, Kakto M 6bp30 M agekBaTHO NepcoHanuM3vpaHe Ha
pelleHunsTa, Npyu KOeTO Ce HaMmarnsiBa CbLUECTBEHO OPOAT HA KOHCTPYKTUBHUTE U3MEHEHUSI U OpoAT
Ha n3paboTBaHMTE NPOTOTUMM M CBbP3aHUTE C TOBA HOBU CTpaTeruu.

1.2. OBXBAT HA U3CNEABAHETO U ®OKYC

N3cnegsaHeTo obxBalla npouecute Ha pasBuTMe, MAEeHTUdMKaUMS W Banvpauus npu
Cb3[aBaHETO Ha MHOBATMBHW MPOAYKTU W pEelleHus, KakTo M npouecuTe, No3BoSisiBalin BUCOKA
CTENeH Ha nepcoHanusaumsi nNpu crnefBaHe Ha HeobxoguMMOCTTa OT Bb3MOXHO HaW-rofsiMo
CbKpallaBaHe Ha npoueca OT uaedAta [0 MNpoAykTa M NpW MOCTUraHe Ha MakcumanHa
MKOHOMMYECKa €PEKTMBHOCT.

dPoKyCbT Ha M3CreaBaHETO € BbpXy pasBUTME Ha cTpaTernmte, MetoguTe 1 NogxoauTe 3a
npunaraHe Ha CAD/CAM/CAE TexHonormmte n no-crneumanHo B pasBUTUETO M anpobaumsita Ha
eeKTMBHO NpunaraHe Ha BuUpTyanHuTe W (pu3Myeckn NpoTOTUNM 3a CKbCSBaHE Ha BPEMETO,
nogobpsiBaHe Ha KavyeCTBEHWUTE M EKOMOrMYHUTE MoKasaTenu Mnpu pasBuMTUE Ha NPOAYKTUTE,
BapMaHTHO MPOEKTUPaHE M NepcoHanu3aums, a CbLlO U 32 YCTONYMBOCT HA OpPraHvU3auMOHHUTE U
npoLecHn MeToau M CpeacTBa 3a MMHMMM3MPAHE Ha pucka M nogobpsiBaHe Ha KavyecTBOTO U
eeKTMBHOCTTa Ha UHOBaLMUTE.

1.3. HUBO HA TEXHONOIMMUTE U PELLEHUATA

NHoycTpnanHuaT CBAT NOCTENEHHO Ce oTAanevyaBa OT BPEMETO Ha rofieMmTe NOpbYKMA U Ha
CepurnHUTE NPoOM3BOACTBA, a TAcHaTa crneynanusaums ce uamectesa OT HOBU MHOBATUBHM METOAN U
npouecn, OCbLLUECTBABaHM Ha HOBa reHepauusi rbBkaBo obopyaBaHe, BkAouMTenHo u 3D
npuvHTUpaHe. MNMpoeKTaHTCKUAT MHCTPYMEHTAPUYM Ce pa3BMBa MHOMO AUHAMWYHO M Ce Haco4Ba Bce
noBeye KbM ,BUPTyanHo npoToTunupadHe®. ,[JurutanHata CBbp3aHOCT WU CTPyKTypa“ Ha
BMPTyariHATE TEXHONOIMM € HaW-BMCOKOTO HMBO Ha abcCTpakuuMs C MHOro npeaMMmcrea no
OTHOLUEeHME Ha 06XBaTHOCT M MBKABOCT M BeNexmn TEXHONOMMYHN BbPXOBE B Ta3u cdepa.

1.4. U3CNEQOBATENCKU NPEQU3BUKATENICTBA U LEENN

HesaBncumo ot 6ypHOTO pa3BuTMeE Ha TEXHOMoruuTe ce 3abensisaBa CbLLECTBEHO N30CTaBaHe Ha
cTparernite, MmetoguTe, U nogxoaute 3a ePeKTUBHOTO UM MPUIOXKEHKE.
MHxXeHepHaTa npakTuka B TO3M CMUCHI NOCTaBs ClegHUTe HayvyHu Lenu:

1. PasBuTMe Ha cTpaTerMm u MeToau 3a npecb3gaBaHe Ha noBefeHUeTo B paboTHM ycroBus Ha
pa3paboTBaHMs O0GEKT Ha BB3MOXHO HaW-paHeH eTan, KakTo M 3a pas3BUTUETO Ha HOBW,
nogobpeHn BapuaHT Bb3 OCHOBA Ha M3XodHaTa KOHCTPYKUMA (ONTMMM3auus) Ypes BUpTyasnHo
npoToTUNMpPaHe.

2. PasButne Ha meTogM M Nogxoau C Len HamansgsaHe Ha BPEMETO 3a pa3BuTUe U BanuaupaHe
Ha M3OenueTo, KaTto ce Hamupa Han-ePeKTUBHUAT GanaHC C M3rOTBAHETO Ha (huanyecku
NPOTOTUMMW.

3. Cb3gaBaHe Ha MeToaM U NMOAXOAM 3a MaeHTUMMKauna n oueHsiBaHe Ha KOHKPETHU (pu3nyHu
BEMUYUHN W/MNN NPOLECHN napameTpu (4eCcTo MbTU Te3n BenuuMHM TpygHO morat ga 6baat
NpsKO onpeaeneHn, Bb3 OCHOBA Ha hM3NYECKO MOAEeNupaHe).

4. Cbs3pgaBaHe Ha meToouM M nogxogu 3a hmHa HacTponka Ha BUpPTyanHUMTE MPOTOTUNKM 4Ypes
M3MYecko NpoTOTUNMPAHE Ha cneunduyHM acnekTu Ha NoBeAEeHMETO Ypes3 ugeHTudmkaums
Ha KOHKPETHW (PU3MYHW CBONCTBA WNM BENMWYUHM (T€3M BEnuMYMHWM TpyaHO MoraTt ga 6baat
NPsiKO onpeaerieHn Ypes BUpTyanHo MOAENMpaHe).

5. Pas3Butne Ha mMeToau 3a npunaraHe Ha TEXHOMOrMMTe Ha BMPTYanHOTO MNPOTOTMNMPAHE U
6BbP30TO (PM3MYECKO NPOTOTUNMPAHE 3a MepcoHanu3auusa Ha usgenuarta, BKYUTENHO B
chepaTa Ha 3gpaBeonasBaHeTo U UMNMAHTONornATa.

1.5. U3CNEQOBATENCKA METOAONOIMUSA

ToBa nscneaeaHe ce 6asvpa Ha HaTPyNBaHETO Ha EMMUPUYHWN 3HAHUS 32 OCHOBHW MeToam
M NPUHLMNM 3@ M3MON3BaHe Ha MPOTOTUNUPAHETO MPU M3CNEeABaHe Ha MPOEKTMpPaHUTEe OGEKTU U
TEXHUTE enemMeHTU A0 (PYHKUMOHAmNHM BPb3KU Mexay Te3n enemMeHTU U OO MNOBeAeHMEeTO Ha
06eKkTUTE NPU TAXHOTO BMPTYarHO MoaenupaHe, CUMyrvpaHe 1 onTMMu3aums.

Hay4yHOTO u3cnegBaHe TyK paskpuBa OCHOBHWTE CTpaHM Ha HayyHata Teopusi 3a
00sicHsiIBAHe Ha CbLIHOCTTA Ha SBMeHMsTa 4Ype3 ef4HO3HayeH e3MK Ha OnncaHMeTo UM 4pes
KOMMJIEKCHM U CBbP3aHM MOLENN, NO3BOMABALLM Aa NPOrHO3npa NoBeaeHMeTo Ha obekTuTe Ypes
nscrneaBaHe Ha BUMPTyanHu obekTn Ha Cb3daBaHUTe NPOAYKTU, 3a AedMHMPaHE Ha rpaHuuMTe Ha
NPUINOXUMOCT B MpaKTMKaTa 1 Bb3MOXHOCTM 3a NO-HATaTbLUHOTO UM pa3BuUTHE.
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Pabotata e passuTta B geceT rnaeu. MaBa 1 npeacrtaBa uscnegoBaTenckata cpega v
MeTodoNnornsaTa, 3aeHo C onMcaHve Ha HaydHuTe uenu, obekta, ookyca u mMeTogonornsata Ha
n3crnegBaHeTo.

MaBa 2 cbabpxa nperneq Ha nurtepatypata M TeopeTuyHa OCHOBa Ha M3cnenBaHeTo,
KOSATO BKMHOYBA Mperneam OT BUPTYaNHOTO WHXEHEepCTBO, PasBUTUETO Ha MPOAYKT, BMPTyasnHa
cpeda v BUpPTyanHU nNpoTOTUNW, (PU3MYECKM NPOTOTUNM U B3aMMOAEWCTBME, M M3UCKBaHMA 3a
BUPTYanHu/usanyeckn npoToTunu.

Bb3 ocHOBa Ha nuTepaTypHMS aHanM3 Ha CbCTOSHMETO Ha Wu3crnegsaHata obnact u
OCbLLECTBEHUST aHanu3, B Kpas Ha rnaea 2 ca (popmMupaHM OCHOBHM M3BOAM, oOnpeaendin
nocokata u obxBata Ha u3cnegBaHeTo. B kpas Ha rnaBata e pgeduvHupaHa obwarta wu
cneumdpuyHnTe Lenu (3agaydum), noctaBeHn B paboTtara.

maBa 3 e nocseTeHa Ha pas3BuMTME Ha WMHOBATUBHM MPOEKTHW METOAM W MOAXOAWU Npu
BMpTyanu3auus Ha npoueca Ha Cb3aBaHe Ha HOBW NpoayKTU. PasrnegaHy ca nHoBaTMBEH Noaxon
3a KOHUenupaHe, apXMTEKTYpPHO u3rpaxgaHe W pasBUTUE Ha KOMMMEKCHM MpOAyKTU B
pasnpegeneHa supTyanHa cpega, nogxod 3a KITbCTEPUPAHE (usrpaxgaHe Ha moaynu) u ca
AednHUpaHN KOHLeNTyanHa apxutektypa W pasnpegeneHve Ha QyHKUMU MYy  MeXaHUYHU
CUCTEMHU peLUeHNd, eNieKTPOHHO CEH30pHW crneumManuanpaHn pelleHna U peLleHus Jpes
COOTYEPHN NPUNIOKEHUSI.

B rnaBa 4 ce aHanuaupa NpunoXmMMocTTa Ha CUMYNaLMOHHUTE MOAENN U aHanNu3nTe Kato
OCHOBEH efleMeHT Ha BUpTyanHo npototunupaHe. PasrnegaHun ca cneundunyHn ocobeHocTn npu
AeduHUpaHe Ha WHXEHepeH aHanua, MPUAoKUMOCT Npu cneundundHu CTPYKTYPHW aHanmsw,
MYNTUUINYHUTE aHanM3n, KakTo M Ha oOpaTHOTO WHTEerpyMpaHe Ha ONTUMU3MPaHU 4pe3
BUpTYyasieH NPOTOTUN reoOMEeTPUYHN MOLENN B NMpoLeca Ha pa3BUTUE Ha NPOoAyKTa W NpunaraHeTo
Ha BMPTyanHOTO NPOTOTUNMPAHE 33 TEXHONTOMMYHO OPUEHTMPAHO NPOEKTUPaHE N KOHCTPYMpPaHe.

B rmaea 5 ce aHanusupaT aguTUBHUTE TEXHOMOMMW U Ha BUCOKOCKOPOCTHOTO MEXaHWUYHO
obpabotBaHe 3a Obp30 m3roTBsiHe Ha npototunu (Rapid Prototyping). HanpaeeH e aHanu3 Ha
NPUNOXMMOCTTa, NpeguMcTBaTa U HeAoCTaTbUUTE Ha OCHOBHWUTE 3a MpakTukata TEXHONOorMu 3a
6bp30 n3paboTBaHe Ha PUINYECKN NPOTOTUMMN.

B rmaea 6 e pasBuTa cTpaTerMss 3a npunaraHe Ha BUPTYanHoTo M U3NYECKOTO
NpoTOTUNMpPaHe 3a e(EKTMBHO pPa3BUTME HA CIIOXHW CUCTEMM W € pasrfiefaHo MSACTOTO Ha
BUPTYyanHuTe n U3NYecknTe NpOTOTUMM B XMU3HEHUS LUMKBIT Ha NpoaykTa M e npeanoXeH HoB
opakTaneH noaxopn 3a npoekTupaHe.

Passutne Ha xmbpmaeH meTon 3a npeaBapuTenHa oueHka Ha HMBOTO Ha AoBepue B
pesyntatute oT BUpTyanHo npotoTunupade (Bl1) Ha mynTudmsmyHn npouecu ypes usmnyecko
TecTBaHe — ,YepHa kyTua/6sana Kytna“ e pasBuT B rmaBa 7 U ca NpeanioxeHu Tpyu noaxopa 3a
peanusauuaTa my.

B rmaBa 8 e uscnegBaH BUPTyanHUAT MPOTOTUM KaTO OCHOBa 3a AurutaneH OGnusHak.
AHanusmpaHa e KoHuenuudata 3a gurmtaneH 6nusHak n npegnoxeH HOB MEeTon 3a MHTErpuMpaHo
BUPTYyasiHO NpOEKTMpaHe Ha CroXHW m3genunda dpes Hoe ,LL“ meTog n B cpeda Ha nnatdopmata
LMHayctpus 4.0

MmaBa 9 npeacTtaBnsaBa anpobaums Ha NPUIOXMMOCTTa Ha BUPTYarHOTO U OU3NYECKOTO
NpOTOTUNMPaHe B NpakTukaTa Ha NPOeKTUpaHe.

[eceta rmaBa npeacTaBnsgBa aHanvM3 Ha NPUNOXUMOCTTa Ha BUPTYanHUTE TEXHOMOrMu m
PU3NYECKOTO MaTepuanmampaHe 3a UMNIaHTU B MeguumHaTa. AHann3MpaHu ca TEXHONMOrMYHUTE
MEeTOAM 3a MPOM3BOACTBO Ha uMmnnaHTu. WM3cnegBaHu ca metoau 3a 3D pekoHCTpyKums u
MoaenupaHe Ha 6asaTta Ha ToMmorpadCckm AaHHU NpY Cb3gaBaHe Ha NepCcoHanM3MpaHu UMMNNaHTU 1
ca paspaboTeHn HAKOMKO MeToAUKN 3a n3paboTka Ha NepCoHann3npaHn NMNIaHTK.

2. CbCTOSIHUE HA U3CNEABAHATA OBJIACT

BupTyanHuaT (QUrntanHmaT) NnpoaykToB MOAEN € CbBKYMHOCT OT TPUMEPHU MOAENW, KOUTO
npegcraensiBaT Hanb/iHO TodeH o06pa3 Ha paspaboTBaHua 00ekT, T.e. HeroBaTa dopma,
reomMeTpusi, KMHemMaTuka, NOBBPXHOCTWU, MaTepuanHu XapakTepPUCTUKM HA erleMEeHTUTE M MHOro
APYrn CBOWCTBa M napameTpu Ha NpoaykTa. Te3n TPMMEpPHU KOMMIOTLPHW MOAENV ce Hapuyat
BMPTYyarieH MOZEN Ha h13NYeCcKns NPOAYKT U ce CbXpaHaBaT B rpadmnyHa 6asa gaHHU KOMMO3UTHO
WM CTPYKTYpMpaHO, KaTo 4acT OT MpOeKTHaTa, OpraHuWsauuoHHaTa WM NpOM3BOACTBEHAaTa
CTpyKTypa. Mi3cnegBaHeTo Ha NOBEAEHUETO C TeE3M MoAeNn ce AedmHMpa KaTto NPOTOTUNUPAHE.

2.1.1. BupTyanHo npotoTunupaHe

Tyk ce npeacrtaBa TEPMUHONOIUATA, KOATO Ce M3MNON3Ba B U3cneasaHvMsaTa Ha BUPTyanHu
cpeav v BUpTyarnHu NpoToTMNKU U 3a NpoLecHaTa paMka Ha NpoTOTUNMPaHETO.

HdeduHnumnata, nwanonssaHa B Tasn pabota e Han-6nu3o go gedumHuumaTa Ha (Wang,
2002): ,BupTyaneH npotoTun € KOMNITbpPHA cuMynaums Ha M3nyeckn NpoaykT, KOMTO MOXe ga
6bae npencrtaBeH, aHanu3upaH M TeCcTBaH 3a Pas3fMYHM acnekTM Ha KU3SHEHMS UWMKbIT KaTo
npoekTnpaHe / WHXEHEPWHr, MpPOM3BOACTBO, CEPBU3 U peuuknupaHe MakcumanHo 6nu3o go
UCTUHCKM pmamdeckn o6eKkT. AKO KOHBEHUMOHanHata cumynauuMsi ce u3nonsea, 3a Ada ce
aHanmanpa KoHKpeTeH acnekT Ha npogykta (Thompson, 2000), To Bl nmaTt no-ronsam obxeart, Tbi
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KaTo ce pasrnexgaTr pasfMyHM CBbp3aHM acnekTu Ha NoBedEeHMEeTO NPOAyKTa, 3a Aa 3aMeHwu
dusnyecknute npototunu. CnenoBaTenHo BUPTYariHOTO MNPOTOTUMMPAHE € TEXHUYEeckn HoBa
obnact Ha cBbp3aHM 3adaudu, OTKONKOTO MHAMBMAYanHa cuMmynauusi. 3a BanuaupaHe Ha Bl ce
M3non3eaT pasnMyHu NOAXO0AM, KaTo Hal-4ecTo ce npunaraT TecTBaHe ¢ PM3NYECKN NPOTOTUMN.

2.1.2. ®3n4yecko NpoToTUNUpPaHe

dusnyeckmaT npotoTnn € 0bekT oT hmandeckus (peanHus) ceat (Ulrich & Eppinger, 2005) n

MoxXe gfa Obae cb3gadeH OT CbLMTe WNW pasnuyHM MaTtepuanu, Kato QYHKUMOHaNHO B

onpegeneHa cTteneH uma reomMeTpusTa, CBoOMCTBata M noBedeHMeTo Ha Obaewmns peaneH obekT

(MpoaykT). ®dusundeckute npototunu (PP) ce nanonseart 3a pasnuMyHu LENN — KaKTO 3a BanugumpaHe

Ha Bll, Taka n 3a no 6nu3kn 00 PUHaANHWA CU BUA NPOAYKTOBM TECTOBE WM cepTudmkauumn.

KnacudukaummTe Ha bmanyeckmTe NpoToTUNM Morat Aa 6baaT B HAKOMKO HanpaBeHus:

- u3rpaxgaHe Ha u3MYecKMss MNPOTOTUM MO HaMbAIHO pasnMyHa TEeXHONOorns, Hamn-4ecTo
aguTtueHa (3D NPUHTKHN) 1 OT pasnuyeH maTepuan nopagu pasnuyHaTa TEXHOMOrus;

- um3rpaxgaHe Ha PU3NYECKUA NPOTOTUM MO pasnu4yHa TEXHOMOrNA, Hanu-4ecTo aguTUBHA, HO OT
WOEHTUYHU MaTepuanu — WU3NOoNn3Ba Ce MNpyv KOMMOHEHTU, M3ucksawm dopmoobpasysalum
WHCTPYMEHTM 1 NO3BOMsiBa (PyHKLMOHANHN TECTOBE N aHanv3 Ha NOBeAEHNETO;

- um3rpaxgaHe Ha uanYeckns NpoToTMn No nogobHa Ha nHanHaTa TEXHONOMUA U OT MOEHTUYEH
mMaTepwar, HO C yHMBepcarnHu metoaun u 6es3 cneumanmampaHa ekmnmpoBka.

2.13. PA3BUTUE HA HOBW NPOAYKTU C METOOUTE HA BUPTYAITHOTO MHXXEHEPCTBO

Tbi KaToO NpouecuTe Ha BUPTyarnHO uarpakgaHe u BanuaupaHe moraT ga ce M3BbpluBaT
napanenHo, 6poaT Ha ntepaunnTe 3a nogobpsiBaHe Ha NapameTpuTe e Mo-rofsiM, HO BPEMETO 3a
OCbLLECTBSIBAHE Ha efHa uTepaums € 3HayuMTernHo no-kpaTko. B pesyntar Ha ToBa MbTAT 3a
pa3paboTBaHe Ha npoaykTa € peayuupaH, BpeMeTo 3a OTCTpaHsiBaHe Ha npobnemu ce Hamansiea
1 UMa NoTeHUMan ga ce cnectu cblUecTBeHO oT obemMa Ha pasxoguTe 3a pa3paboTka u pasxogun ot
KpanHus pesyntat (Purypa 2-32).

Bbnpekn 4e wnma BuaMMa TEHOEHUMS KbM LUMPOKO HaBNu3aHe Ha MeToauTe Ha
BUPTYaNHOTO WHXEHEPCTBO M B YaCTHOCT Ha BUPTYasiHOTO MpOTOTMNUPaHe, B MHAOYCTpusATa ce
HabnogaBa U3BECTEH KOHCEPBATM3bM, NMOPOAEH OT NMncarta Ha HaroXeHu cTpaTernm, MeToam u
Noaxo4An Mo OTHOLLEHME Ha U3rpaXaaHe Ha TEXHUYECKN KOHLIeNUUKN, CTPYKTYpUpaHe Ha NpoaykTuTe
N crnedpaliuTe OoT TOBa UHTEPdENCHU AeddUHMLMKN KaK Oa ce nsbepe TEXHOMNOINMYHO peLleHue 3a
KOHKpeTeH Habop OT 3agaun 3a BUPTYanHOTO U PU3NYECKOTO NPOTOTMNNPaHE B AafeH NPOAYKTOB
N TEXHOJTOTMYEH KOHTEKCT.

BupTyaneH nbT Ha pasBuTHe

Mpar Ha

npou3BoACTBOTO LUnknwm Ha BUPTYanHa Banvaauus
. NapanenHn AuzaitH 1 Banmaauws

CETPYAHUUECTEO Mexy AuzaiiHep
W BLINOKUTEN
HenpekkcHata obpaTHa BpLaKa 3a
auzaiina
MoMoLLY BLE B3EMAHETO Ha
pelleHnA

-~ BupTyanHuTe npoToTUNK He
/ MOraT [a peLaT BoUHKKM
Bb3HUKHaNW npobnemu 8 eTana
Ha pPasBUTWETO Ha NPOAYKTA.
DU3MYECKUTE NPOTOTHAK
CnoMaraT 3a pellaBaHe Ha
HamansiBare Ha npofnemu, KoWTo He MoraT aa
BPEMETO 33 6bOaT peweHn aHanurnyHo!
pasBMTUE Ha
npogyKTa

3agbnbovasane
Ha 3HaHWEeTO

Mbonyii B
ManonseaHeTo
Ha BUpTYanHa
BANMAALMA

.
w——+4 Bpewme 3a nssbpLuBaHe
Ha npoMaHa |

KoHuenuua KoucTpyupane WHTerpauma Buenpseane ®asi Ha passuTHe/Bpeme

B NpOM3IBOACTBO

durypa 2-32: “OmsaiH—TecT” C KM3NO0/N3BaHE Ha BUPTYa/IHOTO MHMKeHepcTBO (according to
automotive engineering), (Ovtcharova, 2010)
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2.16. OBLM U3BOAM OT IMABA 2

e OT pasmepaHuTe cTpaTerMm U MeTOAM Ha MpOEKTUpaHe HACHO Nu4M nocnegoBaTenHo-
NTepaTUBHUATUTEPATMBHUSA XapakTep Ha npoleca.

e EauH OoT Han-oTroBOpHWTE eTanu B npoueca Ha NpoeKkTMpaHe e Cb3[aBaHeTo Ha CTpyKTypaTta
Ha NpoaykTa, a KOpUrMpaHeTo B NO-KbCEH eTan € CBbP3aHO CbC 3HAYUTENHU pasxoau.

e B cbBpeMeHHUsA guMHaMu4eH nasap ce npeanarat KOMMMEKCHU NpoaykTn, KoUTo TpsibBa ga
OTYMTaT HenpekbCcHATO HapacTBaluTe MNOoTPebuTenckn MsmckBaHus. TyK NuUnceBa cuUcTemMHa
meTofornornyHa 6asa 3a epeKTUBHO OLiEeHsABaHe.

e Jlornyeckata CTpykTypa Ha MeTogonorusaTa 3a paspaboTBaHe Ha NPOAYKTU U CblLUeCTByBaLLUTE
NPOEKTAHTCKM MeToaM ca NpeauMMHO C nocregoBaTenHa CTPyKTypa M ca BCe MOo-Marnko
e(PEeKTNBHWY;

e [locovyeHu ca npeguMMmcTBaTa U HegocTaTbUMTE Ha BUPTyanHUTE U OU3NYEeCKUTe NpoTOTUNU U
HeobxogMmocTTa OT no-nogpobeH aHanu3 Ha TeXHOMOMMYHUTE MM Bb3MOXHOCTW, KaKTO WU
noTpebHOCTTa OT Cb3[aBaHETO Ha METOAMN 1 NOAXoAN 3a e(PeKTUBHOTO MM NPUIIOXKEHNE.

EAvH OT OCHOBHUTE MHCTPYMEHTapuUyMu Mpu pasBUTME HA HOBW MPOAYKTM € npunaraHeTo
Ha BMPTyanHoOTO NPOTOTUNUPAHE, HO OT HanpaBeHUs aHanu3 MoXe Ja Ce 3akni4u, Yye nunceaT
afeKBaTHM MeToau U NOoAXoAM 3a U3NON3BAHETO MY MPU pellaBaHeTO Ha BaXHW 32 ePEKTUBHO U
ednKaCcHO NpoeKkTUpaHe Ha 3agayvuv, CBbpP3aHu C U3cneaBaHe, BanvampaHe n ontumMu3auuns Ha:

e Ha 06eKkTM CbC CroxHa CTpPyKTypa U KOMMSIEKCHa KOMMOHOBKA, HEMO3BONsBaliy e(deKTUBHO
Pn3nM4eCcko NpoToTUNMPaHE.

e Ha ob6ektn c MynTUDU3NYHN edeKTU, KOUTO CUIMHO 3aTpyaHsiBaT MOAENUPaHeTo U
n3cneaBaHeTo.

e Ha obektn, HaToBapBaHW Npu cneunuryHN YCNOBMUS Ha AMHaMKKa, KaTo TecToBe npu yaap,
npy n3nyckaHe v p. HENO3BOMNSBALLM peanHu TeCToBe, AOPU U NPWU Hanuume Ha U3nyYeckn
NPOTOTUMMW.

e ApanTauus Ha Au3anHa Ha NPOEKTUPaHUSA NPOAYKT MaKCMMarnHo Aobpe KbM Npon3BOACTBEHUTE
npouecu Ypes cMMynaums, 3a NoCTUraHe Ha TEXHOMNOrMYHa KOHCTPYKLMS.

MpunaraHeTo Ha usmdeckn npototun (Pr) e OCHOBEH WMHCTPYMEHT 3a TecTBaHe W
BanuaMpaHe Ha TEXHUYECKN N DYHKLUNOHAMHW peLleHns Npy pa3BmuTMe Ha HOBU NPOAYKTU:

e Han-yecTo ce n3nonseaTt TEXHONOIMUTE Ha aaUTUBHOTO NPOM3BOACTBO, U3BECTHM KaTO METOAMU
3a 6bp3o npouseoacteo (Rapid Prototyping — RP), kato npunoXxmmocTta Ha pasnuMyHuTe
TEXHOMOrMn He e JOCTaTbYHO U3cneaBaHa B nuTepaTypara.

e Jlunceat epeKkTUBHU NOAXOAM 3a OLEHsIBaHe Ha MSACTOTO M CTeneHTa Ha npunaraHe Ha RP B
Lenus UMKbN Ha pa3suTure.

e Heobxogumo € pga ce pasBuAT MeToau U nogxoauM 3a OOpaTHO wHTerpupaHe Ha
onTUMM3MpaHaTa reomeTpus B pesynrtaT oT cumynaummte obpatHo B CAD cpepaTa.

e CbueTaBaHETO Ha BMPTyanHUTE TEXHOMOrMM C MeToamTe Ha aguTusHute TexHonorum (RP) ce
oyepTaBa KaTo obellaBall, MHCTPYMEHTApPUYM 3a Cb3JaBaHe W U3rpaxgaHe Ha MeOUUMHCKN
UMNNaHTK, BKIIOYMTENHO C NepCOHMdUKaLmS.

e B nutepatypata M B npaktukata nunceat gobpe HaCTpoeHW W BanuaupaHun MeToou 3a
LSANOCTHO M3rpaxkgaHe Ha MMMMaHTu BbB BUpTyarnHa cpega ¢ 6bp3a matepuanusaums.

[MpoeKkTaHTCKUTEe MHCTPYMEHTUM ce pasBuBaT No-0bp30 OT mMeToauTe, OpraHM3aLMOHHWUTE
cTpaterMm n MHXeHepHaTa ekcneptu3a. Habniogasat ce cnegHuTe ocobeHOCTM Ha cpepaTta v
yCrnoBUsiTa Ha pa3BUTME Ha HOBU NPOOYKTU:

e Bce no -BaxHO 3a KOMNaHWWTE CTaBa MPUTEXaHWETO Ha MpaBa BbpXy NPOAYKTa, OTKOSKOTO
BbTPELUHMTE Bb3MOXHOCTM 3a NPON3BOACTBO HAa KOMMOHEHTHO HUBO.

e [lpoekTaHTUTE Ha NPOAYKTN ce TpaHCOPMUPAT B CUCTEMHWN UHTErpaTopu, a NOAAOCTaBYNLUTE
ce cneuuvanuaupart Ha TEXHONOMMYHO U NPOLLECHO HUBO M Ce OTAanevyaBaT OT KpanHUS NPOOYKT.

e [locnegvua oT TOBa pa3BuTME € HeobxoammocTTa OT paspaboTBaHETO, BanvaMpaHeTo U
MMMNEMEHTUPAHETO Ha HOBW, MHOBATMBHU, €DEKTUBHN N ebmKacHM MeToan 3a NpoeKkTupaHe
Ha HOBW NPOAYKTW.

HoBuTe peanHocTM B CBbp3aHus CBAT AeduHUpAT HOBa napagurma Ha MNpPOEKTaHTCKUS
npouec M NOCTaBAT MPUHLUMNHO HOBU Npeau3BMKATENCTBa 3a HamupaHe Ha e(EeKTUBHU Ha4yuHU
(metogm), cpeactBa (noaxoaun) 3a edekTvBeH GanaHC Mexay W3MCKBaHWSTa Ha nasapuTe U
TEXHOMOMMYHOTO pas3BuTME W K30CTaBawmuTe MeToau W CpeacTBa 3a  yhpasBneHue Ha
MHOBALMOHHMTE MpoLiecH, CNpsiMO pPeCypcuTe KOMTO ce MobunmanpaT B TO3M npoLec.
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LIENT HA U3CNEOBAHETO

Llenta Ha gucepTauMoHHUA TPyA € cb34aBaHe, uscriegBaHe U anpobupaHe Ha HOBMU
cTpatermu, MeToAM WM MNOAXOAU 3a BUPTyarlHO U  (PU3MYECKO MNpPOTOTUMUPAHE NpwU
KOHLenupaHe, BapuaHTHO U TMepPCOHaNU3MpPaHO MNpPOeKTMpaHe U KOHCTpyupaHe Ha
MHOBaAaTMBHM MNpPOAYKTU 33 HaMansiBaHe Ha TeXHUYeCKUTe, TEXHOJIOTMYHUTE W
WHBECTULMOHHUTE PUCKOBE, pa3xoauTe U BpeMeTo 3a MHAyCcTpuanusaums.

SAO0AUYN:
3a u3NbNHEHWEe Ha NOCTaBeHUTE B AMCEPTAUMOHHMSA TPYA Len ca AeduHUpaHU crnegHuTe
OCHOBHU 3agau4u:

1. J0a ce pa3BUAT MHOBATUBHU CTpaTerMu, MeToam U nogxoau 3a 6bLpP30 cneundurympaHe n
KOHLUenupaHe Ha KOMMJIEKCHW apXUTEKTYypu Ha MHOBAaTUBHM MNPOAYKTM C HamarneHa
UTEpPaTUBHOCT, BKIKOYMTENHO Ha MoAyJfieH nNpUHUUN, npu OanaHcupaHe Ha
M3NCKBAHMATA Ha KNUEHTUTE CnpsiMo (pyHKLUMOHANHOCT U BapMaHTHOCT.

2. Cwb3paBaHe Ha noaxop 3a eheKTUBHO pasnpeaeneHne Ha PYHKLUU MeXAay MeXaHWUYHW,
€JIeKTPOHHUN, CEH30PHU U COPTYEPHU CUCTEMU 32 NOCTUraHe Ha ONTUManHa HageXXaHoCT
M Hal-Be4ye HUCKa cebGeCTOMHOCT MpU KOMMNO3NLMOHHO MU3NON3BaHe Ha HaJIM4Hu
KOMepCUanHu KOMMOHEHTM.

3. Oda ce pa3BUMAT MWHOBATUBHM CTpaTerMM, MeToAM M nNoAxoAM 3a BUPTyalriHO
NpoTOTUNMpPaHe, NO3BONABALUM HAaW-TOYHO U afeKBaTHO MogernupaHe, CUMynupaHe un
u3cneagBaHe Ha NOBeOEeHMETO Ha pa3paboTBaHUA OOEKT Ha Bb3MOXHO Han-paHeH eTan
Ha CNOXXHU BapUaHTHU U MOAYJTHU CTPYKTYPW, KaKTO U 3a pa3BUMTUETO Ha NoaobpeHwm
BapuaHTu (onTMmMusauums).

4. [Oa ce pas3paboTAT, Banugupat v anpobupar meTtogMm UM Noaxoau 3a HamansiBaHe Ha
BpeMeTOo 3a pa3BUTUE U TeCTBaHe B Npoueca, KaTo ce Hamupa Han-echeKTUBHUAT 6anaHc
C U3rOTBAHETO Ha BUPTYanHu U (PU3NYeCKU NPOTOTUNU, OTYMTANKA KOMMIIEKCHOCTTA U
pPa3NU4YHOTO HMBO HA TEXHONOrM4YHa FOTOBHOCT Ha OTAEJNTHUTE CUCTEMU U €NIEMEHTU OT
obGLiaTa apxuTeKkTypa.

5. [Na ce wuscneaBaT Bb3MOXHOCTUTE 3a €BOSIIOLMA Ha BUPTyanHUs MNPOTOTUN KbM
avrntaneH 6nmM3Hak, Nno3BonsiBalla Hau-TOYHO U aAeKBaTHO MoaenvpaHe, CUMynupaHe
M mn3cneaBaHe Ha NoBeAeHMETO B paboTHM yCnoBuUA Ha pa3paboTBaHMA NPOAYKT U B
nocrneacTtBue B eKCMIoaTauMOHHUMA My nepuog, 3a M3rpaxpaHe Ha Kubep-pusmyHu
cCUCTeMa 3a LeJIMA XXU3HEH LUKDbII.

6. [Oa ce npeanoxaT M TecTBaT HOBU MeTOAU U NoaxoAu 3a aganTtauus n pMHa HacTponka
Ha BMUpTyarlHUTE NpPOTOTMNM Ype3 (PU3MYECKO MNPOTOTUNUPaAHE U TecTBaHe Ha
cneuncuyHM acnekTM Ha nNOBeAeHUeTOo, upe3 uaeHTUdMKauMa M agantaums Ha
KOHKpPeTHU (pU3NYHM CBOMCTBA WM BENUYMHMU, 3a NOBUIUABAHE Ha TOYHOCTTA U
ecekTMBHOCTTaA UM.

7. [Da ce anpoGupaT u TecTBaT pa3paboTeHMTe MeTOOM U NOAXOAU B MHAYCTPUANHU
NPOEeKTU 3a MPUNOXKUMOCT Ha Cb34aAeHUTe TeopeTUYHa UM MeTOAOoJIOrMYyHa 6asu m
oueHsiBaHe Ha edeKTMBHOCTTa U edMKacHOCTTa MM B NpPOMeHeHaTa napagurma Ha
NPOEKTAHTCKNA npouec.

8. [a ce npegnoxat u peanu3upat UHOBaTUBHU MeTOAM 3a NMpunaraHe Ha BUpTyanHuTe
TEXHOJIOrMMU U 6bP30TO (hu3nyecko NPOTOTUNUPAHE NPU NepcoHanu3auma B ccpeparta Ha
3apaBeonasBaHeTO U UMMIaHTONoruATa.
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3. PA3BUTUE HA MHOBATUBHWU MPOEKTHU METOOM U NMOOAXOAM MPU BUPTYAINIU3ALUSA HA
MPOLIECA HA Cb3[JABAHE HA HOBU NPOOYKTU

NHxxeHepHoTO, TEXHOMOMMYHOTO n OpraHM3aLMoHHOTO npeaunsBMKaTencTea
(KOMMNETEHTHOCTHM), 3a [fOa Ce opraHuM3upa MraHMpPaHeTo, W3MbIIHEHMETO M KOHTpona Ha
KOMMMEeKCHM NPOEKTM 3a pa3BUTME Ha HOBM NPOAYKTU, TPSIOBa AePUMHUTUBHO Aa 6baaT BKIHOYEHU U
MHCTPYMEHTUTE 3a WHTErpupaHo pasBUTUE Ha MPOAYKTUTE, 3a ynpaBrieHWe Ha MpoekTu, 3a
ynpaeneHne Ha pasxoaute n HeobxodumaTa opraHu3aumoHHa ctpaTterusi. Camo no TO3U HauuH e
Bb3MOXHO [a ce peanusupa [obpe CUHXpOHM3MpaHa, edekTuBHa M eAHOBpeMeHHa paboTa Ha
OTAENHUTE EKUNW B LUSINOCTHUSI NPOLLEC Ha pa3paboTBaHETO Ha NPoAyKTa.

3.1. Bb3MOXHOCTU 3A NPUNATAHE HA HOBU BUPTYAITHU UHCTPYMEHTWU B NMPOLIECUTE
3A PASPABOTBAHE HA UHOBATUBHU NPOAYKTU

MHOro OT MpoOAYKTUTE U MAaLUMHWUTE, KOUTO Ca HanWyHW OHEC, He ca CbliecTByBanun [0
CKOpPO, Taka 4Ye npefuvlleH ONUT Ha MPOEeKTaHTUTE Npu Te3u 3agadum Moxe Aa Obae npunaraH B
orpaHumyeH obem. 3aTtoBa ca HeoGXO0ANMMM HOBM, MO-CUCTEMATMYHO OPUEHTUPaHU Noagxoau, 3a Ada
ce ocurypu 6bp30 1 6e3 rpeLLkn NpoeKkTUpaHe Ha BCe NO-COXHU NPOaYKTH.
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durypa 3-4: OCHOBHM AelHOCTM Npu pa3paboTBaHe Ha MNPOAYKT U Bb3MONKHW MeToau 3a
pa3paboTka

EonH OT Han-BaxHUTE acnektn 3a nogobpsiBaHe npoueca Ha nNpoekTupaHe e
pa3paboTBaHETO HA HOBU METOAM 3a An3aliH, KOUTO Aa OTroBapsAT Ha HOBUTE M3UCKBAHMSA U HOBUTE
TEXHOMOrMN N Bb3MOXHOCTU 3a U3NON3BAHETO UM.

TexHonornite, MeToamMTe M nNogxoauTe Npu pasBuMTUE Ha MHOBAUWUW B NOBEYETO OTpacnu
npeTbpnsaBaTr M3MeHeHusa. WTepaTvBHUTE MHOrOCTBLMNKOBM MOAXOAM Ca C SCHO U3pa3eHu
nocnegoBaTenHM CTbMKM, KOMTO Ca XapakTepHW 3a OHELHUTE MeToau 3a NpoekTupaHe (BK.
Crangapty oT HMBOTO M Mmawaba Ha VDI). Bce noeeve ce pabotm no ToBa, ronsgma 4vact OT
npouecuTe Aa ce passuBaT napanenHo. durypa 3-4 nsobpassisa OCHOBHMUTE AENHOCTM Ha npoLieca
Ha pa3paboTBaHe Ha npoaykta. (Ulrich & Eppinger, 2008)

MpoToTMnUTe ce wu3non3eat 3a nognomaraHe Ha KOMyHMKaUMSATa M MHTerpaums Ha
NPOEKTaHTUTE W Ha 3auMHTEepPecoBaHUTE CTpaHW, BKIOYUTENHO nNpu cneunduumpaHeTo Ha
NpoaykTuTe KaTo Bpb3ka C knmeHtuTe (Purypa 3-4). Te ce manonssat M Kato MHCTPYMEHTU 3a
obyyeHne no Bpeme Ha npoueca Ha paspabotBaHe Ha npogykta. OT rnegHa Todvka Ha
WHTerpauusaTa, NpoTOTUNNTE AaBaT Bb3MOXXHOCT Ha PasfiMyHUTE YNIEHOBE Ha MPOEKTAHTCKUSA eKun
Aa ce KoopAuHMpaT NoMexady CU U a ce UHTerpupaTt npueTute pelleHus A0 BCUMYKM, 3a da ce
paboTn B CUHXPOH W C aKTyariHM HUBA Ha rOTOBHOCT.

3.2. KOHUENTYANHO U3rPAXOAHE. TEXHUYECKU CMELUOUKALIUN

MogenbT Ha npoueca Ha KoHuenupaHe (Buxk durypa 3-5) npeacrasnssa 0606LeH noaxoa
3a onNMcBaHe Ha npoueca npu narpaxgaHe Ha KOHUEenuus, KaTto ce onucea 1 oTyMTa Lenus npouec
no paspaboTtBaHe, NPOM3BOACTBO W pa3npocTpaHeHne Ha HOB NpoaykT. Llenta e ga ce Hanpasu
CUCTEMEH aHanu3 Ha 6as3a Ha B3aMMOBPBL3KUTE M B3aMMOOTHOLUEHMATA Mexay OTAenHuTe
enemMeHTu, usrpaxgalim mogena Ha npogykra u cpegarta 3a HeroBoTo passutue. F'eHepupaHeTo Ha
naeu e KMYoB KOMMOHEHT B KOHLeNTyanHus mogen. KaTto uano koHuenTyanHuaT Moaen marpaxaa
efHa pamka, hoKycrMpaHa KbM pasfnnyHUTE BaXKHW aCNeKTU Ha OTAENHUTE eNeMEHTH Ha NpoayKTa.
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EAvH onuT 3a TbpceHe Ha KoXe3nst Mexay U3NCKBaHUsiTa Ha CbBPeMEHHUTE NoTpebuTenu u
AVHAMWYHOTO pas3BUTME Ha TexXHONorMyHaTa cpeda Mpu pasBUTME Ha HOBU MPOAYKTU ypes3
cpeacTBata Ha BUPTYanHOTO MHXEHEPCTBO UM MPOTOTUMMPAHE MOXe [a ce NpeacTaBu KaTto
MaTpuyHa CTPYKTypa MO OTHOLLUEHMEe Ha CTeneHTa Ha afAeKBaTHOCT M MPUIOXMMOCT, KaTo efHO
[l0pa3BUTNE HA MHTEpPaKTMBHATa MaTpuua 3a pasBuTne Ha HOBW NpoaykTh (Purypa 3-6).

M3TOUHNUM HA WOEW CPABHWTENEH AHATIVE

* HEYUHOMICNE0BATENCKH
OpraHuaLHI

erounmumnor RRu TEXHOMOMMYHA CPE[IA - *BTOPUUHKM AGHHM
HayuHaTa chepa R R
|:> nHbopmauma:
FeHepupaHe OueHABaHe PaspaboTBaHe MNMpoToTUnu-
»usobpeTaren Ha Maeu Ha ugen Ha NpoayKTa paHe
*COBLTEEHULK HE NETEHTH enpunarasy noaxoam
* X3PAYEPHA CTELMANHCTH
VsTOuHHLWM OT  URISHIMCH scneyuduunmn
TEXHONOMMUHATS [RENEE, Ananus un peweHma
chepa |:> OLleHKa Ha:

S KAMEHTH
* KOHKYPEHTH

*aHanuz Ha aobpurte
MPaKTUKM

*uneHTMdHUMpare

ULPNMETERITNEN  Ha npobnemuTe
noaxoam

AOCTABHHUN
o * CBTPYAHMLM N0 MABCMERTS
laTouHMuK oT [
N@33RHK ERCNEDTH CpasHeHue Ha

rneaHa Touka Ha [N
REEELE] * UHOMBHAYENHK TPERAAH npaBHa cpega
- 3aKoH 3a aBTOPCKOTO MpPaBo U CPOAHWTE My Mpasa
- 3akonu sza BesonacHocT

durypa 3-5: Mogen Ha npoueca Ha KoHUenMpaHe

M3nckeaHuns Ha noTpedbutenuTe -
5 | 520 | B = s @ 35
3 o o = o ®© 86 3 = a
25| £ | %55 | 865|528 8| 5= | 883
82| & | s 5 |E39|88| 5| £5 |2&8%
m o S o § E m = o = C o o L If
Q I @ Q 9 ©
@ @ t8g | 82> ® O & 9 o
m I <o 10 = C o
TexHonorn4yHn cpeacTea 3a pa3BUTUE
1. BupTyanHo npoToTMNMpaHe Ha NpoaykTa VvV | VW VVV VvV V vV VVV VVV
2. BupTtyarnHa u paswmpeHa peanHocTt VvV VvV vV
3. O6nay4yHun TexHonornm V V
4. MyntudpusnyHm cumynauum ¢ MKE \AY VVV \Y \YAY \AY \AY
5. AguTnBHM TexHonoruu (3D NpUHT) u v VvV VW | VWV vV
Bbp3o hmaunyecko npoToTMnupaHe
6. Mlonemu 06eMun gaHHM 1 aHanu3 \AY VvV \ \% VVV \%
7. OvrutanHy 6nmsHaum u knbep usmdHn wW | w vV v vV v
cucTemMu
8. EKcnepTHM cucTemu 1 U3K. UHTEMEKT VvV VV VvV VV VvV VvV

durypa 3-6: MaTpuua 3a aAeKBAaTHOCT HA TEXHO/NOTMYHATA CpeAa M HeWHWUTE WMHCTPYMEHTU
CNPAMO M3MCKBAHMATA Ha Na3apa Npu pa3BUTME HA HOBM MPOAYKTU

AHanuabT Ha TexHoMnormyHaTa cpefa npu pasBuTUe Ha HOBU NPOAYKTU Ypes cpeacrBaTta Ha
BUPTYarHOTO MHXEHEepCTBO W MPOTOTUNMpaHe eHO3HaYHO Mnokasea, Ye MpOoTOTUMMPaHeTO CcTaBa
peluaBaly, pakTop 3a ycrnexa Ha eauH npoekT. OcobeHo BaXHO TyK € BUPTYyanHOTO NpoTOTUNMpaHe
KaTO MHCTPYMEHT 3a KOSMIKOTO € BBb3MOXHO MO-paHHO BanuAuMpaHe Ha KOoHuenTyanHuTe,
apXMTEKTYpHUTE, PYHKUMOHANHUTE U TeXHU4eckuTe pelleHus, Bmwx durypa 3-7. 3a pasnuka ot
apyrm astopm (Wang, 2002), Buanpalim Tpu unum MHOro enemMeHTHa CTpyktypa Ha Bl1, Tyk ce BHaca
AOMbIHUTENEH enemMeHT Ha obocobsiBaHe Ha OYHKUMOHANHOTO m3cneaBaHe ¢ Bl (M3ucksawo
TBbPAOTENHM MOAENW) OT MNOBEAEHYECKOTO CUMyNnupaHe (Hanpumep BbHLIHWM  TOBapw,
TemnepaTtypu M ap.), U3nckBallm mofenupaHe 4pes nogatnveum mogenn u MKE cumynaumn.
CovrnacHo ToBa BwXAaHe Ha aBTopa, Bl nputexaBa CBbP3aHOCT Ha OTAENHUTE CU €NEeMEHTU C
Bb3MOXHOCT M 33 E[IEMEHTHO OLieHsABaHe.

Bl vrpasaTt msknouMTenHO BakHa ponsd M Npu uacrnegsaHe Ha B3aMMoBpb3kaTa ,YOBEK-
npoaykT”. Bcekn acnekT Ha y4yacTMeTO Ha 4YoBeka Mpu ekcnnoartauuaTa u/unu nogapbXkata Ha
eaHo usgenve Moxe ga 6bvae ,npoBepeH” Ypes cneunanuampanu Bl TexHonorun. MHoro 4ecTo ce
cnyyBa MMEHHO Te3u aHanuM3n Aa fgosefaT [0 Bb3HUKBAHE Ha HOBM MU3WUCKBaAHUS KbM AM3aiiHa,
€pProHOMMYHOCTTa M PYHKLUMOHAMNHOCTTa Ha npoaykTa: nofny4yasa ce cBoeobpasHa obpaTHa Bpb3ka
— OT noTpebuTtens KbM npoaykTa.

10



BupTyanHo NHxeHepcTBO

n3soaun

e Ha b6asarta Ha aHanu3s Ha
TeXHosiorMyHarta cpega npu pasBuTue
Ha HOBM nNpPOAYKTU €AHO3Ha4YHO e
060CHOBaAHO, 4Ye MpPOTOTUNUPAHETO e
pewaBaw, c¢pakTop 3a ycnexa Ha eguH
NPOEKT.

e OcobeHOo BaxHO e npunaraHeTo Ha BIl
KOJIKOTO € Bb3MOXHO [MO-paHO B

+*3D [eomeTpua u ] ( *Bu3zynanusauma
NPOoM3BOAMCMOCT

npoueca 3a BanuaupaHe Ha
KOHLienTyanHure, apXUTeKTypHuUTe, Oy
pyHKLUMOHaNHUTE 7] TeXHU4YeCcKuTe noseperme [l GyHKuoHaNHN

pemeHMﬂ. ELENEN]

e 3a pasnuKa OT KOHBEHLUWOHarHarta — Y oyrcanonann
CTpykTypa Ha BIl, Tyk aBTOpBT BHacA nosepenveTo scumynaumm
OONbIIHUTENEH enemMeHT Ha
obocobsiBaHe Ha  (PYHKLMOHANHOTO J L
n3cnenBaHe c BN (v3nckeauo durypa 3-7: BupTtyanHoTo NpoToTMNMpPaHe Npu
TBbPAOTESTHU mopaenm) OT  pa3BWUTME HA HOBM NPOAYKTU
noBeAeH4YeCcKOTO cuMynupaHe

(Hanpumep BBHWHW TOoBapu , Temnepatypu v Ap.), U3MCKBalWlM MoAaenupaHe u4pes
KOMMneKcHu (myntudpmsnyam) moagenu 3a cumynaumm ¢ MKE, koeto paecdmHupa Bl kato
nputexasal, AOMBLIHMTENHO HUBO Ha CBBLP3aHOCT Ha OTAENHUTE CU eneMeHTU npu
3anasBaHe Ha Bb3MOXHOCTTa M 3a efIeMeHTHO oL eHsiIBaHe.

3.3. NHOBATMBHM METOAM U NOAXOAU 3A PASBUTUE HA NPOAYKTU. MPOEKTHU ETAMNU

B nocnegHuTe roguHu ce 3abensiaBa, Ye HapacTBaLLOTO MHOroobpasne Ha NpoayKTuTe U
HamansiBaHe Ha npou3BexaaHuTe obeMu OT BCEKM KOHKpeTeH Moden BoAsT OO0 nosisaTa Ha
MOAYMHU NNaTtopMn U BapUaHTHU CUCTEMW, Pa3NNYHM KITMEHTCKM KOH(Urypaumm, cneumdgpuyHmn
M3MbITHEHUS 3@ Pa3NMYHM Nasapy U MHOTO APYrk, KOETO NpaBu NPOAYKTUTE MHOrOBapWaHTHU U C
paskrnoHeHn cTpykTypu. OT Apyra cTpaHa, XMBOTbLT Ha NPOAYKTUTE BbB BPEMETO CTaBa BCE MO-KbC
M ToBa Hanara Te ga 6baaT OOHOBSIBAHM MOHE 4acTMYHO creqd KpaTbk Mepvon, nopaau
M3NCKBaHUSITA Ha Masapa WM HOPMAaTMBHO-3AKOHOBM MPUYMHWU. B TO3M acnekT pasrrnepaHvTe B
rmaea 2 nocregoBaTenHo-uTepaTMBHM METOAM M NOAXOAM 3a pasBuTME ca afeKBaTHU 3a CUMHO
MHTErpupaHnTE U YCKOPEHW NpoLecu Ha pasBuTUEe, OCODEHO MpWU Cb3daBaHe Ha MHOBATUBHWU
NPOAYKTW.

3.3.1. NPUMEP: OecdvHupaHe Ha chamunua yaapHO-npoOUBHU PBUYHU €NEeKTPO
MHCTPYMEHTHU

MpOeKTHLT Lenu cb3gaBaHeTo Ha MHOBATMBHA (hamMunnsg BUCOKONPOWU3BOAUTENHU yOoapHO-
nNpobusHN pbyHM enekTpo uHcTpymeHTu (YIMNPEW), ¢ nHoBatmMBHa yaapHa cuctema, 6asupaHa Ha
npuHUMNa Ha KOHTponupaH pe3oHaHc. Pamunuara YIPEW, nHapuyaHm ouwe nepdopatopu, e
npegHasHaveHa 3a npobuBaHe, KbpTeHe n pa3gpobsiBaHe Ha GETOHHW, TyXNEHW, KAMEHHU U ap.
CTEHW, NN0YM, KOFIOHM 1 T.H. MOCPEeACTBOM cBpeasia, 6GoOpKOPOHU, Wwuna, AreTa u Np. MHCTPYMEHTH.

damunuaTa oTyMTa B MakcMmariHa CTeneH crneumndukata Ha OTAENHUTE BUOOBE MPOLIECU
(kbpTeHe, npobuBaHe, pa3buBaHe, pasKpuBaHe...) U Npoduiia Ha HYXOUTE Ha KIWEHTUTE 3a
PasfIMYHN KNUMATUYHW W reorpadoCkM  panioHM, KakToO WM MO OTHOWeHWe Ha obnactrta Ha
NpUNOXeHne, NPON3BOAUTESNTHOCT, EPrOHOMUYHOCT, 3aKOHOBU PErMOHANTHN M3UCKBaHMSA U Op. .

OEPUHNLINA HATMPOOYKTA: YOAPHO-NMPOBUBHU PBYHU ENEKTPO UHCTPYMEHTU (NMEP®OPATOPMU)

OnucaHne Ha npoaykTa: PbyHM ycTponcTBa 3a npobuBaHe C yaap U 3a KbpTeHe (camo
yaap). YaapHute (KbpTauum) M yaapHO-npobuBHuTe (nepdopatopu) enekTPOMHCTPYMEHTU ca
LUMPOKO pa3npoCTpaHeHN B CTPOUTENCTBOTO M NPU PEMOHTHU LENHOCTM.

BaxxHO e npouechT Aa ce pokycupa BbpXy HYXOUTE U U3NCKBAHUATA Ha KNMMEHTUTE oLle OT
CaMOTO Ha4varno Ha NpoekTa 3a pa3BuTHe.

MOEHTUDUKALMA U CACTEMATU3ALNA HA HYXXOUTE HA KNUEHTUTE

3a fga ce HanpaBu Npoy4YBaHe Ha KMMEHTCKUTE Harnacu u OoueHku, e Heobxoammo aa ce
cb3fdafge cuctematmsaumsi Ha Lenvte 1 3agaduunte npen npoaykra 3a cTpaternsita My Ha passutume.
MpennoxeHn ca cnegHUTe CTbMKM 3a MAEHTUMMKALMS HA HYXXOUTE Ha KNUeHTuTe:
OnpegensiHe Ha pyHKUMOHaNHMA o6xBaT Ha NpoayKTa.
CbbupaHe Ha CypoBM AaHHU OT pasfnuyHM 3aMHTepecoBaHu rpynu. MHTepnpeTupaHe..
OpraHusnpaHe n CTPYKTypupaHe Ha Hy>XOUTe Ha KIMEHTUTE OT 3anHTEPEeCOBaHUTE rPynu.
OueHsBaHe Ha 3Ha4YeHMETOo Ha BCsika MOTpPebHOCT.
OTpassBaHe Ha nosnyyeHUTe 3HaHWS B NpoLeca Ha pasBuUTUE Ha NpoaykTa.
HenpekbcHaTo yCbBBbPLUEHCTBAHE Ha crieundukaumaTa Ha NpoaykTa.
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3.3.2. Paspa6oTBaHe Ha Noka3aTenu 3a NOTPeOHOCTUTE Ha KIIMEeHTUTe

3a ga ce HanpaBu Npoy4YBaHE Ha KITMEHTCKUTE NOTPEBHOCTM M OLIEHKM MO NnocoyeHaTa Mno-
rope MeToamka, e HeobxoanmMo da ce cb3gade cuctema oT nokasaTenu 3a npogykta (YINPEW) B
KOHTEKCTa Ha nasapHata My cTparterus npeg notpebutenute. Ha ocHoBata Ha ronam ©pon
aHanuanpaHn OaHHu 3a npogaxbute Ha YIPEW, ca oTkpoeHu 49 nokasaTensi Ha KNMEHTCKUTe
notpebHocTn. B Tabnunuata no-gony ca NnocoveHn Tesm cucteMmaTmsmpaHm noTpedHoCTu.

Tabnuua 3-2: Tabanuya Ha noTpebHoCTUTE Ha noTpebutennte

No Cuctema HanmeHoBaHue Ha noTpe6GHOCTTa 3Haum-
MOCT
1 YMNPEWN OcurypsiBa gobpa eHeprus 3a ygapHo AeNCTBME Npy NpobuBaHe 1 KbPTEHE. 1
2. YMNPEWN Vima H1Cku BMGpaumm 1 He ymopsiBa crnej MHorodacosa paboTa. 1
3. YIMPEU M3gbpka HAKONKO Yaca Texka ynotpeba. 2
4 YIMPEU Moxxe ga npobusa 0TBOPW B TBbPAN MaTepuanu. 2
47 YIMNPEWU OcTtaBa ygo6eH Korato Ob/ro BPEME € Ha CIbHUE. 2
48 YMNPEN JleceH e 3a ynpaBneHue npu npobrBaHe ¢ yaap. 1
49 YTMNPEN JleceH e 3a ynpaBneHue npu KbpTeHe. 1
50 YTMNPEN C npuATeH 3BYK € KoraTo ce n3nonsea. 2

CnepgpawaTa BaHa CTbMNKa B npoueca Ha pasBuUTUE € KIIMEHTCKUTe noTpebHocTu aa ce
TpaHcopMupaT B TEXHUYECKM M3UCKBaHMS, a Te OT CBOS CTpaHa ga ce AeduHupat 4ypes
TeXHMYecknTe cneumdukaumm Ha npogykTa B UsMepvMn napameTpu. Tyk e n3nonssaHa OCHOBHaTa
noes Ha metoda 3a gedvHupaHe Ha gyHKuMUTe 3a kKadectBo (QFD), koaTo nossonsiea ga ce
TpaHcopMMpaT BbTPELLHUTE N BBHLUHUTE HYXAW B NpoaykToBu cneundumkaumm. QFD moxe ga ce
M3Mnon3Bea 3a NPUOpUTM3NPaHE Ha U3NCKBaAHWSATA, HAMMpPaHe Ha Kopenauun, OLEeHKa Ha peLleHusiTa
N CpaBHsIBAaHE Ha KoHuUenuusitTa c koHkypeHTuTe (Valtasaari, 2000). B nbpBata dasa ot
AedurHupaHeTo Ha hammnusaTa ca aHanu3vpaHn Han-4ecTo M3NON3BaHUTE B NpaKTUKaTa yaapHu
MEeXaHU3MK, NaTeHTHW pelleHus 3a TakbB BWMA MeXaHu3Mu, KakTO WU WU3MOon3BaHu B TO3M Knac
MalLMHKM 3axBaTh 3a 6bp3a CMAHA HA UHCTPYMEHTUTE.

damunHata apxutekTypa e paspaboTeHa C OTYMTaHe Ha MaKCUMMarHO MOKpUBaHe Ha
NOTPEBOHOCTUTE Ha KITMEHTUTE M CbLLUEBPEMEHHO JOCTUraHEe 4O MAKCMMarnHO HMBO Ha yHUdMKaumns
Ha 3agBWXKBaHUATA, CbOOpPa3HO peda enekTpoMoTopyu Ha dupmaTta. M3nonsBaH € noaxoawnT,
npeasioXkeH oT 1 gopas3BuUT OT aBTopa ¢ AobaBsHe U HA HEKONNYECTBEHM NokasaTtenu. (Sharman &
Yassine, 2004)

Tabnuua 3-3: TpaHchopmaums Ha NOTPEOHOCTUTE B TEXHUYECKA cneunduKaums
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©
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povcrone o x| |X x| [X|x X|[XIXIXIX][X]X]x|x X | |X[x]|1
KbpTeHe
ma HUCKV|
BuOpauMm 1 He
2. |ymopsBa crneg] X X X X X X X 1
MHorouacosa
paGoTa
e neceH 33|
47. ynpasnexne  npu X X X 1
npo6uBaHe ¢ yaap
e neceH 33|
48. |ynpaBneHue npu| 1
KbpTeHe
le ¢ npusiTeH 3ByK
49. koraTo ce usnonssa X XX X
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OE®UHUPAHE HA ®AMUITHA APXUTEKTYPA U OCHOBHU TEXHUYECKU CNELUOUKALINU
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durypa 3-10: PaspaborteHa rama yaapHu u  Purypa 3-11: damunua ygapHu M yaapHo-

YAApPHO-MPOOMBHM MALUMHW C MHEBMATUYHO- MPOOUBHM MALUMHU C MHEBMATUYHO-BAKYyMHU

BaKyYYMHM YAapPHU MeXaHU3MMU yAapHU MexaHM3Mn — puHanHa CTPyKTypa U
apXMTEKTypa

CTpykTypaTa e MaTpuyHa 1 No XopusoHTana ce passusa rno Ternosu knacose 2, 3, 5, 7 n 15
kunorpama. ToBa CTPYKTypupaHe € onpedeneHo OT nasapHuTe Tpaauumm 3a obocobsiBaHe Ha
YIPEW. Tlo BepTuvkanHa OC € pasBUTO CTPYKTYpupaHe no (yHKUMOHAMHOCT, KOHUEenTyasiHu
ocobeHocTn (pasnonaraHe Ha 3aABWMXXBAHETO) M MO M3TOYHUK Ha 3a4BWXKBAHETO — kabeneH wnu

aKyMynaToOpeH.
OcHOBHM NpegMMCTBa Ha Taka pa3spaboTeHarta dhamunusa ca:

e VIHoBaTMBHa pe3oHaHCHa yaapHa MexaHW4YHa/MHEBMATUYHO BakKyyMHa cCuUCTeMa — HOBOCT Ha

CBETOBHUA Nasap.

e OnTtumaneH o6xBaT Ha amunusaTa kato obnacTt M TunopasmepeH ped, No3BonsBalla
MbBKABOCT, MakCMMasHO yOOBMETBOPSBAaHE Ha MNOTPEOUTENCKUTE HYyXONW U edeKTUBHO

npon3BoaCTBO.

e TyK OCHOBHUTE pasnuMund ce CbCTOAT B M3MNOM3BaAaHETO B MaKCUMMarHO paHeH eTan Ha
BUpPTyarnHu npoTtoTunu. ToBa BaXu B MHOIMO BMCOKa CTEMNEH 3a pasBUTMETO Ha MHOBAaTMBHA
pe3oHaHCHa yaapHa cuctema. ToBa € HoBa KoHuenuusi, 6asvpaHa Ha obpe no3HaT husnyeckn
edekt, konto obavye OOMKHOBEHO B TexHMKaTa Ce cyuTa 3a BpedeH, a TyK ce npepnara
pe3oHaHCHbT Aa 6bAe M3nNon3BaH 3a NnoBuwaBaHe Ha eEeKTMBHOCTTA Ha yaapHaTa cuctema.
Jlnncata Ha pocTaTbYyHO WHdOPMALMSA W eKCNepuMeHTanHW u3cneaBaHUa  Hanara
na3nonasaHeTo Ha Bl kaTo OCHOBEH MHCTPYMEHT 3a u3crnenBaHe M KOHUENTyanHo passuTue Ha
pe3oHaHCHa ygapHa cucTeMa, KakTo M 3a Cb3aBaHe Ha apxuTekTypaTta Ha dpamumnudara kato
bYHKUMS UMEHHO Ha Ta3n CUCTeMa M CBbp3aHaTa C Hes eNneKkTPOHHa CUcTema 3a ynpasreHue
Ha 3a4BWKBAHETO 3a Nogabp)KaHe Ha Pe3oHaHCEH pexnm. Te3n eTanu we Obaart pasrnegaHu
AeTanriHo kaTo anpobaums Ha noaxoga ¢ MakCMMarHo paHHO M MawabHo npunaraHe Ha Bl B

rmasa 9.
n3sogun

e [lMopagn Heo6GxoaMMOCTTa OT BMCOKa CTeneH Ha MHTerpauuMsa U TACHO B3auMoaeucTBue
MeXAay efieMeHTUTe Ha OTAeNHUTE CUCTEMM NMPU cneunduUnMpaHeTo U KOHLeNUPaHeTo Ha
MeXaTPOHHM NpPOAYKTU, e AOoKaszaHa HeobxoAuMMmocTTa OT NpuraraHe Ha MeToguTe Ha

BMPTYarHOTO UH)XXeHepPCTBO OT HaW-paHeH eTan Ha pasBUTUETO.

e Ha ocHoBaTta Ha d¢yHKkuunte 3a kKadectBo (QFD) e npepnoxeH noaxon 3a
naeHTUdPUKaLmMa Ha NOoTpebHOCTUTE Ha NoTpeduTenuTte (C U3Non3BaHe Ha NPOTOTUNNU) U

TpaHcchopMMpaHe Ha KITMEHTCKUTE U3UCKBAHUA B TEXHUYECKU cneumndmKaumm.

e Ha npumepa Ha pa3BuTa KOHUENUUA Ha (haMunna yaapHO-NpOGMBHU MaLLUUHM € foKa3aHa
eeKTUBHOCTTa Ha rOPHUA NOAXO0A, Ype3 NOCTUraHe Ha A06pPO (haMUINHO CTPYKTypUpaHe,
KaTo urneHoBe ce peduHMpaAT MO TaKbB Ha4MH, 4Ye (PYHKLUMOHANHO-CTOMHOCTHOTO
npenoKpuBaHe Mexay YneHoBeTe Aa ca MMHMMAariHW, KaTO HMBOTO Ha YHU(MKauMA Ha

BCUYKM YfleHOBe Aa 6 bae MakCMManHoO BUCOKO.

e [lpepnoxeH e opurMHaneH NPUMHUMN Ha cneuudunyeH KBa3UPE3OHAHCEH pPEeXuM Ha
paboTta Ha nNHeBMaTU4YHO-BaKyyMeH MeXaHuM3bM C TMoBuweHa eheKTUBHOCT no
OTHOLLEHMEe Ha eHeprus Ha yaapa U KOHCTPYKTMBHO pelueHue, 3alUUTEHO CbC CBETOBEH

naTeHT.
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BupTyanHo NHxeHepcTBO

3.4. UHOBATUBEH noaxop 3A KOHUEMUPAHE, APXUTEKTYPHO U3rPAXOAHE U PA3BUTUE
HA KOMNNEKCHU NPOAYKTU B PASNPEAEJIEHA BUPTYAINHA CPEOA

OcHOBHa TeHOEHUMSI 3a pasBUTME HA KOMIMIEKCHW MPOAYKTU € MpexoabT OT CUCTEMHO
NnpoekTMpaHe Ha (YHKUMOHANHO W NPEAMETHO HMBO KbM MOAYMHO M3rpaxKaaHe Ha CrOoXHU
CUCTEMM C MWHMMArHW WHBECTUUMM B HOBU enemMeHTU. CblueBpeMeHHO C HaBnu3aHe Ha
€NEKTPOHHO CEH30PHU CUCTEMM B TE3U NPOAYKTU Ce Hamnara BKIYBaHETO B MpoLieca Ha passuTue
M Ha HOBM y4acTHULM — CeumanucTy no enekTpoHmka u cogtyep.

- < < -
i | | i i i i
H 1 1 H
Mucua TR MnaH 3a
MotpebHoc TexHuyecka CvspasaHe WUsbop Ha [OetaiinHa
N Ly N o passugye
™ Ha kneundmkayms Ha KOHLenT FMELMOUKALMA—P haspaboTka
KAWeHTa KoHuenuma

| MKoHOMMWYeCKa OLeHKa |

| CpaBHEeHHWEe C KOHKYPEHTHH |

I c‘bﬂaBaHe Ha BME!!BHHM 4] QI‘IBM‘IECKM HEOTOTI‘IHM I

durypa 3-14: KoHuenTtyanHo passutue. MocneaosaTenHo-UTepaTMBEH MeTO4 33 pa3paboTKa Ha
nsaenue

Te3an npeausBuKaTenictBa W3MCKBaT HOBa MeTOAONOMMA M noaxoaAu nNpu
KOHLenupaHe, apXUTEKTYPHO u3rpaxaaHe M OocobeHO npu BanuaupaHe Ha KOMMJIEeKCHMU
npoaykTU B HoBaTa MH(OPMALMOHHA, TEeXHOJIOTMYHA, OpraHM3auuMoHHa U pasnpegerieHa
paboTHa cpeaa.

B 1031 acnekT pasrnegaHute no-rope nocrefoBaTtenHo-uTepaTtMBHM METOAN M NoAXoaM 3a
pasBMTME He Ca HanbfHO adeKkBaTHM Ha CWUMHO CTPYKTYpUpPaHUTE W YCKOPEHW Mnpouecu Ha
pa3BuTME, 0COBEHO NPU Cb3gaBaHe Ha NO-KOMMMEKCHN NpoaykTu. (Purypa 3-14)

EovH OoT nogxoguTe 3a MNpPOEKTMpaHe Ha CrOXHUM cuctemmu e T. Hap. “V” nogxog 3a
AeKoMno3upaHe U MnocreaBallo MHTerpupaHe B npoueca Ha npoekTtupade. (Didier, et al., 2017)
(VDI2206, 2004) Ton obaye He oTuMTa B HeobxoguMmarta cTeneH M opma Ha CBbpP3aHOCT
B3aMMHOTO BfMSIHWE HaA OTAENHUTE Bb3NU MPU MHOrOBapMaHTHO M3rpaxgaHe v npu MOZYIHU
CUCTEMW, KaTO MO TakbB HA4YMH HE € [A0CTaTb4yHO edpeKkTUBEH, [OOKONMKOTO He wu3cnensa
BapWaHTHOTO u3rpaxaaHe u BanuanpaHe B CBbP3aHOCT.

MATPULATA 3A CTPYKTYPHA CBbP3AHOCT (DSM)

DSM e 06w meToa 3a npeacTaBsiHE M aHANM3 HA MOAENM Ha CUCTEMU B pasnnyHu obnactum
Ha npunoxeHne. DSM e kBagpaTHa maTpuua (T.e. MMa paBeH Opon pedoBe M KOMOHU), KOATO
nokasBa BpPb3KUTE MEXAy enemMeHTuTe B cucTtemata. Mima Tpu OCHOBHWM rpaaMBHU efnemeHTa 3a
ONUCBaHe Ha Bpb3kaTa Mexay eneMeHTUTe Ha cuctemaTa: napanenHu (Mnu egHOBPEMEHHM),
nocnegoBaTtenHun (Mny 3aBUCUMK) U CBBbP3aHK (M B3anMo3aB1UCUMN).
B cpaBHeHve c gpyrm Metoam 3a MogenuvpaHe Ha cuctemHarta cTpyktypa, DSM mnma aBe
OCHOBHW NpeauMMCTBa:
e OcurypsiBa NpoCT M KOMMNAKTEH HAYMH 3a NPeACTaBsiHE Ha CITOXHU CTPYKTYPW.
e DSM nosBonsiBa peguua aHanumsu, kaTo KNbCcTepusnpaHe (3a yrecHsBaHe Ha muarpaxgaHe
Ha MOAYNHOCT) U NOCNeAoBaTENHOCT (3a cBeXAaHe 4O MUHMMYM Ha pasxoguTe u rpaduka
Ha pucKa B NPOLECUTE) Ha U3rpaxgaHeTo.

3.5. Kn'bCTEPUPAHE (U3rPAXOAHE HA MOAYNN) HA BA3A HA DSM.

Korato DSM enemeHTUTE npeacTaBnsaBaT KOMMOHEHTUTE Ha Au3aniHa Ha npogykra (T.e.
KOMMNOHEeHTHO 6asnpaH DSM), uenta Ha MaHUNynMpaHeTo Ha MaTpuuaTa ce NPOMEHS 3HAYUTENHO
OT Tasu Ha anropuTMuTe 3a nocrnegosaTenHocT. HoBaTta uen ce onpegens oT HamuMpaHe Ha
noarpynu oT enemeHtT Ha DSM (T.e. KNbCTEPM NN MOAYNM), KOUTO Ca B3aUMHO M3KIHOYBALLN Ce
UM MMHMMAanNHoO B3aMMOOEeWCTBallM CUM NOOMHOXECTBA, T.€. KNMbCTEPU KaTo rpynu oT enemMeHTH,
KOUTO Ca B3aMMOCBbP3aHW MOMEXAy CW B 3HaduUTernHa cTeneH, JOKaTo ca Manko CBbp3aHu C
ocTaHanaTta 4acT OoT cuctemarta. To3u npouec ce Hapuda ,[pynupaHe" unu mogynmusmpaHe.
(Sharman & Yassine, 2004)

3.5.1. IPUMEP: DSM maTpuua 3a KOHUEeNTyanHo U CTPYKTYPHO U3rpaxpaHe Ha
MOTOKap BMcoKonoBauray
KOHUENUuA. OCHOBHU KOMMOHEHTU HA U3OENUETO

BaxeH eTan OT pa3BMTMETO Ha e€AuH NPOAYKT € 060co6sBaHEeTO Ha HEroBUTE OCHOBHU
Bb3n. TO € NpPsSKo CBbP3aHO U C KOHUenuusaTa Ha camarta KoHCcTpykumsa. OBocobsaBaHeTo Ha
OCHOBHWTE KOMMOHEHTU Ha U34eNneTo 3a pasrnexgaHus npumep e HanpaBeHo KaTo ca pa3sutn 21
YHKUMOHAMNHN KOHCTPYKTUBHU FPpynn 1 cuctemu. pynupaHeTo 3a KnbctepuanpaHe Ha DSM B To3un
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NPOEKT AaBa Bb3MOXHOCT Aa ce U3rpagaT onTUManHuTe CTPYKTYPHU KOHUIypaumm Bb3 OCHOBA Ha
CTeneHTa Ha B3auMoLencTBMe Mexay eneMeHTuTe Ha uanaTta mawwuHa. lNopaan cneuudumkaTta Ha
CBbP3aHOCTTA B €4WH KOMMIIEKCEeH MPOAYKT, KaKbBTO Hanpumep € MNOAEMHO -TpaHcrnopTHaTa
TexHuKa, TyK ce npeanara cneunguyHo geduHnpaHe Ha Bpb3KUTE KaTO efleMEHTU Ha CBbP3aHOCT
B DSM maTpuuaTa, KaTo Bpb3KUTE Ca ONUCaHU KaKTo crieaBa:

S - Bpb3ka Ha nogYMHEHOCT OT ped KbM KOSToHa M OT KONoHa KbM ped. [1pu Bpb3ka OT To3un
TMN NpoMsHaTa B eadvHus enemeHT 6w gosena [0 3agbiKUTenHa npomMsiHa B NOAYMHEHUS
erleMeHT.

O - OnumoHanHa Bpb3Kka OT ped KbM KOMoHa (Hag AnaroHana) n OT KorioHa KbM pef (nog
AvaroHana). lMpu Bpb3ka OT TO3M Tun, nNpomsiHata B eauHua enemeHt HE 6wm pgosena go
3a4b/PKMTENHA NPOMSHA B CBbpP3aHUS ENEMEHT.

X - BzaumocBbp3aH TMN Bpb3ka OT ped KbM KOMoHa (Hag guaroHana) U OT KONoHa KbM pea
(nog guaronana). lNpu Bpb3ka OT TO3M TUN NpoMsiHATa B eAuHUSA enemMeHT Ou gosena go
3ag0bIPKMTENHA HacpeLHa NpoMsiHa BbB B3aUMOCBbP3aHUSA efeMeHT.

Te3an Tpn gedunHMUMM Ha CBbp3aHOCT A06aBAT HOB enemMeHT npu marpaxgaHe Ha DSF
mMaTpuuaTta 1 No3BonsBaT Nno -afekBaTHO N NecHo ob6ocobsiBaHe Ha MOAYIHN CTPYKTYPMW.

Ta6bnuua 3-4: DSM Matpuua Ha CBbP3aHOCT

KapeTa v npucnocobnexus

ManyckaTenHa cuctema
OxnagutenHa cuctema
KopmunHa cucrema
PesepBoap macno
PesepBoap ropuso
MosauratenHa ypeaba
EnekTp. c-ma 3a
KabuHa 1 ceganka
OcBeTnexve n

13. XupgpaBnuyHa cucrtema
Konena v rymn

9. BcmykaTtenHa cucrtema
wn|14.

n|o[10.
O

4. CnupayHa cuctema
7. CkopoCTHa KyTusi

6. cbeguHuTen
0O|[8. Osuraten

11
12.
7
18.
9

21.

w 2. NpoTuBoTEXECT
n (3. NpegeH moct

Lacu
[poTnBoTEXECT
[NpeneH moct (@]
CnmpayHa cucrtema
3azeH mocT O
cbeavHuTen
CKopoCTHa KyTus
[Buraten
BcmykaTtenHa cucrema
0. ManyckaTtenHa cucrtema
11. OxnaguTtenHa cuctema

12. KopmunHa cuctema

13. Xugpasnun4yHa cuctema

14. Pe3epBoap macno

15. PesepBoap ropveo

16. lMoeguratenHa ypegba

17. KapeTta u npucnocobneHunst

18. Konena v rymm

19. EnekTpoHHa c-Ma 3a y-e

20. KabuHa n cepanka

21. OcBeTneHue u curHan
Kro4yoBuAT enemMeHT npu 1031 noaxoad Ha pasBuTne e 4ypes npemMmHaBaHe OT Bb3JIM KbM

obocobsaBaHe Ha moaynu, Npu cnasBaHe Ha nNpeanoXxeHuTe no-rope npasvna. C nomollrta Ha DSF

MaTpuuaTta e geduHupaHa CBbp3aHOCTTa Ha OTAENHWUTE rpynu u cuctemu. Te ca rpynupaHu B

CbCeacTBO cnopeq (PyHKUMOHanNHaTa Cu CBbP3aHOCT M aBTOHOMHOCT B 7 OCHOBHW Moayna

(knbcTepu), nokazaHn Ha Purypa 3-19.

O®OPMAHETO HA MOAYNUTE B KOHCTPYKTUBHU IPYNU E HEOBXOAUMO OA CNEABA CNEQHUTE
OCHOBHWU MPUHUUNKU (CUCTEMATU3UPAHM OT ABTOPA HA BA3A HA BHEOPEHM B MPAKTUKATA
PELLUEHUA):

O|wn 5. 3ageH mocT

nil
O|x|x[16.

O

BIO[R[N[O[O[R[w][N]=

Oo|0

O| |0|0|O0

X

DE®UHNPAHE HA UHTEP®ENCU MEXAY MOAYNUTE

KoHuenTyanHoOTO M3rpaxkgaHe Ha npumepa Ha MOTOKap, MOXe Aa ce TBbpAW, Ye Taka
pasBuTaTa KOHLENUUS NoNi3Ba BUCOKO HMBO Ha MOAYIHOCT Ha MU3rpaxKaaHeTo, Npu 3anasBaHe Ha
YHUUKALMA HA Bb3NU U efleMEHTU B CbOTBETHMSA 000Cc06EH ModyNn Ha cucTeMaTa, KakTo U Mexay
TAX. HoBocTTa npu Tasu cTpaterMs Ha MPOEeKTUpaHe ce CbCTOM B TOBa, Y€ OT CUCTEMHO
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NpoeKTMpaHe, KakTo ca 06ocobeHn Bb3nuTe B Tabnuuarta Ha CBbP3aHOCT, ce NpeMMHaBa KbM HOBa
apXUTEeKTypa — WUMEHHO Ha KNbCTepu3aums unn MoaynHo npoekTupaHe. KomnosupaHeTo Ha
MoAynu B NO-rofieMy eavH1LM NO3BOMNsiBa ONMCaHUsA 3a NPUABMKBAHE HAarope ¢ e4HO U CbLLO HMBO
Ha abcTpakums.

NMPUMEPHO PELUEHUE

3a vncTpaumsa e nsnonaeaH npumep ot pabotarta no npoekt 3a doupmata NEXEN Liftruck

OT npakTukaTa Ha aBTopa. durypa 3-20 nokasea apxutektypata Ha cuctemmnte B NEXEN FD25,
n3bpoenun BbB Purypa 3-19 kato DSM maTtpuua Ha cBbP3aHOCT, Noka3aHu ¢ nHageken ot M1 go M7.

Hakon ot cuctemute ca d)VISW-IeCKI/l pasnpegeneHn B pasfinvdHn 4aCtn Ha MOTOKapa,

®durypa 3-19: DMS maTpuua Ha CBbP3aHOCT

1.Wacn

14.Pe3epBoap macno

15.Pe3epBoap ropnso

2.MpoTnBOTEXKECT

1.lWacn

14.Pe3epBoap macno
15.Pe3epBoap ropuso
2.MpoTuBoTeXecT
5.3apgeH mocT

5.3apgeH mocT

18.Konena n rymu

3.MNpegeH moct

18.Konena v rymmu

3.lNpegeH moct

4.Cnvpayna cuctema

6.CbeauHuTen

7.CkopocTHa KyTusi

13.XvgpaBnuyHa

8.[Buraten

9.BcmykaTenHa

10.U3nyckaTenHa

11.0OxnagutenHa

16.MoBavraTtenHa
17 KapeTta n

4.CnmpayHa cucrtema

6.CreguHuTen

CBbp3aH C MHTEpPdENCU KaTO XMOPaBNUYHM MapKy4yu, enekTpUYeckn MpoBOAHMUM, 3aOBUKBALLM
cbeauHuTEeNu 1 ap.

Mmoavnu

7.CKOpOCTHa KyTus

13.XvgpaBnuyHa cuctema

8.[lBuraten

9.BcmykaTtenHa cucrema

10./3nyckaTenHa cucrema

11.0xnagutenHa cuctema

16.MoBguratenHa ypeanba

17.KapeTta 1 npucnocobneHus

B Tasu metogonorns MMmame CblUeCTBEHa pasnvka CrnpsiMO CUCTEMHOTO MpOeKTMpaHe,
6a3snpaHo Ha obocobsiBaHe Ha OTAENHW CUCTEMU — Hanpumep XuapasnuyHa cucTema, KopMunHa
cucTema, TPaHCMUCUS U T.H.

durypa 3-20: ApxuteKktypa Ha cuctemmte B8 NEXEN FD25

J1sBO; CTpyKTypa Ha cucTemaTta Ha CUCTEMHO HMBO, MOKasBalLy OTAENHWUTE CUCTEMM Ha MaluMHaTa W OTHOLUEHUsTa Mexay TaX. [sicHo;
CTpykTypa 060coGeHa Ha MOAYNM Ha NpeAcTaBsl MaluMHaTa u3rpageHa ot MOAYISIM U OTHOLLEHWUSI MeXay CUCTEMUTE U MOAYNUTE
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durypa 3-22: MaTtpuyeH noaxod 3a AeduMHUpaHe Ha ¢YHKUMOHANHaTa
apXUTEKTypa Ha NPoAYKTa

3.6. MATPMYEH nogxon 3A OE®UHUPAHE HA ®YHKUMOHANHATA APXUTEKTYPA HA
NMPOAYKTA 3A PA3NPEOENAHE HA HEOBXOOMMWUTE ®YHKLUU MEXAY PA3NUYHUTE
OCHOBHU CUCTEMU

MpouecnTe Ha pasBUTUE ca C HapacTBalla CMOXHOCT U B apXMTEKTYPHO OTHOLUEHWE ce
TbPCAT BCE MO-pparMEHTUPAHN U CTPYKTYPUPAHU KOHLEMUUM U apXUTEKTYPWU, KAaTO MHOIO 4ecTo
dparMeHTMpaHeTO Ce OCbLUECTBSIBA KAKTO Ha (pyHKLMOHANHO HMBO — 060COGsIBaT ce enemeHTH,
Bb3MM UMM MOAYNM C SICHO AedVHUpaHU UHTepdencn nnm ce obocobsiBaT OTAENHUTE eTanun u
HMBa Ha TEXHONOMMYHa rOTOBHOCT B NMpoLieca Ha passButume.

Mo-pony e
NpeanoxeH envH i s 3|3 g
MaTpUyeH noaxon 3a E g £:||ES
aeduHMpaHe Ha £ o
dyHKUMOHanHaTa = §
apxuTekTypa Ha

MEXAHUYHA #

CTPYKTYPA .

KuHEMATUKA

Y 3AN1BUIKBAHUA — )

ENEKTPUYECKA CUCTEMA + ]

ENEKTPOHHA CUCTEMA

npoaykta ¢ uen ga ce

pasnpegensT %
[
E

HeobxoanmuTe yHKLMM
mexay pasnuyHuTe
OCHOBHMU cucTemm
(Purypa 3-22, durypa 3-
23)

V|3BOHM OTIMABA 3
CEH30PU U

e Pa3BuT e noaxopn 3a | xomyHmKkALMA
TpaHcdopMmupaHe p
Ha KIMUEeHTCKuTe COSTYEPHA CHCTEMA
noTtpebHoCTH B nmuesemee
TeXHU4YeCKun f XUAPABNUYHA , +
cneumdmKauum npu | no. onvinnu c-mu

npoeKkTupaHe Ha [Omuu W . CUCTEMM

KOMMNMEeKCHM ‘ B B T
uspenus. S—

e W3nbnHeHueTo Ha .
MHOXecTBO n B Purypa 3-23: MatpuyeH noaxop 3a geduHmpaHe Ha uHTepdencHaTta

ronsima cTeneH AdPXUTEKTYPa Ha NPOAYKTa
npoTuBOpeYalm cu
M3UCKBAHUA, Ha KOMTO TpAOBa Aa OTroBapsAT wu3crneaBaHUTe MOAYINHU CTPYKTYpM,
onpeaens Kato Hanexaiyo U3non3BaHeTo Ha HOB HETPaAULUMOHEH UHTEpPAUCLUNITMHAPEH
noaxoz Npu TAXHOTO NPOEKTUpPaHe.

e Pa3BuT e nogxop 3a aBTOMATU3UPaAHO MPOEKTUPAHe Ha CIIOXKHWU MAaLIMHOCTPOUTESTHMU
n3genus Ha MoaysieH NPUHUMN Ype3 TeXHONOrMuTe Ha BUPTYariHOTO MHXEHepCTBO, Ypes
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BupTyanHo NHxeHepcTBO

noAxXoAsLLOTO 3a LenTa pasgensHe Ha OCHOBHU KOMMOHEHTU Ha cucTemMaTa c npunaraHe

Ha DSM moaucdumumpaH meton.

e [lpeanoxeH e mMaTpuyeH noaxon 3a AeduHupaHe Ha chbyHKLMOHANHaTa apxXuTeKkTypa Ha
npoaykTta 3a pasnpepgensHe Ha HeobxogumuTe (hyHKUUM MeXAy pPasfNMYHUTE OCHOBHM
CUCTEMU B TPU CTBIMKKU B TP NOA-MaTPULM:

o ®opmupaHe Ha (pyHKLUMOHaNHaTa apxuTekTypa Ha npogykra € uen ga ce pasnpegendar
Heobxoanmute YHKUMM  MexXdy pasfnVyHUTE OCHOBHW CUCTEMW — MEeXaHW4Ha,
ernekTpuyecka, enekTpoHHa 1 ap.

o Warpaxga ce B MaTpuyeH BuA UHTeppencHaTa apxuTekTypa Ha nNpoaykTta Ha ocHoBaTta Ha
dopmmnpaHata yHKUMOHaANHa apxuTekTypa, KaTo ce onpegendr HenpoMeHsemMu Wnu
,TBBPAN" MHTEpdEncHN aeuHnLnn.

o B matpumyeH Bug ce onpegend u L,HMBO Ha TEXHOMOrMYHA TOTOBHOCT® Ha BCEKUM OT
eneMeHTuTe Ha QYHKUMOHANHa apxuTekTypa C TBbpAO AedMHUPaHU UHTEPdENCHN
aenHnumm.

e To3u noaxon AaBa Bb3MOXHOCT Aa Cce pa3BMBAT NapasienHo otaesiHUTe CUCTEMU UMK
efleMeHTM C pasfiIM4HO HMBO Ha TexXHONorMyHa TroTOBHOCT, Ha OCHOBaTa Ha
HenpomMeHsieMu uHTepcencHn aecpuHNLUN.

4. AHANU3 HA NPUNOXUMOCTTA HA CUMYNALUMOHHUTE MOOENU U AHAJIU3UTE KATO
OCHOBEH ENNEMEHT HA BUPTYAINHO NMPOTOTUMNMWPAHE

UHXEHEPHNAT aHanmM3 € HayyeH aHanuMTUyYeH MeTon, OCHOBaH Ha [JeKomno3upaHe Ha
cuctemarta 40 HUMBO Ha (PYHKUMSA MNU MEXaHW3bM C Lien aHanua3 U oueHKa Ha KOMMOHEHTUTEe B
CbOTBETCTBME C OCHOBHUTE (PU3NYHM MPUHUMNM U NPUPOAHM 3akoHU. [lpoBexgaHeTo Ha
WHXXEHEPEH aHanu3 cnegea OCHOBHU BUOOBE OEMHOCTM, NMOKa3aHu rpacdpmnyHo Ha durypa 4-1.

=3 =5 =35

durypa 4-1: OCHOBHM AEMHOCTU NPU UHMKEHepeH aHaM3 — 6a3a 3a BUPTYyasieH NpoToTmn

BN npeacraenaBaT B3aMMOCBbP3aHN CUMYMaLMOHHM MOAENW, uarpageHn Bbpxy obua 3D
reomMeTpusi, rpaHNYHK YCrOBUS U MaTepuarnHn MOAEenn 3a U3BbpLUBaHE Ha CIOXHWU U3cneaBaHus
Ha npoadykTa B ,AWrMTanHa cpega”’, cuMynupallia peanHuTe YCroBWUS Ha ekchnoaTtauust npwu
B3aMMOCBbp3aHM U3MYHM npouecn. [eduHUUMS Ha U3dMCnMTENeH MoAen, CUMyNauMoHeH
MoAen/uHXxeHepeH aHanva u BUpTyaneH NpoToTun e nocoveHa Ha durypa 4-2.

HuBa Ha BupTYyanusauus

Bb3MOXKHOCTH BupTyaneH

npororun

CumynavumoHu
aHanusun
[
—
W3uncnurenHn
S Hampyneare Ha
Mogenu " ; 3HaHUA

@) WrxenepHu aHanusu

MautcieHus

»
|

| | \ |
1980 1990 2000 2015 Bpeme

durypa 4-2: Huea Ha BUPTyanunsauma npes roguHuTe

4.3. TIPANOXUMOCT MPU CMNEUN®UYHUM CTPYKTYPHU AHANMU3UN (3AOAYN 3A
AE®OPMUPYEMO TBHPJO TANO)

4.3.5. CTPYKTYpPHU €KCMIIMLUMTHU aHanu3m Ha yaapHU Bb3aencTems
PasrnepgaHute gocera aHanusu non3BaT OCHOBHO WUMMMUUMTHWM NMOAXOAM, FMaBHO Nopaau

NPOABLIPKUTENHOCTTA BbB BPEMETO Ha cuUMynupaHust dusmdeH npouec (Bux durypa 4-13).
EkcnnuumTHUTE Nogxoam ca no-noAxoAsLLmM Npu CriegHnTe cnyyau:
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e bBbbp3o npotuyawm npouecu, nopagu cneumdukaTa um, onucaHa no-rope, Hamanssalla
3HaYNTESTHO BPEMETO 3a U3YMCIIEHNE.
e CunHO HenvHeeH xapakTep Ha nscnensaHus nNpolec.
3aTpyaHeHua Npy NpuBexaaHe Ha 3ajadvaTa ypes UMNIUUUTEH NOaXOA.
XapakTepHOTO 3a eKCMNUUUTHUA Noaxo e, Ye pesyntatuTe, KOUTO ce nornyyasarT we 6bvaaT
TOYHW, @Ko CTbMNKUTE ca AO0CTaTbyHO Marnku. HegoctaTbyHMAT 6PON CTLMNKM BOAM A0 OTKIOHEHWNE
OT MpPaBUITHOTO pelleHne, HO yBernv4yaBaHeTo MM yBenuyaBa M BpeMeTo 3a pelleHve. Taka ce
TbPCU MaKCUMarHUAT MHTepBan BpeMe Mexay ABe CTbMKWU, NPU KOUTO Lie ce NOCTUrHe YCTONYMBO
peweHune. Ton ce onpegens cnoped HeobxoaumoTo ycnosue Ha Courant—Friedrichs—Lewy (CFL)
3a npvBexaaHe Ha YacTHW andepeHunantn ypaBHeHUs, KOeTo B eJHOMEpPEH BUA ce U3nncea KaTo:

c* Aty
= " Ax < Cinax, U3BECTHO KaTo yMcso Ha Courant.
X

ToBa ycnoBue o3Ha4yaBa, 4e
3a eaviH MHTepBan Atmaxs
pa3CTOSAHMETO, U3MWHATO OT Hau-
6'bp3aTa BbJ1HA Ha MNpoAbMKUTENHOCT Ha CUMYNUPpaHUA npolec
pasnpOCTpaHeHme B Mop'ena lr. 10s 1s 0.1s 0.01s 0.001s 0.0001s
(C*Atmay) TPSI6Ba oa 6bae no-manko €

~ IT®: C < Cpobonuo banuctuka JleroHaius B COCK

Cmax I_I.bTM OT HaM_ManKMg pa3Mep ‘BaseHe CTaTHKa ﬂ][Hal\Il]Ka ”muH: L y;l[:;h CKOpPOCTeH

Ha enemMeHT B TOBa HanpaslieHue
AX.

Mpy eKkcnAUUMTHM aHanusm
Crnax = 1.
Hanpumep, npn aHanua Ha
CTOMaHeHa KOHCTpYyKUMs, umalla
MUHMManHa XapakTepHa ObJDKUHA
Ha enemeHT oT 5mm,
npenopbyMTeNiHaTa MakcuMmarHa CTOMHOCT 3a BpemeBus uHTepsan e 10° ms. (Roth, et al., 2002)

4.4. MEXAHUKA HA HEQE®OPMUPYEMU TBBPOU TENA

durypa 4-13: CTpyKTYPHU EKCMIMLMTHU aHa/IM3KN Ha yAaPHU
Bb3aencresus

n HXEeHepHuTe aHanum3u, CBbp3aHU C NAb3rala TpaHCNaUMOHHa Bpb3ka
MexaHWkaTa Ha  Hegedopmupyemute  Tena, Aenndep \
nicnegBat AguHamMmumkata npun CcUCteMm OT TBbpAUn \ 7.
Tena, W3BbpLBALIM ABUXKEHMe, 6e3 oTunTaHe Ha Z "

TexHuTe gedopmaunn. TUNUYHU NPUSTOXKEHUSA ca HaW-
4YeCTO ABWKEHUSTA Ha MaLLMHHW YacTu, pasrnexaaHu
Mo OTHOLUIEHME Ha TEeXHW napameTpu KaTo CKOPOCT,
yCKOpeHwue, yaapu u gp., npu KOUTo ce npecb3gasat
KMHEMATUYHN NNW OUHAMNYHUW (BKNIOYUTENHO YAapHU)

b13nYHM NpoLecy. HRASKOPMADYEMO  mpyi axtyaop
MPUMEP 3A MPUNOXUMOCT
onopa
[leMOHCTPUPaHO € MPUNOXEHWe Ha TO3W TWM ® 4.17: c
aHanuan 3a onTUMU3NpaHe Ha paboTHUTE napameTpu urypa -/ ucrema or

Ha pbYeH eNeKTPOMHCTPYMEHT, TUM KbpTad. Llen Ha  HeAedopmupyemu TBbpAM Tena

onTUMM3aUMATa € yBenuyaBaHe Ha eHeprusita Ha

yaap, npu 3anas3BaHe WM HamansBaHe Ha BuOpaumute B pbKOxBaTkaTa (PECnekTVBHO — Ha

peakuusta). Cb3gageHuaT BUpPTyaneH M3uncnuteneH Mogen AaBa Bb3MOXHOCT 3a BapvpaHe Ha

napameTpuTe Ha cuctemata A0 [OCTUraHe Ha onTumanHu paboTHM XapakTepUCTUKM, KaTo

NPUHUMMNHA CXema Ha cucTemarta

e nokasaHa Ha ®Purypa 4-18. k. © - — kg, calp

KomnoHeHTM Ha Mopgena ca |—+ H

OCHOBHUTE paboTHM geTamnu ot — [ son fvTato
MHCTPYMEHT xy' .\(b(::zmk HHUK \M

PE30HaHCHUS NHeBMaTUYHO- IVVVVVVAVAI ‘%\
BaKyyMeH MeXaHU3bM: MeXANHEH i
BOMHMK (O3HAYeH Ha cxemaTa C kp. cp ——1 1@ o

B); 6onHMK (03HayeH Ha cxemata

¢ R); 6yrano (o3HayeHO Ha =

cxemata ¢ P); oc Ha 6yranoto . oo T
(osHauyeHa Ha cxemata ¢ PP); | ‘ @
MOTOBMIIKA (o3HaveHa Ha o Wt
cxemata ¢ C); oc Ha kpusoLumna
(o3HaveHa Ha cxemaTa ¢ PCR);

KpUBOLLMN (o3HayeH Ha cxemarta C durypa 4-18:
CR); BpeTeHO (0O3HayeH Ha
cxemata ¢ SP); WHCTpymeHT
(o3HayeH Ha cxemata ¢ T);
obpaboTtBaH maTepunan (o3Ha4yeH Ha cxemaTta c T).

MexaHnKka Ha Hepgedbopmupyemn Tena.
MpunoxeHne
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4.6. MYNTU®GU3UYHU AHATIU3U

PA3MMEQAH E NPUMEP 3A TEPMO®INYUAEH AHANAU3 C NPUNATAHE HA BIl.

Ton BKMOYBA CbBMECTHM pELUEeHUA Ha 3agayvyM OT MexaHuka Ha nyngute n TEPMUYHK
npouecu npu TBBPAN Tena. OOekT Ha u3cneaBaHETO € aBToMaTu3MpaHa cucTema 3a TepMuYHa
00paboTka Ha MUKPOMPOLIECOPU Ype3 KOHBEKTUBEH TOMNOOOMEH. TEeXHOMOrMYHUAT NPOLEC € Ha
crnosiBaHe Ha KOHTaKTUTe KbM nognoxkata (Ball Grinded Area moHTax upes reflow npouec).

™  ‘ U o / /
: 3 i o vz‘
: | .

50 100 150 200 250 300 350 400 450 500 550 600 650 700

durypa 4-32: MyntucdunsnyHn aHanmsn. Pdurypa 4 33: Mynmq)maquM aHanusu. I'Ipmno>i<eH|/|e
MpunoxeHue npu TepmopnymaeH npu  TepmodbnymaeH npouec.  MN3meHeHne  Ha
npouec. CKOpPOCT Ha NOTOKa B HAOTBLXHO  TemnepaTypuTe Ha NPOoAyKTUTE BbB BpemeTo, K
ceyeHMe npe3 ocrta Ha TypbuHaTta
(BekTOpHO NpeacTaBsHe), m/s

OCHOBHOTO M31CKBaHE € cna3BaHe Ha CbOTBETEH TeMnepaTypeH PEXMM Ha HarpsiBaHe (BUX
duryparta). OTgageHarta TonnnHa kbM obpaboTBaHNTE NPOAYKTM Ce Bb3CTaHOBSIBA KAaTO Bb3OyXbT
ce MoAarpsiea OT HarpeBaTenu, pasnonoXeHn XOPU3OHTaNHO BbB BXOAHAaTa 30Ha Ha BeHTunatopa
(nog octa Ha BbpTeHe). [poeKTbT BKMAYBA ONTMMMU3MPAHE Ha KOHCTPYKUMATa 3a HamansBaHe
BPEMETO 3a CTaLMOHMpaHe W [AOCTUraHe Ha MakcumarnHa TemnepaTypHa pasnuka Mmexay
KOMMOHEHTUTE nopA namnckeanmte 3°C.

n3soaun

MpeanoxeHa e paswupeHa gedmHuuma 3a Bl — TexHonorMaTa BKMO4YBa Cb34aBaHeTO U
M3NON3BaHETO Ha BUPTyasiHU CUMMYJaUMOHHN MOAENUN NPU OTYUTAHE HA B3aUMOCBbP3aHu
npouecu U SABNEHUA 3a wu3cneaBaHe W BanuaupaHe Ha ¢yHKUMOHANHOCTTa W
eKcnyioaTauMoHHUTE KayecTBa.

U3cnegBaHM ca BB3MOXHOCTUTE Ha cneuncpuyHM BUAOBE WMHXEHEPHU aHanusu no
OTHOLUEHUE HA NMPUIIOKUMOCTTA UM MpPU pellaBaHe Ha pPasNIMYHU UMHXEHepPHW 3agaum, C
aKUeHT Ha CBbp3aHM B3aMMOAENCTBUA, KOUTO ca B ocHoBarta Ha BIl. lMpaktnueckw,
noBeAEeHMETO Ha AafdeH AeTaun, Bb3en WM MallMHa MoXe Aa Obae aHanuM3MpaHo
aZeKkBaTHO caMo ¢ nomouyra Ha BIl.

4.7. OBPATHO WHTErPUPAHE HA ONTUMU3UPAHU YPE3 BWPTYANIEH TMPOTOTUN
FEOMETPUYHU MOAOENU B NPOLIECA HA PA3BUTUE HA NMPOOYKTA

Moaxoam 3a obmeH Ha mMHOpMauusa OT onTumudaunoHeH paboteH npouec (OPIT) kbm
npoueca Ha pa3ssutue Ha npogykta (MP1). PaspaboTeHu ca TpyM OCHOBHWM KOHUENTyanHn noaxoAaa,
OCHOBaHM Ha NPUNOXEHNETO Ha Te3n CbLUECTBYBALUN UHCTPYMEHTU. CXeMaTU4HO Te ca nokasaHu
Ha ®durypa 4-35. Bcska cTbnka e onucaHa no-gony B AeTannu. [JBa OCHOBHM noaxoda ca
Bb3MOXHMW, KaKTO Ce BWKAA OT CXxemara no-rope, Kato eauHUAT OT TIX MMma ABe pasHOBUMAHOCTM:

o [leHepatmBeH nopxopn: OcHoBHa crneundumka e, 4Ye okoHdyaTenHusat CAD mogen e HoB,
pasnuyeH oT HanuyHusa B NPT Takbe.

e CpaBHuteneH nogxogd: OcHOBHa cneumduka e, Y€ Ce U3Mon3Ba NbpBOHAYaNHO
cbuwecTteyBawums B [Pl CAD mogen, konTo ce npmeexaa kbem PINM.

MR AR

Temperature, K

P

WYY O R RN TR T e

i a3
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4.8. MPUNATAHE HA BUPTYAJITHOTO NPOTOTUMUPAHE 3A TEXHOJIOTMYHO OPUEHTUPAHO

NMPOEKTUPAHE N KOHCTPYUPAHE

TexHonorn4yHo npoekTnpaHe
O3Ha4yaBa wu3rpaxgaHe Ha dopMu 1
KOHCTPYKLMMU, cbobpaseHun c
n3nonssaHuTe mMaTepuanu n
Npon3BOACTBEHMU Bb3MOXXHOCTU Ha
HanuyHaTta TEeXHONorn4yHa 6a3a,
AedvHMpaHe Ha TOnepaHCcu U KOHTPOSHM
npouecun, CbBMECTUMU C MaTepuanuTe u
NPoOu3BOACTBEHUTE 0GEMM.

lMpoBepkaTa Ha WU3NCKBaHUATaA 3a
TEXHONMOMMYHOCT Ha nnaHupaHuTe
Npon3BOACTBEHMN npouecu ce
OCblUEeCTBsIBA MOCTOSIHHO, Ouwe OT Hawn-
paHHWTE eTanu Ha pa3paboTkara.

Te3an um3nckBaHMsA 3aBUCAT MHOrO
OT maTepvanuTe n OT gu3anHa Ha BCEKU
eovH getanmn M o ronsma cTeneH ca
pesyntat OT eMNUPUYHUTE PpeLLUeHus Ha
NPOEKTAHTUTE B pasnUyHUTE eTtanu OT
paspaboTkaTa. MpounsBoacTBeHUTE
TEXHONMOrMn ca B MHOrO TACHA Bpb3Ka C
mMaTepuanute, KOMTO Ce wu3nonseaT 3a
npou3BOACTBO Ha AeTannuTe.

ToBa € nokasaHO rpadu4HO Ha
durypa 4-43. ToBa obaye He BuHarm e
Bb3MOXHO M HaN-pPaHHUAT Bb3MOXEH eTan

3a npunaraHe Ha  TEXHONOrMYHUTE

M3NCKBAHUA  3aBUCM  OT  KOHKPETHO

pewaBaHaTta 3apavda. O606ueHo

npeacTtaBeHn Bb3MOXHUTE eTanu ca:

e [lpn nogrotoBkaTa Ha paboTHOTO
NPOCTPaHCTBO.

e Cnen reHepuvpaHeTO Ha  TecTOB

BapuvaHT, npean n34ncndaBaHeTo My.

A.1: CAD moaen ot PN

A.2: U3UMCTUTENEH MOJEN

]
A.3: ONTUMU3NPAH MKE
(Bb3num M ENEMEHTH)
v

B.1: U3X0AALY MOAEN B HEYTPANEH
®OPMAT KbM CIELIMATIU3UPAH CODTYEP
(CLoup OF POINTS, STL, STEP)

v

B.2: MoBbPXHUHEH (NURBS) Moaen

v

B.3: PEAAKTUPAH MOBLPXHUHEH MOJEN
(3ATBOPEHM NOBBPXHUHM, MOAVOULMPAHA
FEOMETPHS, KOPUTWPAHW HETOYHOCTH)

'

—_— C.1: TBbPAOTENEH CAD MOAEN
) |

E.1: PA3MO3HABAHE HA C.2: MOJEN C PA3MO3HATH NMPU3HALM
MPU3HALIM BbPXY HAUANIHUA CAD
L F: HOB W/1M MOJUOULIMPAH CHILECTBYBALL J
CAD MOAEN B B HA NP

®durypa 4-35: lNpouecbT Ha onTumMU3auns B
LAANOCTHUS NPOLIEC MO pa3BUTME Ha NPOAYyKTa

D.1: CblOCTABKA HA MO JJE/TUTE

|

D.2: MAPAMETPUYEH MOZEN.
MPUBEKAHE KbM
ONTUMU3UPAHATA FEOMETPUA

P

Cnen nony4yaBaHe Ha pe3ynrtaTt OT onNTuMn3auundaTa, B Kpad Ha ONTUMU3aULNOHHUA LUNKDBI.

Ha <D|/|rypa 4-47 e pasrmnenaH MHOroCTbnKOB noaxod 3a pelaBaHe Ha onTUMn3aunmoHHU
3agayum ¢ oT4MTaHe Ha nNnpon3BoaCcTBEeHUTE OrpaHU4YeHn4.

‘ Aedunnpano pa6oTHo |

\
\

. OKoHuaTenHa ouexka

‘ MNpenpouecupane: ‘

ACOUHUPAH U34YuChuTeneH npunarale Ha Hoyxay 3a
Gunmp le—| P yxay

[

£ 5 MPOCTPAHCTBO: >
E FEOMETPUYHO

] nouyncreaHe

-9

&

]

z

]

X

-

<]

©

g ’
] /
L. /
-3 /7

® /

I & ’ /,
b flocrnpouecupane: |/
g Bannaupaxe Ha !
o pesynrarure or <
c ONTUMU3aUMATA. \

| MoproroBka Ha

REbiR e onTuMMIaumaTa:
» onpeaensiHe Ha uenu,
M3YMCANTENEH MOARN
\ / \ NPOMEHNUEBU UT.H.
Umknn Ha
\\ onTuMMuIaums
‘\
\
: *
\
B s s — 5> ubainiabitaiadaing  Auiadediite ~
‘ \ \\\
Npenpouecupane: | Kopekuus na npoekra: =\

MOAEN 33 NPOBEpKa Ha
KOPUIMPAKUA NPOeKT [

NPON3BOACTBEHNTE
TEXHONOrMKn

durypa 4-43: lpouec Ha pellaBaHe Ha YNCAEHM ONTUMM3ALMOHHN 3a4a4M

21



BupTyanHo NHxeHepcTBO

Aecpunnpano paboTHo MoaroToska Ha
NPOCTPAHCTBO:

reOMeTpuYHO

SBSTPIRSCHERIE onTuMu3aumusTa:
—P pedhuHmpan —P u :

npeaensiHe Ha uenu
o M34YUCANTENEH MOAEN Aol S
noyucreaxe NPOMEHWBHU UT.H.

L o

—p

-------- Uuknu Ha !
onTuMM3auns e,

Mpouec Ha pazpaboTka Ha NnpoayKTa
/
/
/
-
A
/
\
'
\
\
\
\
\
\
/

Mocrnpouecupane:
Banuaupane Ha
<4 peaynTatute ot ‘
ONTUMH3aLMATA. a
OKOHYaTeNHa OUeHKa

durypa 4-47: MNpouec Ha pelaBaHe HA YNCAEHN ONTUMM3ALMOHHM 33434M C
OTYMTAHE HA TEXHOJIOTUYHUTE OrpPaHMUYEHNSA

M3BOOU KbM MABA 4

e MpepnoxeHa e paswupeHa aedumHuuma 3a Bl — TexHonorusaTa BKNYBa Cb3faBaHETO U
M3NON3BaHEeTO Ha BMPTyallHW CMMYNaLMOHHU MoAernu npu oT4YMTaHe Ha B3aMMOCBbP3aHU
npouecu W SsBMEHUA 3a wu3cnegBaHe W BanuaupaHe Ha ¢dyHKUMOHaANHOCTTa M
ekcnnoaTtauMoHHUTe KavyecTBa.

¢ MpegnoxeHn ca ABa HOBM noaxoaa (reHepaTUBEH U CPaBHUTENEH) 3a ycrnewHoO o6paTHoO
MHTerpupaHe Ha pes3ynTaTeH reomeTpuyeH mogen OT ONTUMM3auMa Ha c¢opmata B
CcbluecTBYyBaly B nNpoueca Ha pa3BuTue Ha npoaykTta oow, CAD mopen.

e MpepnoxeHa e MeToAMKa 3a BK/HOYBaHe Ha TEXHOJIOTMYHUTE OrpaHuyYeHus ypes
TpaHC(OPMMPAHETO MM B FeOMETPUYHU TakKuBa, NMPeACTaBAT Ce KaTo orpaHuyeHue B
nocokarta Ui roneMMHUTe Ha CbOTBETHUTE NPeMecTBaHUA U 6uBaT gecpuHMpPaHU BEKTOPHO
ype3 napameTpuU4HU AaHHU 3a AOMYCTUMO OTKIIOHEHue, Ype3 AeUHMpPaHe Ha KOJNTIM3NOHHMU
NOBBLPXHUHMU, KaKTO U AedPUHMPaHEe HA B3aMMOBpPb3KU.

e MpepnoxeH e WHXeHepeH MNOAXOA4A 3a OuUeHsIBaHe Ha pasfiMyHUTe CTPYKTypu OT
TEXHOJIOrM4YHa rnegHa Touka.

5. ®U3MYECKO NPOTOTUNWUPAHE. AHANMU3 HA AOUTUBHUTE TEXHONMOMMU U HA

BMCOKOCKOPOCTHOTO

OupeKTHU meToaun
MEXAHUYHO OBPAEOTBAHE 3A SRR
BEbP30 U3roTBAHE HA Wa meTanHm AeTaiinn
nPOTOTUNW |

CobuwectByBaT ronam 6pomn
METOAM U TeXHOMNorMn 3a aguTUBHO |

C pastonasaHe | I Bbes pastonasaHe I
NpoM3BOACTBO, KOMTO B Mo-ronsimaTa
CW YacT ca HaMbfHO Pa3fMyHU OT 20 Bystems |
KOHBEHLIMOHANHWTE  MeToau  3a &1 | l
M3pa6OTBaHe Ha ¢M3quCKM CenexkTMBHO NasepHo JAnpeKTHO MmeTasiHO
O6eKTI/I(ﬂpOTOTVIﬂI/I). Prometal pastonssaHe (SLM) otnarane (DMD)
5.2. AODUTUBHU TEXHONOIMMMU & SLy Lasertec 65 30
3A UFPAXOAHE HA METAIHU T o - !
CTPYKTYPM P e &
AQuUTUBHUTE TexHomnormu = POM - Trumpf
oenexart W3KIOYUTENHO OUHAMUYHO @~ —

passuTMe OT Hayanoto Ha 80-Te g
roogMHn Hacam. [TbpBoHadanHo ca

pa3paboTeHn meToan ocHoBHO 3a 3D

NPUHTUPaHe Ha nnactmacosn  ®dwurypa 5-8: Hakon metoam 3a aAUTUBHO U3rpaxKaaHe Ha
n3gennsa, Ho B MOCMNEACTBME CE€  KOMMOHEHTU OT MeTan

paspaboTBat M  TexHorormm 3a

nsrpaxxgaHe nocpeactsom gobaesHe Ha metan (Purypa 5-8).
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5.2.1. CeneKTUBHO Nna3epHoO pa3tonsiBaHe — SLM
CenekTuBHO nasepHo pasTonsisaHe (SLM — Selective Laser Melting), (Kruth, et al., 2005)
(Pham & Dimov, 2003) e meTond, Mpyv KOWTO Ce M3MNon3Ba pasTonsiBaHe Ha npaxoobpaseH
mMaTepvan C NoMowTa Ha fasepeH by C Uen nofyvyaBaHe Ha MeTarneH geTann C npakTu4ecku
HeorpaHu4eHo croxxHa cpopma.

NMPEANMCTBA U HEOOCTATBLM

MpegumctBaTta 1 HegocTaTbUUTE Ha Npoueca ca npegctaBeHn B Tabnuua 5-5. Kato Han-
TOYHA WM NPUNOXUMA 3a MEOULMHCKMA LEenM Ce OTKPOsiBA TEXHOMOIMMATa CENIEKTUBHO Na3epHo
pasTonsiBaHe.

Tabnuua 5-5: MNpeamMmcTBa M HeAOCTaTbLM Ha CENEeKTMBHOTO Na3epHOo pasTonsBaHe

MPEOUMCTBA HEOQOCTATBLM
. rpeUJKVI oT TOMIMNHHA
MopabpxallaTta CTPYKTYpa € OT Cblymsa maTte mnan; °
e Moanbpxaly PYKTYp w p HechopmaL:

ePaboTta c pasHoobOpasne OT mMaTtepuanu - HepbXaaema CTOMaHa,
WHCTpPYMEHTarnHa ctoMaHa, kobanTt, Xpom, TUTaH, anyMuUHWUNR;

eBucoka ToyHoCcT NO X n'Y;

¢ Bb3MOXHOCT 3a u3paboTBaHe Ha HaMbIMHO PYHKLMOHANHW aeTannu;

eHepobpa ToyHOCT No Z;
eBucoka rpanaBocT Ha
NOBBPXHUHUTE Ha Moaena

e Be3 HeobxoaMMOCT OT creABallio AOBTBbPAABaHe Ha Modena; 8 chasHenme cre
A ABaLllo A4 PA Aena, cTepeonuTorpaduaTa;

e TexHoMormsiTa No3BossABa HanpaBaTa Ha MHOTO CIOXHa reoMeTpus; « HeoBX0aMMO o

e[leTaiinMTe MOXe Oa GbAaT MONMpPaHM 4Ype3 KOHBEHLMOHanHuTe npemaxsaHe Ha

nonupatin METoam. nognupawinuTe CTPyKTypu.

5.2.2. MNMony4yaBaHe Ha (pyHKUMOHANHM AeTaunu 4pe3 JfasepHo oTJjilaraHe Ha
pa3toneH npaxoobpa3seH maTtepuan —Direct Metal Deposition (DMD)

Manon3ea ce oTnaraHe Ha pasToneH npaxoobpaseH maTepuan BbpXy MNOABMXKHA
nnatopMa B MNPOCTPAHCTBOTO, @ HEe BbB BaHa, KaKTO pasrnegaHaTa Mo-rope TEXHONOorus.
PaboTHaTta KoHuenums Ha cuctema OT TO3uM Tun e npep,CTaBeHa Ha Purypa 5-11.

OT ocobeH uHTepec
ca martepuanu kaTo TUTaH.

NoBeyeTo cucTemm
n3non3eatr CypoOBMHM Ha —
I'Ian, HO C-bLU.O nva Mocoka Ha psumenmne \
HIAIOiiTI \
Bb3MOXHOCT  MatepuansT - ——

Aa ce nogasa n KaTo (uHK
HULLKW.

B TO31
mMatepunanbT ce
M3BbH OCTa Ha Tbya.

OTAOKeH MaTepuan

NazepeH my

3alwmTeH ras

cnyyan
nogasa

3aroToBka

®durypa 5-11: Cxema Ha DMD npouec: 1 - Ekcrpyavpawa raaea; 2 — Npaxos
marepuan; 3 — Maca; 4 — Bxop, 3awmTteH ras; 5 — Jlewum; 6 — Ornepano; 7 — Nlasep; 8 —
TpaHcnopTupaly ras

Tabnuua 5-6: MpeanmcTea U HEAOCTaTbLUM HA METOAA 3a NOJlyYaBaHe Ha HaMbAHO PYHKLMOHAHM
OEeTalnun, ypes oTaaraHe Ha pasToneH npaxoobpaseH matepman — (L.E.N.S. — Laser Engineered Net
Shaping)

MPEOUMCTBA HEOQOCTATBHLM

e MHoro ,D,O6p0 n3non3BaHe Ha martepuana- ¢ MMHUMarnHu 3ary6|/| (3a

TexHornorusaTa).
e[0TOBUTE AeTannu ca 6nu3o 4o ,HeTo” dpopmarta U NAbTHOCTTA Ha
CbLUMTE, MOSTyYEHM NO KOHBEHLMOHANHUTE METOAMN.

e[logabpxawaTa CTpykTypa € oT

pasnuka oT SLM TexHonorusTa). Chblumna marepuar KkaTo
e[lo3BONsiBaAT M3rpakgaHeTo Ha 3aTBOPEHUM 06EeMM OT MOBBLPXHMHM, ocHoBHara, KO,?TO aTpyAHnBa
KaTo B TX He OocTaBa npaxoobpas3eH maTepwan (3a pasnvka oT SLM NpeMaxsaHeTo 1;

e HeobGxoaumocT oT

noobpaboTBaHe Ha NOBbpPXHMHATA
Ha getaunna;

¢ Bb3MOXHOCT 3a NPON3BOACTBO Ha rorieMmorabapuTHu getamnu u/mnm elpanasn  NOBBLPXHWHM,  KOWUTO
[OBbpLUBAHE Ha AOMbIAHUTESNHU ENIEMEHTH. nsnckear AOMBIHATENHA
chuHuULLHA 0bpaboTka
E,D,Ha OT NbpBUTE TakmBa CUCTEMU, BHEOPEHW B CBETOBHATa I'IpaKTVIKa ce_ Hamupa B

Bvnrapua - COPYXXEHVE 3A HAyLIHOI/I3CJ'IED,OBATEJ'ICKA N PA3BOVHA LEMHOCT, Ip.

Coduma n e goctaBeHa ot ekun Ha TY -Codmsa (durypa 5-12).
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5.3. U3CNEOBAHE HA MPUNOXUMOCT HA XUEPUOHA
AOUTUBHA TEXHONOIA

B nocnegHute roamHM ce pabotu B Mocoka
narpakgaHe Ha TypOWHHM fonaTkMm  4Ype3  aauTUMBHM
TexHonorun. Wanpobeatr ce kakto SLM, Ttaka u DMD
TexHonoruun 3a 3D npuHTUpaHe Ha MeTanHu cTpykTypu. Mpu
DMD mawwuHuTE e BBb3MOXHO BHeapsiBaHETO Ha pe3oBu
W/vnu CTpyroBu onepaumm — T. Hap. XUMOPMAHU MaLLUHW,
KOeToO MO3BOMsiBA [OOBbPLUMTENHUTE o00paboTkm pa ce
M3BbpLUBAT Ha efHa YycTaHoBKa. Jluncata Ha cmsiHa Ha
YyCTaHOBKM OT CBOsI CTpaHa BOoAM A0 MO-BMCOKA TOYHOCT Mpu
n3paboTkaTa Ha NpeunsHn geTannu.

3a uennte Ha HacTosiwaTta pa3paboTka e usnonaeaHa
yHUKanHa xubpuaHa MalumHa oT Ham-B1coK kiac Lasertec 65~ PUrypa 5-12: XubpuaHa mawnHa
3D (®wurypa 5-19) Ha DMG MORI. Lasertec 65 3D

durypa 5-19: XubpuaHa mawmnHa Lasertec 65 3D, Purypa 5-28: Kagbp oT npoueca no
cuTympaHa B Jlabopatopua 3a 3D KpeaTMBHOCT M M3rpaxKaaHe Ha getain TypbuHHaA nonaTtka
6bpP30 NpPOTOTUNMpPAHE — BUPTYaneH 6aM3HaK

5.3.2. U3cneaBaHe Ha npoueca Ha AUPEKTHO MU3rpakaaHe Ha MeTarlHU CTPYKTYpu
ype3 pobaBAHe Ha maTepuan npu xubpumgHa cuctema Lasertec 65 3D 3za
naeHTU(UKaLma Ha OCHOBHUTE NPOLIECHU NapameTpu

3a uenute Ha nscnegBaHeTo Ha NnasepHarTa rnaea Ha MalumMHaTa € MoHTupaHa at3a COAX
9 ¢ gunametbp 3 mm (Purypa 5-28). MsnonssaH e npaxoobpaseH maTepuan oOT Tuna Ha
WHCTPYMEHTanHNTE CTOMaHu C rorieMvHa Ha 3bpHaTta 45-106 um. OnTumanHuTe napameTpu 3a
paboTa ¢ gageH martepuan ce onpeaendr NocpeacTBOM OMUTU, KaTo MPOLIECHT € UTEepPaLVOHEH,
KaTo crnepn BCEKM eKCNepuMMEeHT ce u3cregBa nonydeHata cTpyktypa. OCHOBHUTE napameTpu,
noasiexaiim Ha n3cnegeaHe, ca:
e MouwHocT Ha nasepa [W].
e [logasaTtenHa ckopocT [m/min].
e [lebuT Ha npaxa (KonNuyecTBO npax, NPEMUHaABALLO Npe3 Alo3aTta 3a eauHuua Bpeme)
[9/min].
CbOoTHOLIEHNETO MeXay nogaBaTenHaTa CKOpocT u gebuta Ha npaxa onpeaens gopmaTta u
pasmepuTe Ha nposapa (Purypa 5-17) (Bax, et al., 2018). CbOTHOLWEHMETO MEXAY MOLLHOCTTA U
nebuta Ha npaxa onpeaens agxesvaTta mexay cnoesete (durypa 5-18)

®durypa 5-17: N3cneaBaHe Ha CbOTHOLLeHMETO Mexay durypa 5-18: M3cnensaHe Ha CbOTHOLLEHMETO
noJaBaTesiHa CKOPOCT M AebUT Ha npaxa nNpu NoCTOsitHHaA MeXay MOLIHOCT M gebuT Ha npaxa npu
MOLLHOCT Ha NasepHust U3TOYHUK NOCTOsIHHa NofaBaTternHa CKopoCT
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CoblwecTtByBaT M T. HAp. BTOPOCTENEHHM NMapaMeTpu, KOUTO OBMKHOBEHO He noanexar Ha
Banugaums U ce HacTpomBaTt Mpu NbpPBOHAYaNHOTO CTapTUpaHe Ha npoueca. TakuBa napameTpu
ca:

OwameTbp Ha Al3aTta (3aBUCK OT KOMMOHOBKaTa) [mmy.

Oebut Ha nHepTHUs ras [I/min],

DOKyCHO pascTosiHme [mm].

PascTosiHMe mexay atos3aTa U HaBapsBaHaTa noBbpXxHOCT [mm]. BTopu etan — BupTtyanHa
cumynauusa v cb3gaBaHe Ha ynpasnsBawm NC nporpamu 4ypes gurntaneH Grm3Hak Ha
DMG.

OurntanumaTt 6nusHak npeacTtaeBnsiBa Npeum3HO konve Ha dusmyeckata MawuHa. b Ha
MalmMHaTa € HeobxoamMM He camo 3a no-gobpa Bu3yanu3auusa Ha KMHemaTtukaTa npyu BupTyanHata
cMMyrnauusa Ha npoueca, HO
M 3@ p[a ce u3BbpWMK
nocTnpoLuecmpaHeTo c
TOYHUTE  NapaMeTpu  Ha
n3nons3BaHaTa MalunHa.

Ha ®urypa 5-31 ca
nokasaHu n3rneam Ha
narpageHus getamn. Cnepg
TOBa € wu3rpageHa gpyra
YacT OT AeTawuna, 3a fda ce
Hanpaswu OLleHKa Ha i
BbTpewHarta cTpyktypa. 3a ®wurypa 5-31: Vsrmen ®wurypa 5-32: Lnud
uenta e HanpaBeH wnudg  Ha getann - il
(durypa 5-32).

5.3.3. OueHka Ha reoMeTpUYHUTE CBOMCTBA Ha nony4eHuTte 3D o6ekTn
Ha durypa 5-34 n durypa 5-35 ca nokasaHu pesyntatute OT CpaBHEHMETO.

durypa 5-34: laycoBo pasnpegeneHme Ha Purypa 5-35: [laycoBo pasnpegeneHne Ha
OTKNOHEHUATA OT reomeTpuATa - | OTKNOHEHUATA OT reomeTpuAaTa - I

n3Boau

e [lpn OMpeKTHO u3rpaxaaHe Ha MeTanHW CTPYKTYpu 4pe3 aobaBsiHe Ha maTtepuan e
Heob6xoaMMO Oa ce oTOenu BpemMe 3a M360p Ha NoaxoadwM napameTpu 3a paboTa c
hajaeH matepuan.

o MWsrpapgeHnAaT petann oOMKHOBEHO He € NoaxopAsiy 3a AMPEeKTHO BHeapsiBaHe B AadeH
MexaHu3bM/cuctema, nopaau rpydoata noBbLPXHOCT.

e BwbTpewHata cTpykTypa Ha fgeTanna € U3KMIYUTENHO Ka4vecTBeHa (Purypa 5-32).
DeTtannute, nponsBegeHn no DMD TexHonorusi ce xapakrepusampar ¢ BUCOKa TBbpOOCT
(a0 67 HRC). [JonbnHUTENHOTO YysAKYaBaHe Ce AbIKM Ha W3KMNIOYUTENTHO BUCOKaTa
TemnepaTypa no Bpeme Ha npoueca (Hag 1500 °C).

e OueHKM Ha reoMeTpUYHUTE CBOMCTBA Ha NoflyyeHUs oBGeKT moraTt Aa 6baaT HanpaBeHuU
no ctonHocTute ot Purypa 5-34 n durypa 5-35. 61.4% oT reoMmeTpUYHUTE OTKINOHEHUS ca
B MHTepBana * 0.25 mm. OTKNoHeHMATa ce AbIKaT Ha rpybata NOBLPXHOCT Ha AeTanna
(Purypa 5-31).
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5.5. TEXHONOrnA ¢ OTHEMAHE HA MATEPUANU - CNC BUCOKOCKOPOCTHO ®PE30OBAHE
(HSM — HIGH SPEED MILLING) NPU BbP30 U3PABOTBAHE HA ®U3UYECKWU MPOTOTUMN
AOUTUBHOTO NPOM3BOACTBO HE € YHMBEpCasHo pelleHne 3a BCEeKU eauH cryyan Ha 6bp3o

cb3gaBaHe Ha npoTotunu. CNC TexHomorvsiTa kaTo anTepHaTMBa Ha MeToauTe C AoGaBsHe Ha
mMaTepuan e MKOHOMWYHA, LIMPOKO pasbupaema M pasnpocTpaHeHa, npeanara LWMPOK M3bop Ha
mMaTepuanu n oTNIMYHa TOYHOCT.

OT cblUecTBEHO 3Ha4veHue

* Compact 5-axis-portal machine with

ca ﬂ,VlHaMquHVlTe CI'IOCO6HOCTI/1 Ha ! linear drives in X/Y/Z max.

MaluMHaTa M 3agBWKBaHUATaA Mo
ocute. ToBa ce onpegens m ot
3HAYUTENHOTO HapacTBaHe Ha
paboTHUTE nogaBaTesiHU
ckopocT no ocute npu HSM.
EnHa TakaBa mMalnHa e B pexum
Ha yckopsiBaHe unu 3abaBsHe Ha
nogaBaHeTO B ronsiMa 4act oT
BPEMETO, Npe3 KoeTo paboTu.

M3NCKBaHMSATA 3a MOCTOSIHCTBO Ha
peavla MOMEHTHU napameTpu Ha
npoueca kato 6ueHe (M3nckea ce

accelaration >5 g
ULTRASONIC hard machining & HSC
milling

* Water-cooled USB 42 spindle for High
Speed Cutting with max. 42000
1/min. and ULTRASONIC machining
with max. 40000 1/min

‘ i

OcobeHo BUCOKU ca

cneunaneH BuO WHCTPYMEHTalHU
AbpXaynm C MOBWLLEHA TOYHOCT), dwurypa 5-40: CneumanmsmpaHa cuctema 3a

BACOKN  0BOpOTM (BKIKOYMTENTHO  BUCOKOCKOPOCTHO ppe3oBaHe focTaeHa B MT®, TY Codus
Hag 40 000 min™) n aganTuBHO

ynpasneHne Ha nogaBaHEeTO.

n3BOOU ot rmaBa 5
Ha 6asaTta Ha HaTpynaHus B nocrnegHUTe rogMHM onUT BbB BoAellaTta B cTpaHata u

Ha BankaHuTe, naboparopna kbMm MT® Ha TY -Cocusa, kakTo n Ha 6a3a Ha peguuLa NMPOEKTH,
MOXe gAga ce 060COo0AT crnegHUMTe NO-BaXKHM 0ONacTM Ha ed)eKTUBHO NpPUIOXKeHue Ha
aAUTUBHUTE U XMOPUOHUTE TEXHOSIOIUN:

3a reomeTpuyHa Bepudunkaumsa Ha 3D CAD mopena.

3a BanupaumMa Ha €eproHOMMYHUTE XapaKTepuUCTUKU, YAOOCTBO U €CTEeTUYECKO
Bb3NpuaTue.

3a 3apgoBonsiBaHe Ha KOHKPETHU NOTpebuTencku Hyxaum (Hanpumep m3paboTBaHe Ha
AeTannm 3a KocMuyeckaTa MHAYCTPUA, UMNJIAaHTaHTU B MeauuMHara).

Cb3paBaHe Ha HOBU ONTUMU3UPAHU KOHCTPYKLUMUM, 6e3 pecTpUKLMM OT pasfinyHuTe
TEXHOJIOFMYHU MPOLIECU U TEXHUTE OrpaHnYeHusi Bbpxy ¢popmooOpasyBaHEeTO — Ta3u
nocoka OTKpPMBa UfANa HOBa BcenieHa 3a copmousrpaxagaHe M oOnNTUMM3auuAa Ha
CTPYKTYpU OT MeTanu, HemeTanu MW MyJiTU-MaTepuaniHi KOMMO3uuuMM camMo Ypes
[obaBsAHe Ha maTepuarn.

Mopaau TOBa, Ye M3rpaXkAaHMAT OOEKT Moxe Aa ObAae Ha MpakTUKa C NPOU3BOJSIHO
CNOXHWU B reOMEeTPUYHO OTHOLLUEHUE NOBbPXHUHU, BKIHOYMUTEITHO C KYXUHU, Ce OTKpMBaT
CbBbBPLIEHO HOBU 0O6NIaCTU Ha MPUNOXMMOCT MO CMUCDBLJSIAa HAa MHTErpupaHoCT Ha
TPaAULIMOHHO COOP OT efleMeHTU B NO-UHTErpupaHn KOMMNOHEHTM.

PakTbT, Ye He ce Hanara W3noJsi3BaHeTO Ha cneuuwarneH npeaBapuTesIHO U3paboTeH
MHCTPYMEHT [AEeMOHCTpUpa OrpoMHOTO MNpPeAUMMCTBO Ha aAUTUBHUTE MeToau Mo
OTHOLIEHMEe Ha Heob6xoAMMOTO BpemMe 3a MU3rotBAHe Ha obekTa, cnpsMo
KOHBEHLMOHaNHUTE NPOU3BOACTBEHU MeTOAM.

Hakon meTtoam 3a cb3paBaHe Ha PU3NYECKU NMPOTOTUMNM 4Ype3 OTHEeMaHe Ha marepuan,
KaTo BUCOKOCKOpPOCTHOTO ¢ppe3oBaHe (HSM), mumatr cBoe OOOCHOBAHO MSCTO nNpu
cb3paBaHe Ha ®PI1. ToBa ce oTHaca B MHOroO ronsima creneH npm Heo6xoamumocTt ot Pl ¢
no-npocta ¢opma, HO C BMCOKa TOYHOCT U 3A4ApaBMHA, KaKTO U npu obpaboTBaHe Ha
CBpPbX TBbLPAU MaTepuanu ¢ yntpasByk.

MpunaraHeTo Ha KOMOMHaUMA Ha aAUTUBHU METOAM C TakKMBa C OTHEMaHe Ha matepuan
UMM Taka HapeyeHuTe ,XUopuAHU“ TeXHONOorMu, OTKPUBAT HOBU XOPMU3OHTU npen
cb3paBaHeTo Ha @I, a cbLIO M KaTO AUPEKTHU MPOU3BOACTBEHN TEXHONOIUU.
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6. CTPATErns 3A NMPUNATAHE HA BUPTYAJITHOTO U ®U3UYECKOTO MPOTOTUMUPAHE 3A

E®PEKTUBHO PA3BUTUE HA CJITOXXHU CUCTEMU

EavH ot meToamTe 3a 6bp30 M eheKkTUBHO pellaBaHe Ha Te3n npobnemun e n3paboTBaHETO
Ha MpoOTOTMNM Ha m3genueTo. MHOro 4Yecto CToM BBLMPOCHLT Aa ce pas3paboTBa YacTUYeH UNnu
LSANOCTEH NPOTOTUM. BanaHChbT € MHOro CbLECTBEH M HAMAa OOLLO NPaBuno 3a MNpeLeHka — BbB
BCEKM KOHKpETEH cnydyaii ce npunara gobpe apryMeHTUpaHo M3non3BaHe Ha eauHus Unv apyrus
noaoxod. lMo-gony e HanpaBeH aHanM3 Ha npegumcTBaTa M HegocTaTbUMTE Ha OBaTa Buaa

NpPoOTOTUNMN.

6.1.1 NMpunoXumMocT Ha BUpPTyariHuTe N (pusnyeckuTe NPoToTUNMU

Tabauua 6-3: CpaBHeHue Ha Bl n ®I1 33 oueHKa Ha 06LWNTE acNeKkTU NPKU OLLEHKATa Ha NpoeKTa.

BUPTYAJTHO NPOTOTUNMNPAHE PUSNYECKO
OueHsBaHM BMN) NMPOTOTUMUPAHE(®PN)
acnektn BN UHTerpupaHo Bl Xu6pugHo BI+®rI1 ar
EcTeTn4yeckn kauyecTBa
LiBar 3 3 3 3
dopma 0 1 2 3
Matepwan 0 1 2 3
EproHomunyHoct / UsnonssaemocTt
MHeMOHMYHOCT 3 3 3 3
Ectetnka 3 3 3 3
JlecHo nonsBaHe 0 2 3 3
YpobcTBO Ha nonssaHe 0 2 3 3
JocTbnHoCT 0 1 3 3
Bb3npunemaHe 4pes ceTnBa 0 1 3 3
NEFrEHAA: 3 2 1 0
MHoro no6pa Oob6pa HeytpanHa Jlowa

Tabnuua 6-4: OueHKa Ha cunHuTe U cnaburte ctpaHm Ha BM u @M npoTtoTMNM NO OTHOLWEHME Ha

BaXkHW pakTopu B PDP.

OueHsiBaHU
acneKkTu

BUPTYAJTHO NPOTOTUMUPAHE

(BM)

PU3NYECKO
NMPOTOTUMNMUPAHE(®N)

BI

UHTerpuparo Bl

XubpungHo BIM+®I on

CnOXHOCT Ha u3genueTo

2

1

CebecTonHocT npu
NMPOMEHMU

Bpewme 3a paspaboTka

UtepaTuBeH noaxod Ha
pa3paboTka

w (W W |w

w NN

N R -
o o] o |o

OueHsiBaHe Ha
eCTeTMYecKkn KayecTsa

OvHaMmn4Ho nanuTBaHe

TakTunHocT

CDyH KUMOHAJTHO N3NnTBaHe

B3aumopencTtBue ¢
notpeburtenuTe

OueHKka Ha eproHomMusiTa

PaspaboTBaHe Ha
OMNpoCTEHA CTPYKTYpa

O k| P |PFw w

RN DN NWW W

NEredpA:

w| © O] O |OolOo|w|l w

2

O] W W W |[Ww|o|l O©

1

MHoro go6pa

Lob6pa

HeyTtpanHa Nowa

6.2. HOBM Bb3MOXXHOCTU U U3UCKBAHUA NPEQ I

AHannabT Ha BI1 u ®I1 AcHO nokasBa, 4e ponata Ha @I n TecTBaHeTo Aaney He e

NPVKIHOYMNA, TOBa BaXM OLLLE NOBEYE B KOHTEKCTA Ha BMPTYyanHOTO pa3paboTBaHe Ha NPOAYKTU.

MpoTtnBHO Ha ybexaeHneTo, Yye Bl we Hamanu nanckBaHuaTa 3a PU3NYecKo TecTBaHe, B
npakTukaTa ce HabnogaBsa No-CKopo OTKpMBaHE Ha HOBUM NPUIOXEHUS, HOBM Npean3BMKaTesnicTea 1

Bb3MOXHOCTU npef Or1.

B npakTukata ca u3BeCcTHU peauua noaxoau 3a edeKkTMBHO npunaraHe Ha BT n O B
noaxogswia kombmHauusa 3a 6bp30 M C HaW-Marnku pasxoam NoCTUraHe Ha Heobxoaumusa pesynTar.
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M3eecTHmnat ,V” nogxon 3a BuMpTyanHO NpPOeKkTUMpaHe pfdaBa MHOro Aobpu pesyntatv npu
€BOSMIOUNOHHO pasBUTUE Ha NPOAYKTM C rofigMa CTeneH Ha B3aMMOCBbP3aHOCT B MOBEAEHWNETO Ha
enemeHTuTe. [pyr acnekt Ha cbYeTaBaHETO Ha BUPTyanHUTE TEXHOMNOrMM ¢ 6BbP30TO (PM3N4ECKO
MaTepuanuMaMpaHe ce npunara c yCKopeHu TemMnoBe B MeauumHaTta u no-crneymanHo B obnacrra Ha
nmnnantonoruaTa. MNpu uenecbobpasHo KoMBUHMPaHe Ha Bl n O npu npunaraHe Ha “W” noaxoa
3a npoToTMNUpaHe MoXe Aa Cce NOCTUrHE 3HaYUTENHO HamarnsiBaHe Ha pasxoauTe U BpeMeTo 3a
npoToTUNMpaHe, NpM MUHUMANEeH PUCK 3a CblLUeCTBYBaHe Ha CKPUTW HegocTaTbuM, KOUTO fa ce
NOSIBAT B CEPUNHOTO NPOM3BOACTBO.

6.5. PPAKTANEH Noaxofa 3A NPOEKTUPAHE

C uen ga ce u3bsaArHaT HegocTaTbUMTEe Ha “V”, a CbLLO Taka U 3a pPasfiMyHN NO-KOMMSIEKCHU
cnyyanm n Ha “W” nogxoga e pasBuT M npeanoxeH HoB PpakrtaneH Noaxod Mpu npoueca Ha
pa3sutne Ha HoB npogykt (MPI1). EgHO OT OCHOBHMTE MOHATUS BbB (bpakTanHUTE CUCTEMMU €
MawabbT Ha cucTtemara. lNMpu dpakTanHUTe NOAXOON XapaKTEepPHOTO € MAEHTMYHAaTa CTpyKTypaTa
Ha HMBaTa Ha oparMeHTMpaHe Ounn TO MO OTHOLUEHWE Ha CIOXHOCT (KOMMMEKCHOCT) MNn Ha
BapMaHTHOCT, KbAETO HaW-BUCOKOTO HMBO Ce OTHAcCs 3a Lenusi NpOAYKT U HaW-HUCKOTO [0 Haw-
Marnkusi rpaguBeH enemMeHT/Bb3en, M3nonaeall, dpakTtanHu cBorWCTBa cnpsamo obwms nogxoq. OT
rmegHa To4dka Ha mnpouecute, camonogobHOCTTa MOXe Oa Ce pasrnexga B Han-manko Tpu
pasfMyYHN N3MEPEHMS, 8 UMEHHO:

e CTpYKTYpMpaHOCT Ha enemMeHTUn — Hanpumep oTaeneH Bb3en unu ,Mogyn“ (o6ocobenu
eNeMeHTU Ha npoaykTa).

o DyHKUMOHANHOCT — PYHKLUMOHANHO 060cobeHn cucteMu (3aaBMKBaHNS,, CEH30PUKA).

e VIHgopMmaLMOHHa apXUTEKTypa.

XapaKTepHUTe CBOWCTBA Ha pakTanHus NPUHUUN Ha OpraHu3auusi morat ga Obaar
0606LeHn no cnegHus HaunH (Peraltaa & Marcosb, 2015):

e ®dpakTanHuMAaT MeTod Ce OCHOBaBa Ha CamMoopraHu3aums Ha YHKUMM Unuv OerHOCTH,
©asmpaHu Ha nogobueTo.

e CamoycbBbplLIEHCTBaHe — pakTanuTe ce camMoHanacseart, T.e. ONTMMM3MpaT CcBoOsATa
dopma n noeegeHne (reOMETPUYHU, EHEPIUAHN, MHAPOPMAaLMOHHW, NMOBBLPXHOCTHN U T.H.),
KOEeTO MM no3BoNisiBaT ga Ce agantupaT KbM BCsSka MNpOMsiIHA Ha cpegaTta, 3a da
CbLleCcTBYBaT (KOHTEKCTHA CUTyaLMsi HA OTrOBOP HAa BLHLUEH HATUCK).

e YCTOMYMBOCT — TAXHOTO B3aMMOOEWCTBME CbC cpefaTta (BpemMeBa M MNpPOCTpPaHCTBEHa
€BOMoUMs) Ce OCbLIEeCTBABA 4Ype3 reHepupaHe W WHTerpupaHe Ha HeobxogumoTo
pa3Hoobpa3une 3a OCbLLECTBABAHE Ha LienTa — NpPaBuUiHO pasnonaraHe B CTpyKTypaTa.

o ®pakTanHo 6asnpaHuTe CUCTEMU Ca OTBOPEHN — OOMEHST MHGOPMaLNA C OKONHaTa cpeaa.

e ®@pakrtanuTe ca no noBeAeHne HeMMHENHN CUCTEMU. TSXHOTO B3aMMOAENCTBME C OKoNHaTa
cpeda n TaxHaTa YCTOMYMBOCT Ce OCHOBaBa Ha pajukanHa aganTtaums M nocTerneHHa
nHosauus. (Peraltaa & Marcosb, 2015).

OcHoBHaTa mnges Ha TO3M noaxod € Aa ce npunaraTt noaobHu ,dpakTanHu® eneMeHTn B
npoueca Ha pasBuUTME MPU HanuyMe Ha ronsM OpoW BapuaHTM UM amMunnn, u3rpageHu oT
YHUMUMPaHN eNeMeHTU N B OLLE NO-fondma CTeneH M3rpageHyn Ha moayrHa ocHoBa. B Tosm
CMUCBHIT MPUHUMIMTBLT Ha MOAOYMHO M3rpaxgaHe MOXe [a Ce OCHOBaBa MMEHHO Ha dpakTanHus
noaxod. MNMpunoxmnmocTTa € B ABE OCHOBHU (hOpMU:;

o [lpu NnpoekTupaHe Ha CTPYKTYpu OT 05y Ha rope‘.

Mpn reHepupaHe Ha BapuvaHTM UnNM amunuampaHm peaoBe Ha Bb3NW U enemMeHTu e

HeoOxoAMMO pna ce npunaraT WAEHTUYHUM ,bpakTanHM® NoAXOAM W CTbMKA Npu

NPOEKTUPAHETO UM — HanpuMmep Npu hammnusmpaHe Ha pasMepeH NPUHUMN Ha NPOaYKTH

Ja ce M3non3eBaT MAOEHTUMHU Wnn ,ppakTanHn® NPOEeKTaHTCKM MNoAxoAuM W CTbMNKU 3a

pasBuTUE Ha NOAOGHN B CTPYKTYPHO OTHOLLEHME efeMEHTU C Nogo6HN NnapameTpu.

e [lpu npoToTUNMpaHe N BanuaMpaHe Ha NOBeAEHMETO.

Mpy BapuaHTHOTO MNKM MOAYSMHOTO M3rpaxkgaHe Mmorat ga 6bvaaT cb3gaBaHu ronsm 6pown

BapuaHTN UNN KNNEHTCKN N3NbIiHeHNs. OCHOBHUAT BbMNPOC 3a BanvaMpaHe Ha KOHKPETHOTO

BapMaHTHO WNN NEepCOHanNM3MpaHo pelleHMe B TO3W Cryvyanl € Kak ga Moxe Ja ce

npoToTMNMpa U Banuaupa BCEKU €ANH BapuaHT, 3@ 4a Ce HaManu p1cka oT NposiBsiBaHe Ha

edeKkTn 0T B3aMMHOTO BINAHNE HA HETECTBAHM KOMIMO3ULIMN.

3a Ta3u genHoCT B NpakTukata MacoBo ce NonaeaTt ABa noaxoga:

- [lo aHanorua c Han-6nm3kaTta NnogoodHa KOMMO3ULMA C N3BECTHO NOBEAEHME.

- Ha ocHoBaTta Ha M3BECTHOTO MOBEAEHWE Ha OTAENHUTE enemeHTu/Mogynu ga ce

npeanonoXxm NoBeAEHMETO Ha LUsinaTta KOMMO3ULUS.

Mpy CNOXHN CUCTEMM CbC CUITHA B3aMMOOOBBP3aHOCT U B3aUMHO BIINSHUE HA €NTEMEHTUTE
N OBaTa noaxoda ca PUCKOBM M He OaBaT Bb3MOXHOCT Oa Ce OLEHSAT MMEHHO KOMMO3ULMOHHUTE
edekTn.
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egetep-
MHMpaHa

peaa

Mpegsuaumoct Ha
nosegeHueTo

[LeTpmuHupaHoct

durypa 6-11: [deTepMUHUCTUYHOCT U OTBOPEHOCT.
®paKTanHeH Noaxon 3a NpoeKTupaHe

Kato ce B3emar npegBug HegoctaTtbLMTE Ha
CbllecTBYyBalLMTE MoAxXxoAM 3a MNpoToTUNMPaHe Ha
KOMMNO3ULMOHHM BapuaHTW, ONucaHu Mo-rope, TyK €
npegnoxeH U gednHUpaH HOB MOAXOS 3a YCTOMYMBO
dpakTanHo MpoeKkTUpaHe, KOWTO € MNPUroXnm npu
NpPoOeKTMpaHe Ha CUCTEMU OT KOMMJSIEKCEH TUM WU no-
cneumanHo ypes hammnuaaumsa unm nepcoHanusaumns
Ha npodyKkTa, OTroBapsl, MakcumanHo pJobpe Ha
KITMEHTCKUTE  M3UCKBAHUS, 4Ype3  KOMMO3ULMOHHO
npunaraHe Ha dppakTanHnga Noaxomq.

camo

R
opranusauus S/
\\— /

ontumusauus

S
A
//ycmﬁqnsocr/ \\\

A\ CamoKoHTpon /
QY
/

durypa 6-12: MpuHuMnK Ha
®pakTanHMA Nnoaxon 3a NPOeKTUpaHe

MoraT ga ce noco4ar HSKONIKO OCHOBHU npuHUUna Ha (*)paKTaJ'IHaTa TEeopua:

e [lpuHUMN Ha (PpaKTanHa CBbP3AHOCT Y OpraHn3aLms:

e [lpuHUMN Ha dopaKkTanMsauma Ha HadMHa Ha NpoeKTUpaHe Ha yCTOMYMB NPOOYKT:
To3n npuHUMN BKMNOYBa MHTErpUpaHETO Ha coumanHata, MKOHOMMYecKata W ekornormdHarta
nepcnekTuBa BbB (ppakTanute noaxoan npwu NPOEKTUPAHETO 3a LEenus XWU3HEeH LMKbA oOT
rmegHa ToYKa Ha W3UCKBAHOTO afanTauMOHHO noBefeHue (MWHMMarHa CroXHOCT Ha
npegusBuKaHa MogepHu3auus unu pasxogum npu peuuknupade). dpaktanHuaT nogxon Ha
NpoeKTUpaHeTo TpsibBa Aa e Taka OpraHuanpaH n KoHdurypmpaH B pekypcuBHu copmu, ve aa
ce HamansBa 0O MUHUMYM CFIOXKHOCTTa Ha cuctemata M [a ce rapaHTupa yCTOMYMBOCTTa M

(Purypa 6-12).

PasgeneHneto Ha HuBa
ocurypsiBa  Ha  NpoekTHaTa
cucrema » 1 pUMepHa“
camMonogoOHOCT U AMHaAMUKa Ha
yrnpaBfieHne Ha BCAKO HUBO W
MawabupaHe B ObNOOYMHA
(pekypcMBHO  BnaraHe) npu
HeobxogumocT. Tasm CTpykTypa
Hamansea CNOXHOCTTA,
rapaHtTMpa yCTOMYMBOCTTa Ha
cuctemara " nossonsasa

") «Creunduunpan
€ Ha NPoAyKTa

npoAyKkTa
OYHKLMN

nocturaHe Ha
camoopraHusauus,
camoperynupaHe n I
CaMOKOHTpOn be3 nopbuka

HeobX0AMMOCT OT Kopurnpawum
0encTBma n  edeKTMBHOCT Ha
un3nonsesaHe (6e3  Hameca,
HEHY)KHO  u3pasxodBaHe Ha
pecypcu unu aybnupaHe Ha
MHdopMaums).

OTTyk ce Bwuxga, u4e
obnactrta Ha NpUNOXMMOCT Ha
dpakTanHus noaxon, ce
nposiBsiBa npwu CMNOXHU
BapuaHTHM nnm MOZYITHO
GasvpaHn  apxuTekTypu  Ha
NPOAYKTU C BWUCOKO HMBO Ha

ApXvTeKTYpa Ha

F"EWW :
Yukauun

(baMM nmsaums wnn OPaKTaNHM CTPYKTYPU Ha HUBO KOHKPETEH KOMNOHEHT

I'IepCOHaJ'II/I3aL|,I/IFI. @urypa 6-14: OpakTanHM HKBA NPU NPOEKTMPaHE — OT QPaKTaNHa apXWTEKTYPa KbM KAMEHTCKa
NOPbYKa M BUPTYaneH Npototvn Ba3upaH Ha GpaKTanHu enemeHT!
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KomnnekcHocT >
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durypa 6-15: MpunokMmoct Ha PpaKTanHMA NOAXOA 33 NPOEKTUPAHE
N3BOOWN OoT rMABA 6

lNMpeanoxeH e UHOBaTUBEH hbpakTareH MeTo Ha KOMMNO3UpaHe Ha CHOXHU CUCTEMU 3a
6bp30 ocblecTBABaHE Ha BapuMaHTHO pa3BUTUE, MOAYNHO WU3rpaxpaHe 4pe3
Nnpen3non3BaeMoCT Ha KOMMOHEHTU 3a TrofiiMa rbBKaBOCT M e(PEeKTUBHOCT Ha
npoAaykToBaTa M npouecHaTa opraHu3auus U ynpaBrieHue B UeSIMA XU3HEH LMKbN Ha
npoAaykra.

HuBOTO Ha CTpyKTypupaHe He € OrpaHM4eHO U BCAKO HMBO, KOETO € BIIOXEHO B
npeaxoaHoTo, MMa dopakTanHa maTpuua CnpsiMoO CUCTEMHOTO HUBO.

OCHOBHOTO NpeaAMMCTBO Ha pakTanHUA MeTof, 3a pa3nuka oT Agocera pasrnegaHure, e
Bb3MOXHOCTTa npouechbT Ha pa3BATME [a He ce pa3srnexaa v ynpaBnsiBa KaTo
nocrneaoBaTesIHO-UTEPATUBEH, @ KaTO TaKkbB C MHOIO BXOAHW TOYKMW, KaKTO U C MHOroO
Bb3MOXHU M3X0AM B 3aBMUCUMOCT OT MPOEKTHUA eTan, HUBOTO Ha TEeXHONOorum4Ha
rOTOBHOCT U HUBOTO Ha CTPYKTypupaHe Ha oTAenHuTe cuctemMm u cparmeHTaums Ha
KOMMOHEHTHO HUBO, NPU TOBA C ONPOCTEHN CaMONOAOOHM CTPYKTYPHU peLUeHUs.
PaspaboteHuaT ®paktaneH metoa nNo3BoriiBa 6bpP30 OCbHLIECTBABAHE Ha BapuaHTHO
pa3BuTUE, MOAYSIHO WU3rpaxaaHe, NPeusnon3BaeMoOCT Ha KOMMOHEHTU, e(eKTUBHO
ynpaBfieHue Ha U3MeHeHUsATa, ,caMmopa3BuUTHe” Npu AMMeHcuoHupaHe ypes BIl u MHoro
APYrM KOHCTPYKTUBHO-TEXHOJIOMMYHU NpeaMMCcTBa OT e4Ha CTpaHa, KaKTo U OTBOPEHOCT
Ha npoueca Ha pa3sBUTUE C Bb3MOXHOCT 3a NpUBNMYaHe Ha AO0OaBAHU NPOEKTAHTCKU U
MH)XXEHEepPHU pecypcu Ha pasnM4yHUTE eTanu UM HUBa Ha rOTOBHOCT Ha NpoeKTa.

7. PA3BUTUE HA XUBPUOEH METOA 3A NPEOBAPUTESTHA OLIEHKA HA HUBOTO HA IOBEPME B
PE3YNTATUTE OT BUPTYANTHO MPOTOTUMUPAHE (BI1) HA MYNTU®U3NYHM MPOLEECU YPE3
®U3NYECKO TECTBAHE — ,,4EPHA KYTUA/BANA KYTUA

KpI/ITI/Il-IeH KOMMNOHEHT Npu NpUIOXXeHNETO Ha TEXHONOIrnATa 3a BUpPTyariHO NpoToTunmupaHe

B npoueca Ha paspabotBaHe Ha npoayktu (Product Development Process - PDP) e HMBOTO Ha
cTeneHTa Ha JOCTOBEPHOCT Ha pe3ynTtatute OT MHXEHEPHUTE aHanmMaun n cumynauum c BIT.

7.1. Bb3MOXHU noaxoau

PasrnegaHu ca Bb3MOXHUTE NOAXOAM 3a NPUNOXKEHNe Ha PM3nYecKoTo NPoTOTUNMPaHe 3a

BepudukaumMa 1 Banugauusa Ha
BMPTYarHOTO npoToTUNMpaHe.
Cnepgeawarta dwurypa (durypa 7-
2) NokasBa pasnuyHuTe etanu oT
NpoOBEXO4aHe Ha  WHXEHepHUs
aHanu3 n MSACTOTO Ha
dmsmnyeckuTe TECTOBE.

Kakto e BugHO u” oOT
durypata, Bb3MOXHUM ca Tpwu
nogxoga npw npunaraHe Ha

MoAroToBKA HA

Bxoa

TEOMETPUATA

W34YUCAMTENEH
b gl [PAHMYHM YCNIOBMA

Y

TPECMATAHE
(HACTPOIAKM)

Y

du3nyeckuTe TectoBe B MOMOLL m TPEACTABAHE HA BEPUOMKALMA HA
Ha BMPTYarnHOTO NpOTOTUNMpPaHe PESVITTATIA W AHANM3 MOREA

— cnopeg etana Ha U3non3BaHeTo
NM:

e [logxon 3a
npeaBapuTenHo
BanuaupaHe Ha BIl.

e [logxon 3a MeXAWHHO
Banuaupade Ha BIl.

e ®duHaneH noaxon 3a
BanuaupaHe Ha BIl ype3

durypa 7-2:

npoBexKaaHe

nony4veHute pesynrtartu ot PI1.

BAZTMAALMA HA
L AL —
PESYTATUTE

Etanu

nsrpaxgaHe

Ha MH)KeHepeH aHanu3 M
dU3nYeCcKoTo NPOTOTUNMpPAHE
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7.5. HOB METO[ 3A NMPUNATAHE HA ,,BANA KYTUA“ NPU NON3BAHE HA BIl U TECTBAHE C
' YEPHA KYTUA* NPU U3NON3BAHE HA PI1

OT rmepHa TOYKa Ha MHGOPMaUUATA, KOATO Ce BbBeXAa W CbOTBETHO MofyvaBa oOT
TecToBeTe Bbpxy NpoToTunu, Te morat ga 6baaT obocobeHn Bce 060cOBAT HA OBE OCHOBHM
KaTteropuu: ,,6ana kytna“ npu nonssaHe Ha Bl u ,,9epHa KyTna“ npu nanonssaHe Ha Or1.

.banata kytma“ npegnonara, 4ye MMame MbfiHA BUOMMOCT Ha BbTpelHata paboTa Ha
cucTemarta, no-crneunanHo norukata M CTpykTypaTta Ha npouecuTe. 3nonsBavikm TeXHUKUTE 3a
TecTBaHe Ha OenuTe KyTuKW, MHXEHepbT MOXe Aa MNpOoeKkTUpa TeCTOBM Cryvyaun, KOMTO ga ce
nscnensat gobpe Ha CTPYKTYPHO HMBO, HO HE MoraT Ada ce noslydaTt MHOrO TOYHW KONMMYeCTBEHU
pes3yntatv nopagn CUMynauMOHHUSA TUM BUPTYariHO NpecMsaTaHe.

TecTt
BaHeTO B
Gana  Kkyus PHYSICAL PROTOTYPING
(HapuyaHo
owe
,pasbvpaem |
a kyTns” unm INPUT . BLACK Box“ Output ’\
»npo3paqHa IJ PROCESS RESULTS P
KyTusi”) b _ PARAMETERS
npegnonara
NMPOEKTaHTbLT
-aHanusaTop
Ja 3Hae un aa
pasbupa kak
D a60TH B = VIRTUAL PROTOTYPING
Te MoXxe Aa
A
,ByKaaT
BLTpE” B INPUT  WHITE Box* OuTtPuT . /\\
CUMYyaunoH PROCESS e Y RESULTS (N
HUTe ol . paramMETERS
Mozaenu,
durypa durypa 7-14: MeTtopa 3a KombuHunpaHe Ha ,BANTA KYTUA“ NP NONI3BAHE HA B
7-14. T M TECTBAHE HA ,,4YEPHA KYTUA” NPU N3NON3BAHE HA &N
YK

aBTOpPbT npegnara HOB MEeTon 3a wu3cnegBaHe Ha CrnoxHUM O6ekTn 4ype3 cbueTaBaHETO Ha
npunaraHeTo Ha BI1 kato ,65ana kytus“ n ®I1 kato ,4YepHa KyTua“ B UTepaTuBHa CBbp3aHocT. Cneg
KaTo e u3rpageH HadvaneH Buag Ha BIll, ce npoBexgar TeCcToBM CuUMynaumMmM M TO B TOYKM Ha
NPOCTPAHCTBOTO Ha NapaMeTpuTe, KOUTO MoraT Aa 6baaT afgeKkBaTHO Bb3MNPOU3BEAEHN U TECTBAHU
CbC Cb3JafeH 3a uenta (pmsmyeckn NpoToTun, pasrnexnaH kato ,MepHa kytus“. NonyyaBaHuTe
TecToBu pesyntatn oT ®I1 oOGMKHOBEHO Ca C MO-BMCOKa TOYHOCT OT TOMHOCTTa Ha cumynauuuTe.
MonyyeHuTe KONUYECTBEHN pe3ynTaTn OT (PM3N4EeCcKUTe TECTOBE Ce MHTepnpeTmpaT No NOAXOASL,
HauMH B KoeduuMeHTUTE Ha moaenuTe Ha Bll, konto He ca gobpe TeopeTMyHO AedUHUpPaHU
(Hanpumep KoeuLUMEHTUN Ha TpUeHe, KoeULMEeHTN Ha UCHMNnaunsa Ha eHeprus, KOHTaKTHU edpekTn
ap.). Tosn npouec ce NoBTaps utepaTMBHO OO MOfyvyaBaHETO Ha A06PO HMBO Ha CLOTBETCTBUE
Mexay cumynaunoHHuTe pesyntatu ot Bl u namepsaHuaTa ot Tectosete ¢ Pr1.

HoBocTTa Ha MeTofa ce CbCTOM B uTepaTtmBHaTta cBbp3aHOCT Ha Bl n ®I1 u no-cneunanHo
Ha kanubpupaHeTo Ha Bl uype3 obpaTHa Bpb3ka C gaHHM OT Pl ype3 BbLTPELIEH MUKPO
ntepatuBeH UMKbA. Tasn 3agaya no cbwecTBO € ,06paTHa“ No 3agageHn TOYHW pesynTaTty Ha
n3xoda v MOEHTUYHU BXOAHW Bb3LAEWCTBUA Aa Ce Onpedensit napameTpuTe Ha U3YMCIUTENHUTE
mogenu Ha Bll. 3a pelwaBaHeTo Ha Ta3n obpaTHa 3agadva ce npunara MHOMOKpaTHO pellaBaHe Ha
npaBata 3agaya — 3agaBaT Ce CTOMHOCTM Ha CbOTBETHUSA KoedmumeHT BbB Bl 1M ce cnegat
N3XO4HWTE pes3ynTaTu OT CUMynauuuTe, KaTo 3a TOBa Cce npunarat MUKPO ntepaumm sbTpe BbB Bl
[0 NocTUraHe Ha 0OOpO CLOTBETCTBME HA MOMy4YaBaHWTE M3XOA4HM pe3ynTaTu OT cuMynauuute
CcnpsAIMo n3mepeHuTe oT TectoBeTe ¢ Pl npu paBHM BXOOHU NapamMeTpu.

Ha durypa 7-15 e npeacraBeHo cbyeTaBaHETO Ha npunaraHeTo Ha Bl kato ,6ana kytns“ un
®l1 kaTo ,4epHa KyTunsa“.
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M3BOOW KbMIMABA 7

e Pa3But e xubpupeH
meTon 3a
npeaBapuTenHa
OLleHKa Ha HUBOTO Ha
nosepue B
pesynrtaTtute oT
MyNnTUDOU3NYHN
cumynaummu Ha
noBeAeHNeETo Ha
nscnegBaHMA O0OeKT "BANA KYTUA"
Hpes BUpTyanHo - [EOMETPUUHO CHOTBETCTBIE - feomeTpu4Ha aferBaTHOCT
npototunupaHe (BI)
CbBMECTHO c
¢hn3nyecko TecTBaHe
B'bpxy ¢n, 6a3MpaHM - MH)KEHepHa AOCTOBEPHOCT
Ha eTana oT npoueca - MapameTpuuHa AePUHULMA Ha - AedpuHnunA Ha nam.
Ha BUPTyanHo mopena napameTpn
nportoTunnupaHe n | - I3uMCnUTENHE rpeLliKa - [PELUKK Ha U3MEPBaHNATa
obpatHa Bpb3ka C
napameTpuTe oT
c¢musnyecku Tecrtose.

e MW3cnegBaHu ca Tpu durypa 7-15: CvbuyeTtaBaHeTo Ha npwunaraHeto Ha Bl kato ,6ana
noaxoga 3a oueHka Kytua“ n ®I1 kato ,yepHa RyTns“

Ha CcTeneHTa Ha

OOCTOBEPHOCT Ha pe3ynTatute OT BUpPTyanHUTe NPOTOTUNU — HayaneH -— 3a
BepucumKauusa Ha rpaHMYHUTE YCIIOBUA, MEXAUHEH — 3a NoAobpsiBaHe Ha TOYHOCTTA Ha
nonyvyaBaHuTe pe3yntaTtu n comHaneH — 3a BanuaupaHe nony4yaBaHuTe pesynraTu.

o [lpegnoxeH e HOB MeToA 3a nNogob6GpsiBaHe Ha ed)eKTUBHOCTTA M e(MKACHOCTTa Ha
BUPTYyanHoOTO npoToTunupaHe, HapeueH ,,BANA KYTUA/MEPHA KYTUA“ 3a uscnepBaHe
Ha CIOXHN 06eKTu 4ype3 npunaraHe Ha Bl kaTo ,,6\na kytua“ n ®I1 kaTo ,,uyepHa KyTua“ B
uTepaTMBHa CBbLP3aHOCT A0 NocTuraHe Ha ¢wmHa kanubpauusa Ha BIl. HoBoctta Ha
MeToga ce CbCTOM B MUTepaTUBHaTa CBbp3aHocT Ha BIl n ®I1 n no-cneunmanHo Ha
KanubpupaHeto Ha BIl 4ype3 obpaTHa Bpb3ka ¢ gaHHM oT DIl 4ype3 BbLTpeweH 3a Bl
MWKPO LIMKDBII.

e Anpobaumata Ha wmetopma ,BAINA KYTUA/MEPHA KYTUA“ wu TpuTe nogxoma 3a
Bepudmkauua m sanmpgaumsa Ha Bl ca aokasaHu B TpY yCNeLWHO NPUKITHOYUIM NPOeKTa C
MeXAyHapoaAHW UHAYCTPUaNHW NapTHbOPU, U3NON3BaHU KaTo AEMOHCTPALMOHHU TecT
cnyvaw.

®uanuecku npoToTMN
"YEPHA KyTHUA"

BupTyaneH npoToTun

- KopeKTHOCT Ha rpaHU4YHUTE - MaTepuanu 1 cBOUCTBa
ycnoBusa - JlocTtoBepHOCT Ha
M3mMepeaHuATa

MuKpo umnKbn
uTepauum

8. BUPTYANHUAT MPOTOTUM KATO OCHOBA 3A AUIUTANEH BNIM3HAK. ,,LL“ METOR

C HapacTBaHeTO Ha wHAyCcTpuanusauusata Ha ,MHTepHeT Ha HewaTa“ u nosiBata Ha
MWMVOHN UHTENUIEHTHN, CBbP3aHN CUCTEMM, KOHLUeNuuaTa 3a gurutandu (undposwn) 6nmnsHaum Ob
(Digital Twin) 6bp30 npugobuBaTt BaXXHO 3HAYEHWE B MHOMO MHOYCTpUAnHu cermMeHTn n obewasat
[a PeBOMUMOHN3MPAT HauMHa, MO KOWTO KOMMaHWMTEe MNpoeKTupaT, u3rpaxgaTt u nogabpxart
CBOWTE NPOAYKTU M NpoLEecH.

8.1. KOHUENUMATA 3A OUrUTANEH BJIU3HAK

KoHuenumsaTa 3a gurutaneH 6nmM3Hak ce npunara Han-Beye B Cryvasi, B KOUTO ce nosnyyasa
noseye MHdopmaunsa ot usmnyeckn pabortely NpoaykT n nnatgopmarta NHTepHeT Ha HewaTa (loT)
KaTo KOMyHMKaLmoHHa cpefa. (LC-Insights LLC, 2016)

Tyk ce faBa aBTOpCKa AedmHMumMs 3a gemapkaumaTta Ha noHaTuata Bl w Ob. OcHoBHOTO,
KoeTo pasrpaHuyasa Bl ot b e cnegHoTo:

e BIll e abcTpakteH MHOPMAUMOHEH U CUMYNAUVNOHEH ,ABOMHUK® HA HOMMHaNeH ou3n4ecku
06eKT 1 He oTunTa cneumdpPuyHMTE 0COBEHOCTN Ha BCEKN eauH hunsmnyeckn obekT u n3nonsea
abcTpakTHO, a He pearnHo BpeMe 3a CUMYynMpaHe Ha npouecuTe.

e [Ib He e abcTpakTeH WHMOPMaUMOHEH U CUMyMnauuoHeH ,OBOVMHUK® Ha pearneH uandecku
obekT, a e uHOMBMAOyanuaupaH 3a BCEKM efuH TakbB O0EKT, KaTo oTdmta crneumuyHute
0COBEeHOCTM Ha BCEKM efuH usnyeckn obekt — unu gurmtanHmnat énmsHak (OB) e koHkpeTeH
32 BCEKM KOHKpEeTEeH (bm3nveckn obekT.

e [1b BkntouBa B cebe cum u koopauHaTtaTta ,PEAJIHO BPEME® — T.e. gurutanHmaTt GnmsHak
KOnekTupa gaHHu (B MHdopmaunoHHa 6asa AaHHM, HEroBa HepasgenHa 4acT) 3a NoBeAeHMeTo
Ha dunanyeckns (Mnn BupTyaneH) obekT KaTo napameTpu, Nosiy4aBaHU kaTo obpaTHa Bpb3Ka OT
CEH30pU He camo Mpu onpeaeneHn YCnoBus, HO 1 BbB (OYHKLNS OT BPEMETO.

B cnyyanm Ha m3nonseaHe Ha BupTyanHo npototunupaHe (BI1), koHuenuuaTa ,durntanex
6nmsHak” (Digital Twin) moxe Aa ce pasrneaa v kaTo eBOSOLMOHHA TpaHcdopmauusa Ha Bl B xoaa
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Ha HEeroBOTO pas3BWTME U Taka fa ce TpaHcopmmpa OT MHCTPYMEHT 3a Banvagauus B xoda Ha
NpoeKkTUpaHeTo Ha eauH npoaykT (06ekT) kbM [0b 1 aa ce npunara KbM U3BeCcTHaTa npakTuka B
obnactta Ha koMnnekcHUTe npoaykTn. OCbLLecTBABaHETO Ha HaarpaxaaHe Ha Bl cbec cBbp3aHu
B 3a konekTupaHe Ha WHQOpMaUMs 3a OTAEeNHW napameTpu OT BUPTyanHM TecToBe, OT
nosegeHnetTo Ha @I unm gopu dyHKUMOHMPALL NPOAYKT no3BonsaBa TpaHccgpopmauusaTa ot Bl
Kbm OB.

8.2. UHTErPUPAHO BUPTYAINIHO MPOEKTUPAHE HA CINOXHW U3OENUA YPE3 HOB ,,LL“
METOQ

C uen ga ce nsbdarHat HegocTaTbuuTe Ha “V’/“W” meToauTe, a CbLUO Taka 1 3a pasfiNyHK
MO-KOMMIEKCHN Cryvan MpPUioXKUMM CbBMECTHO C HOBOMpeanoxeHus dpakrtaneH nogxon, Tyk €
npeanoxeH HOB MeTO[, OCHOBaBall Ce Ha YCnopedHO pasBuTME Ha BUPTYyanHUS U (pusmnyeckus
npototunu (Pl B cnyyan, 4e e Heobxoamm) B npoueca Ha pas3suTne Ha HoB npogykT (MPI1), kato
3a pasnuka ot “V’/“W” meToouTe, NPOLIECHT Ha pa3BUTUE HE BbPBM OT ,00LOTO KbM YACTHOTO U
obpaTtHOo®, a Ha ocHoBaTa Ha geduHMpaHaTa apxuTekTypa ce passueart ycnopegHo Bl u O, kato
Taka ce No3BossiBa OTAENTHM ENEMEHTM Ha NPOEKTUpaHaTa cucteMa ga Obaart B pasnuyeH eTan Ha
rOTOBHOCT U Ja ce CbBMeCTABAT B npoueca 6e3 nHTepencHn KOHPNNKTI.

BTopaTa MHOro BaxkHa pasfnuka B MeToa €, Ye B npefroxeHaTta naeornorus Ha passutue
Ha BI1, Ton He ce wm3rpaxga OT OTAEenHWM (pparMeHTU 3a OTAENHW CUMyrnaumm Ha onpeaenieHun
acnekTu Ha NoBeAEeHMETO, a OT CaMOTO Hayano ce ctapTvpa MbhHaTa apxXMTekTypa Ha BUPTYyanHus
npoToTun, KaTo He ce [lpuctposiea®, a ce ,Haarpaxga“ B uenus npouec Ha Cb3gaBaHETO My.

Taka B MHOro no-roriiMa CTEneH U MO-JIeCHO Ce u3rpa)kgaT B3auMOCBbLbpP3aHM MoAenu 3a
MHTErpauusi Ha NPOLECHUTE efleMEHTU OO0 MOCTUraHe Ha KOMIMMEKCEH U HaMmbiHO PYHKLMOHANEH
OIr1. ObpaTHo, B nNpeanoxeHust metod wu3rotBsHuUTe P morat ga 6baatr M HaMbMHO
(oparmeHTapHu, o6GcnyXBallM OTAENHM acnekT Ha NoBe4EeHMEeTO Ha MNpoAyKTa M ce nonasar
OCHOBHO 3a BanugupaHe Ha BIl. Tyk knwoyoBata uges e, ye ®I1 ca TpyaHM 3a cb3gaBaHe Ha
BapMaHTHOCT M mogudumumMpaHe, a Cbllo, Y€ B3aUMHOTO BNUSHWE HA OTAENHUTE €NEeMEHTU Ha
cucteMarta M CBbp3aHOCTTa Ha NPOLECUTE LEe Ce OCUIypsiBa Hal-Be4ye OT KOHCUCTEHTHOCTTA Ha
BI1, narpageH Ha dopaktaneH NpuHUMN, a HE OT EBEHTYaNHO CUMETPUYHO pa3BMBaH U paspacTsaly
ce Ol1. Taka meToabT “LL” no3sonsBa ga ce pasBuBa C HaarpaxgaHe B OTAeNHUTE dopakTanHu
CTPYKTYpU 1 Ha otaenHuTe etanu Bll, kaTto ce nectn Bpeme u cpenctesa, nNpu HapacTeal, Mo
CINOXHOCT 1 06em duraundeckn aHanor Ha BrI1.

Mpn cpakTanHOTO CTPYKTYypuMpaHe BCEKM eawH Bb3en (HMBO) ce pasBuBa, TecTBa U
BHeApsiBa (ppakTanHo (aBTOHOMHO, caMonogobHO, MO MAEHTUYEH anropuTbM), a NPOAYKTBLT ce
OLeHsIBa Ha CUCTEMHO HMBO — B obwiata maTtpuua. ,LL“ meToabT cbueTaH ¢ ppaktaneH noaxon
AaBa MHOro rongma rbBKaBOCT Ha obllaTa opraHu3auusi Ha npoueca rofemMun Bb3MOXHOCTU 3a
BapMaHTHO NPOEKTMPaHe, KaKTO M 3a NPEen3non3BaHe Ha Bb3NN N eIEMEHTU B APYr pELLEHNS.

BTopaTa cbliecTBeHa naesd Ha npennoXeHna MeTo4 ce CbCTOM B TOBa, Ye B npoueca Ha
narpaxgaHeTo My W cneg BanuagupaHeTto My, Bl ce TpaHcdopmupa oT abcTpakteH BbB
LJMHOMBMAYaNeH ABOMHUK® Ha dmamyeckns obekT unu B JurutaneH 6nusHak‘ 3a BCeKM eaviH
npomnsBedeH uandeckn npoaykt. EgHa rpadmyHa nHTepnpeTaumnsa Ha TO3M ycrnopedeH NoToK Ha
npouecute M B nocrneactesne TpaHcdopmupaHe Ha Bl B B n Herosoto ,knoHWpaHe® 3a BCEKU
npomnsBeeH NpoAyKT e nokasaHa Ha durypa 8-1.

M3BOOU kbm rnasa 8

o [lpeanoxeHa e aBTopcka aehmHULMA 3a AemapKauusaTa Ha noHaTuaTa Bl n Ob.

e lpepnoxeH e HoB “LL” meTon, OCHOBaBaWL ce Ha €BOJIOLUMOHHO M3rpaxpgaHe Ha
BUPTyanHUa npototun M ¢parMeHTapHO Ha du3nM4eckuTe NpPOTOTMNM B MNpoueca Ha
pasButne Ha HoB npoaykrt (MPI), kato npouecbLT Ha pa3BUTUE Ce OCbLUeCTBsABA
XMopuaHO M ycnopegHO — KOHUenuuaTa W apxuTekTypaTta ,O0T rope Ha pgony“,
BUPTYanHUAT NpoToTun ,,0T A0My Ha rope®, a (pu3n4eckMAT npotoTun — pparMeHTapHoO
no HuBa.

e B npeanoxenus “LL” metom, BIl ce musrpaxpga OoT camMoTO Ha4vano Ha OCHoBaTa Ha
LANOCTHaTa CU apXuUTeKTypa, Kato He ce ,npuctposiea“, a ce ,Hagrpaxpa“ B uenusa
npouec Ha eBonwuuaTa cu. Taka metoabT “LL” nosBonsiBa BIl pma ce pasBuBa ¢
HaarpaxaaHe B otaenHuTe cdpakTanHu CTPYKTYpU U Ha oTAEeNHUTE eTanu, KaTto ce NecTaTt
MHOro BpeMe U cpeacTBa 3a aHanoruvyeH HapacTBal NO CIOXHOCT U 06eM ¢hu3nvecku
npoToTun.

o [lpepnoxeHnaT wuHoBatuBeH “LL” wmeTtoa nosBonsBa oOTAENHW efieMeHTU Ha
npoeKkTupaHaTta cuctemMa ga 6bAaaTt B pasnuyeH etan Ha roOTOBHOCT M Aa ce pa3BuBaT C
pasnnyHa CKOpocCT.

e HoBOCT Ha npegnoXxeHuss MeTon € NMPUHLMNBT HA TpaHcdopmauua — B npoueca Ha
usrpaxaaHe Bl ce ,,obyyaBa“ ot npoBeaeHute TectoBe ¢ Pl n cnen cuHanHOTO MYy
Banuaupade, Bl ce TpaHcdopmupa oT abCTpakTeH ,,ABOMHUK" HA HOMUHANHUA NPOAYKT B
L2AHOAUBUAyanu3anmpaH ONM3HaK® Ha KOHKpeTeH dmandyeckm obekt wnu ,[urntaneH
OnM3HaK“ Ha BCeKU OTAeNeH NpoM3BeaeH NPOayKT.
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o [peonoxeHnte mMeToAM Ha pakTanHO MNpPoeKTUpaHe, MOAYNHO U3rpaxaaHe W
»BDANA/MEPHA KYTUA“ ca anpobupaHu B ycrnoBusiTa Ha MHAYCTPUAriHU NMPOEKTU U ca
OEeMOHCTpUpaHu Ao6pu pesyntaTtv No OTHOLIEHME Ha e(PeKTUBHOCT U echuKacHOCT.

¢ [natdopmata "UHaycTtpus 4.0" e echekTUBEH OTrOBOP Ha U3MEHEHUATaA B CbBPEMEHHUTE
TEXHONIONMU Ha HOBO Ka4yeCTBEHO U (PpyHKLMOHANHO HUBO,. CbyeTaBaHETO Ha peanHusi
CBAT Ha MNpPOU3BOACTBOTO C BUPTyanHUss CBAT Ha WHPOPMALMOHHUTE W
KOMYHUKALMOHHUTE TEeXHONOrmu, Npu KOeTo TPagULMOHHUTE MPOMMULLIIEHU Npouecu ce
gonbnBaT, ce pa3BMBaT W ONTUMU3MpAT 4pe3 AurmTanusauumsas W BrpageHa
MHTESIUFeHTHOCT.

BHPTYANHO HHUIUYECKOD NMPOM3IBOO
AEAHOCTH cTeo
npoToTMnMpad | JuraTa npoToTMnMpane | Test
e nex CEpPHA
GRKIHaK

DROAYKTE. BN
JiTECETES) BMN

NPOU3IBGACTED.

DNpoToTMoMpaHe EN
WepHomudecka BN
QueHKa Ha ®uHan

o
b cepuA

JiT3
PuHaned

Basa
OaHHKU

ABaK3Hak
Mpogykt 1

Jban3Hak
MpogysT M

[ 1
durypa 8-1: CbueTaBaHeTo Ha nNpuaaraHeTo Ha Bl kaTo ,,65a1a Kytns“ u ®I KaTo ,4epHa KyTua“

Hos “LL” meToq 3a pa3sutne Ha HOB NPOAYKT ¢ pparmeHTapHn ®I1 n HagrpaxaaHe Ha Bl go TpaHchopmmpaHe BbB 1B
N MyNTUNNULMPAHETO MY 32 BCEKM KOHKPETEH (DU3NYECKN NPOOYKT.

9. ANPOBALIUA HA NMPUNTOXUMOCTTA HA BUPTYANTHOTO U ®U3UYECKOTO NMPOTOTUMUPAHE
NPU PA3BUTUE HA HOBU NPOAYKTHU.

9.3. PA3BUTUE HA ®AMUNUA YOAPHO-NMPOBMBHU PBYHU ENEKTPOUHCTPYMEHTU C
MHOBATUBHA YOAPHA CUCTEMA C KOHTPOJIMPAH PE3OHAHC 4YPE3 BWPTYAJIHO U
®U3NYECKO NPOTOTUINUPAHE

MpoekTbT 3a wu3rpaxgaHe Ha “@amunua  yaapHO-NMPOOUBHM PBbYHU  ENEKTPO-
MHCTPYMEHTM C YyAapHa cuUcTemMa C KOHTponupaH pe3oHaHc”, ¢ paboTHO HasBaHue
SparkHAMMER, nma 3a uen cb3gaBaHeTo Ha
MHOBaTUBHA (PaMunnsa BUCOKONPOM3BOAUTENHM
yOapHO-NpOOMBHM  MalUMHKU  (HapuyaHu owe
nepdopatopu) C MHOBATMBHA yAapHa cuctema weaaen
GasvpaHa Ha MpuHUMNA Ha KOHTPONUPAH wserwsuenr
pe30HaHC.

Cb3paBaHe Ha BupTyaneH mopen Ha

nHeBMaTU4YHO-BaKyyMHa pe3oHaHCHa ol
cuctema & BbaayiHa
[MHeBMaTUYHO-BaKyyMHUAT MEXaHU3bM npyxunHa

ocurypsiea 3afBikBaHe Ha cucTemarta npw

paboTa B pex1m Ha kbpTeHe. HOBUST MPUHLNM,  durypa 9-22: MeHepupaHe Ha yaapa

KOATO € MpeanoXeH, ce CbCToM B ToBa Aa ce

Hamepu MeTo[ 3a noaabpXaHe Ha MexaHusma 3a pabota B 6nm3ska 0o pesoHaHca obnacT. Toea
NaBa Bb3MOXHOCT PE30HaHCHLT 4a YBENUUM YyBCTBUTENHO HeHaTa NPOM3BOAUTENTHOCT.
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Mpu KbpTauute nuncea

Cuctema 3a
TpaHchopMUpaHe Ha

YnapeH BbPTENWBOTO BbB
WHCTpymMeHT 3axBat BpeteHo — — PepykTtop
MexaH1U3bM Bb3BPaTHO-

nocTbnaTenHo
[OBIXeHVe

SDS Plus
SDS Max
YnapeH YpapeH YpapeH
MeXaHW3bM C MexaH13bM C MexaHW3bM C
MNOABWXHO NOABWKEH BONHMK-
6yTano LMnuHABbP LMnMHABP MpocTpaHcTBEH KonsiHo-
KyTMceH MOTOBWITKOB
MeXaHU3bM MeXaHU3bM

— i

durypa 9-24: CTpyKTypHO M3rpaxaaHe Ha y4apHO-NPObUBHUTE MALLIMHM

C uen cb3gaBaHe Ha BUpTyaneH MpoOTOTUN € Cb3AafdeH U3XOOeH TPpUMMEpeH Moaen Ha
cuctemarta. Ha HeroBa ocHOBa, ype3 gedvHupaHe Ha HeobxoouMUTE OaHHW, YacT OT KOWUTO ce
HacTporBaT UTEPATUBHO, € MOCTPOEH BUPTYyaneH naumcnuteneH mogen (dwr. 3.1), 6narogapeHue
Ha KOWTO MOXe Ja ce u3yyum noBegeHuneto W. MNpuHuMnHa cxema Ha cucTtemaTa € MnokasaHa Ha
durypa 9-30.

I L C H

| { |
EEDHH

MHCTRYMEHT: - I HK:
MI / M.EOMHMK:

[

bawika M (;) O

Air gap
spring

tool

Vibrating
mass

Air gap

lal

}

12

durypa 9-31: BuptyaneH npototun durypa 9-34: Pe3yntati 3a pPas/IMYHU YECTOTU
Ha BbPTEHE Ha 334BUKBALLOTO 3BEHO
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Ha ocHoBaTa Ha geduHMpaHaTa npuHUMNHA cXxema Ha MexaHu3ma, € us3rpageH BupTyarneH
mMogen, nokasaH Ha durypa 9-31. Toanm mopen ce nons3ea 3a CUMyNUPaHe OBWXEHMETO Ha
TBbpOOTENHN 00ekTn, 6e3 oTyuMTaHe Ha TexHuTe cobCTBeHM Aedopmauumu, 3a onpeaensiHe
eHeprusita Ha yaap.

9.3.6. Pe3y.l1TaTVI OT npoBeAeHnTe cCuMmynauvm npum n3non3BaHe Ha BUPTyariHuA moagen

Cblo Taka HamansiBaHeTO Ha YecToTaTa Ce Hanara nopagu HeyCTOMYMBUSI PEXUM B
6nuM3ocT OO0 onTMMarnHUTe 3a pesoHaHca o6OopoTM, Mopagn OnacHOCT OT NpeMuHaBaHe B
3ape3oHaHCcHa 06nacT, KbAETO MMa PA3KO cradaHe Ha eHeprusita, Bk durypa 9-34.

MNpoBeneHNTe TECTOBE WM CPABHUTENHU Pe3ynTaTh BbpXy NPOTOTUMMTE HA CbOTBETHUTE
KOHCTPYKLMK Noka3eaT 4oOpo cbBrnaJeHne ¢ NonyyYeHnTe oT cumynaummuTe.

BupTyanHute mogenu morat Aa 6baaT gobpa ocHOBa 3a nocrneaBawy onTMMU3saumm,
KaKkTO Ha KOHCTPYKLMUTE Ha NpoeKkTUpaHaTa ¢amunusi OT MallMHW, Taka M U3bupaHe Ha
nogxogsluuTe napameTpy 3a nosly4yaBaHe Ha ONTUMAIHU pe3ynTaTu.

9.3.13. Bepudmkauumsa Ha BUpTYyariHUA NpoToTUN

PasrnegaHvaT BupTyaneH npoToTvN € BanvauMpaH B 3HaYUTEenHa CTENneH N Ypes YacTUYHU
®l1 3a onpegensHe Ha OONBAHUTENHU CTOMHOCTM Ha HAKOW OT NapaMeTpuTe Ha mogena (TpueHe,
TONSIMHHO HaToOBapBaHe) OT pexunma Ha paboTa Ha npoToTmna. PU3NYECKUAT NPOTOTUN € U3MUTaH B
pearnHu ycrnoBus 1 ca U3MEepeHn CTOMHOCTUTE Ha BMOPOYCKOpPEHMETO B pbKoxBaTkata C uen ga
GbaaT cbnocTaBeHW C onpeaeneHnTe OT U3YNCIUTENHMUA MOLEN TakuBa.

Opyrnat enekTpoMHCTPYMEHT OT CPedHMs Krac Ha ramaTa e npeacTtaBeH oT pasmepa BINBP
540. TllokasaHn ca CTUNUCTUYHUAT AOU3aMHEPCKM NPOEKT U  peanuanpaHuaT  YyHKUMOHanNeH
dur3myeckn npoToTMn B Mo-paHeH (HeouBeTeH) Bug, Purypa 9-70. lNocturHata e BUCOKa
npoun3BoANTENHOCT (Han-gobpwu nokasaTenuM B CBETOBEH Mawab) No cpaBHeHME C BogewuTe
CBETOBHM npoudsogutenu kato Bosch, Hilti, Makita, k. ®urypa 9 71.

n3soau

e UYpez TexHonorusata 3a BIl e pasButa UHOBaTUBHA pe3OHaHCHa YyAapHa
MexaHM4YHa/MHeBMaTU4YHO BaKyyMHa CMCTeMa — HOBOCT Ha CBETOBHMS nas3ap.

o [lechmHuMpaH e onTumaneH ob6xBaT Ha ¢phammnuATa KaTo O6GNacT M TUNopasMepeH pen,
nossonsBalwa r-BKaBOCT, MAKCUMAarHoO yAoOBNeTBOPsIBaHE Ha NOTPEOUTENCKUTE HYXAMN U
e eKTUBHO Npon3BOACTBO.

¢ [locTurHaTta e BUCOKa NPOM3BOAUTENHOCT (Han-goOpU nNokasaTenu B CBETOBEH mallab),
nopobpeHo yaob6¢cTBO 3a pabota (4Ype3 HamaneHo COOCTBEHO Terno) M nopobpeHa
eproHomMusA 3a oneparopa 1 o6wo0 HamansiBaHe Ha ymopara.

e [locTurHato e nogobpeHo yaob6¢cTBO 3a pabota (Ype3 HamaneHo COOCTBEHO Terno) u
nopobpeHa eproHoMuA.

:*
durypa 9-69: CtuauctmyeH ©n  An3aliHEPCKU
NPOEKT 3a MallMHa OT cpeaeH Knac—nepdopatop

durypa 9-70: PyHKUMOHaNeH dusnyeckn
NpoTOTMN Ha MallMHa OT cpefeH Knac—
BP540CE. nepdoparop BP540CE
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durypa 9-71: CpaBHeHne Ha NpoekTMpaHa MawumHa BP400E ¢ KoHKypeHTHM obpa3sum

MpoussoguTenHoct, ¥, cm3imin

9.5. ANPOBUPAHE HA »
BUPTYAIEH ONMUCAHUE HA NPOBJIEMA (CbLUECTBYBALL, AU3AUH)

nPOTOTUN 3A
N3CNEOBAHE HA ¥ v

MYJTUOU3UYHU S_M_1: U3CNIEABAHE HA MAKPO S_C_1: U3C/IEABAHE HA
NMPOLIECW. TEOMETPMA HAMPEYHOTO CEYEHME

NMoaoBPABAHE HA

S_X_2: CUMYNALMOHHO BUPTYANIHO NPOTOTHUNHUPAHE

PABOTHUTE
NAPAMETPU HA
HA AU3AWHA HA OU3AWHA HA AUSAMHA HA OU3AAHA HA AU3ARHA HA OWU3AUHA
HACTOINEH # L #N #1 # #N
XNAOWUNHUK
XnagunHumumTe 3a
butoBa ynotpeba ca BaxeH
ypeno B -'J-OMaK"'rCTBOTO Beue S_M_3: ONTUMANEH S_C_3: ONTUMAJIEH U3E0P
nosedye ot 100  roaguHw. N3B0P HA BAPUAHTHU HA BAPUAHTU
Usnaputenar e BaXKeH

v

KOMMOHEHT, MHOro 4ecTo
onpeaendally ed)eKTI/IBHOCTTa S_C_4:TMNPEXOAHO PELEHMUE 3A
Ha E:I/ICTeMaTa. ToBa e | ONTUMAJIEH BAPUAHT. CPABHEHME C
yCTponcTBO 3a abcopbupaHe MTLPBOHAYATTHUA IN3AVH.
Ha TonnunHa OT XnagwunHoTo
NPOCTPaHCTBO B XnagwuiHata

|
cuctema 4pes usnapsisaHe Ha
xnanmanm areHT. $5: SAK/TIOMUTENTHU NPENOPBKU 3A
eomeTpusiTa ce
OCHOBaBa Ha M3napuTenHus NMPOEKTUPAHE

MOoAyn 3a HacToneH
xnagunHuk (npoba ot KT1730
Ha dupma Liebherr). durypa 9-82: MetoanKa 3a OLUEHKA Ha BapuaHTUTe

UsnaputenHata cepneHTUHa

€ 3anerneHa Bbpxy TbHKa anymuvHueBa nnoyva. CepneHTMHaTa ce npouvsBexga OT anymMuHueBa
Tpbba, gedopmmpaHa go "npogbnrosato” HanpedHo cedveHue. KpuBata My e cbobpaseHa ¢
XapakTepuUCTUKUTE Ha XnagaunHuka (BXo4HO U U3XOAHO nonoxeHue). CepneHTUHaTa € cBbp3aHa C
TbHKa anymMmnHMeBa nnoya ¢ BUCOKOKA4YeCTBEHO KOHTAKTHO Nenuno 3a TonaonpoBogNUMOCT.
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n3soaun

PaspaboTeH e HOB
OU3aliH Ha u3napuTten 3a
HacCTONMHU  XNaAuNHULM,
6a3upaH Ha BupTyanHu
npototunu. OcCHOBHUTE
pesynrtaTtu ot
npoBeaeHoOTO
uscneaBaHe ca:

e [lemoHcTpUupaHa e
Bb3MOXHOCT  3a
OoLeHKa Ha
KOHCTPYKUMATA B
paHHMA eTan Ha

Mown internal vohune Lomper stures for oech verlant
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Dynamic transient simulationsare
performed as to obtain a comparison of

9 0 3% 38 1 W by

2790402
2750402
2710402
2670402
2630402
259402

npoekTupaHe. the final optimized and initial variants 2550402

ToBa nosBonsBa efficiency in time. 2520402

Ja ce HamanaTt 2480402
pa3xogute 3a I e
paspaboTBaHe Ha

npoAayKTn 7]

BpemeTo 3a durypa 9-87: OKkoHUYaTeNeH BUA HA KOHCTPYKLUMATA.
pgocTuraHe Ao

nasapa, KaTo ce M3b6ArsaT HenpaBUITHU KOHCTPYKTUBHU peLUeHUS.

e OcurypeHo e HamansiBaHe M [Opu NpemaxBaHe Ha (PU3NYeCcKUTe TecToBe U
3HauYMTesNIHO HamarnsiBaHe Ha BPeMeTo U pa3xoauTe.

¢ B1b3MOXHOCT 3a oLleHKa Ha BbTPELIHUTE NapamMeTpyu Ha uscrnegBaHaTa KOHCTPYKLUSA U
SICHO pa3bupaHe Ha npoTu4awmTe npouecu. Toea e cneunPrMYHOTO NPeaUMCTBO Ha
BMPTYartHOTO NPOTOTUNMpPaHe CNPSAMO (PU3NYECKOTO TaKOBa.

9.6. MPUNOXEHUE HA WHOBATMBEH METO[ 3A W3CIEOBAHE HA MYNTU®U3UYHMU
NMPOLIECK 4YPE3 BWPTYAINIHO MPOTOTUNWPAHE — WU3CNEOBAHE WU BAJIIMOWPAHE HA
AKYCTUYHU NAPAMETPU HA X.I. KONENO

9.6.1. UscnenBaHe Ha aKyCTMKa 3a X.N. KOMMNOHEHTH

OueHkaTa Ha akyCTU4HMTE napamMeTpu Ha X.N. enemMeHTUTe e 3agbikuteneH etan B
npoueca Ha cepTuduumnpaHe Ha HoBopaspaboTeHO n3genve u No-cneumanHo — Ha Xenes3onbTHU
konena. MNMoaxoabT 3a KOHBEHLUMOHANHa oueHKa BKIOYBa M3MEPBAHUSA U EKCMEPUMEHTU BbPXY
dmsmyeckn npototun. ToBa Npegnara antepHatmea, 6asnpaHa Ha KOMNIOTbPHU CUMYNaLnn, KOATO
Nno3BofsBa Aa Ce OLEHM KOHCTPYKUMSTA Ha paHeH eTan OT pas3BUTUEeTO Ha M3genveTo 1 ga ce
NPOBEPAT pasfnnyHM BapuaHTU. HeszaBMcumMo OT TOBa, TO3M NOAXOA HE AdaBa MbiiHa "BbTpeluHa”
MHOpPMaLMA 3a MeXaHN3Ma 3a reHepypaHe Ha LWyM U U3UCKBa cneumanmanpaH MHCTPYMEHT.

9.6.4. MeToauka 3a aKycTU4Ha oOUEHKa Ha >Xene3onbTHWUTE Konena u4pe3
BUPTyasnHU NPOTOTUNMU

Cb3papeHa e HoBa MeTogonorus, 6asmpaHa Ha oueHKaTa Ha akyCTUMHOTO NnoBeAeHue
Ha U3NUTBAHOTO KOnesno B CpaBHEHue C pedpepeHTHO Konesno, M3non3Banku TeEXHONOrmmTe
Ha BupTyanHoTo npototunupaHe. OCHOBEH napameTbp 3a TOBa CpPaBHEHME € HUBOTO Ha
3BYyKOBOTO HandraHe (SPL), kakto e onpegeneHo B (EN 13979-1: 2003 + Al: 2009 2009).
MeTtogonoruaTa e nokasaHa kaTto Lsano Ha durypa 9-88.
CbcTou ce oT cnegHuTe eTanu:
e S1: Pesyntatu oOT aHanu3aute Ha KpanHute enemeHTu: OnpepensHe Ha SPL B
XapakTepHu Toukun 3a obxeata 100Hz + 5000Hz, aHanu3npanu ¢ 1/3 oktaBa. Pasrneganu
ca TpuM OTAEnHM cnyvass Ha HaToBapBaHe, CbIMMacHO W3WCKBaHWSATA Ha cTaHgapTa u
nokasaHu Ha durypa 9-90. Te ca 0603Ha4eHmn KaTo Lpgpi, KbAETO:
c =1, 2, 3 - obo3HauyeHne Ha n3nuTaHung criydan Ha HatosapsaHe (Purypa 9-89);
p = A B, C - obo3HayeHuMe Ha MukpodoHa cbrnacHo cxemata Ha Purypa 9-90
(pedbepeHTeH Homep (EN 13979-1: 2003 + Al: 2009 2009));

i - e rpynaTa ot 1/3 okTaBa;

38



BupTtyanHo NHxeHepcTBo

[}
=
=
==
=L
g
1/3 OKTaBa ce 18 AHANM3A B IMAMAZOH 18 AHANM3A B IMANAZOH 18 AHAINZA B JMAMNAZOH 'E_
100HZ = 5000HZ, AHATMIAFAH 100HZ = 5000HZ, AHATMEFAH 100HZ = S000HZ, AHATMEFAH
npeterna cnopej NEHTA 34 1/3 OKTABA NEHTA 34 1/3 OKTABA NEHTA 34 1/3 OKTABA E
cnegHata E
3aBUCUMOCT: =
L . = L L+ NPECMETHATH 54 CTORHOCTH MPECMETHATH 54 CTORHOCTH MPECMETHATM 54 CTORHOCTH &
Pwcepi Pcpi 24 3EYKOBO HANAMAHE 34 3A 3EYKOBO HAMAMAHE 3A 3A 3BYKOBO HANArAHE 3A -
Ci + Ri + Hi1 KbOeTo: CIYUAl LC 1: Ciyuai LC 2: Ciyusid LC 3: o
I—Pcpi HUBO Ha Lriac-1ay, LriBii-1s; Lrzagi-18); Lrag(i-1z); Lraagi-12); Lrasii-1sy,
3BYKOBOTO Lricii-18) Lrzci1-12 Lracq1-12)
HandraHe,

S2: dunTtpupaHe
Ha pesynTaTure:

MOOEN OT KPARHW ENMEMEHTH

Bcsako HMBO Ha _ . .
MoUMC TBAHE HA TEOMETPHMATA, MD;I-:I'I"IPN—IE HA MPE#A OT KFPAMHW ENEMEHTH MARPAMETFH HA
3BYKOBO HalidraHe MATEPHANA, SADABAHE HA MPAHMUHK YCNOBMA
(M34mcneHo 3a
rpyboct Ha

eavHuua) B i-TaTa

nsuymcneHo 3a 1/3
OKTaBa i;
C; e CTOMHOCT OT

=L
==
w
A dunTbpa B dB; Lovrcceors . 2w
Ri e oTpaxeHueTo % =
Ha rpanaBocCTTa, 3 E
nspaseHa B DUITTPUPAHM 54 CTOROCTH e
3ByKOBO HA:!B'H'KOE:_‘I&)ZI:AIEI'ME:!A f;;
Harnsrane, dB Lewzagt-zy Lewzspsa)
(1m) , LPWE{|+18}
H; € KOHTaKTHUAT
duntep B dB.

MEE AHAMM3 HA CIYUAl LC1

DUNTPHPAHW 54 CTOHHOCTH
HA 3BYKOBOTO HAMAMAHE 24

LC1:

Leiaii-1sy Lewino-1ay

MEE AHAMM3 HA CIYUAid LC2

MEKE AHANW3 HA CITYUAl LC3

DOUATPUPAHMW 54 C TOMHOCTH
HA 3BEYKOBOTO HAMAMAHE 3A

LC3:

Lesaagiz1ey Lewangra1ay

CPABHEHME HA PE3YNTATUTE U KPAMHA OLIEHKA HA
OU3AHWHA

durypa 9-88: bhok-gnarpama Ha n3nos3BaHaTa MeToAMKa.

KoHTakTHOTO chuntpmpaHe ce usdncnsasa cbrnacHo oopmynarta Ha Remington:
1

1

H; = 20 * log

1+Z*

|4

2

S3: CPEAHO

s (2*n*a*ﬁ-)3

KbAEeTOo:
a — nonoBuHaTa AbJ/XNHA Ha KOHTaKTHaTa 30Ha B NOCOKaTa Ha TbpKansaHe (B m), KaKTo e

ornpeaeneHo 3a U3NMTBaHOTO KOJENo;
V — CKOpOCTTa Ha TbpKansHe(m/s);
f; € ueHTpanHaTta YecTtoTa Ha i-Tata 1/3 okTaea.
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1,20 m

®Purypa 9-89: PasnonaraHe Ha ®Purypa 9-90: PasnonoXeHnsa Ha xapakTepHUM TOYKM, 3a
nscrnegBaHUTe crnydam Ha KOHTAKT KOUTO 3@ OTYMTaAHWU aKyCTUYHU napameTpu (MUKPOOHU
MexXay perncata n Konenoto. npu nscrnegsaHe Ha oManyeckn NPoToTUn).

e 8S3: CpegHa ctoMHOocT Ha SPL 3a Bcekn MukpodoH: M3uucnaBaHe Ha cpepgHaTa
CTOMHOCT Ha SPL 3a TpuTe No3nuumn Ha KOHTAKTHUTE TOYKM Ha KOJenoTo:

LPwlpi LPpri LPw3pi>

1
Lpp; = 10 + log §*(10 10 +10 10 +10 10

KboeTo:
Lpwipi» Lpwzpis Lrwapi C8 CPEOHO NpEeTerneHnTe H1Ba Ha HansaraHeTo (Hag MukpodoHm p = A, B,
C), u3dncnenn 3a KoHTakTHUTE nosmummn 60 (HatoBapsaHe 1), 70 (HatoBapsaHe 2) n 80
(HaToBapBaHe 3) mm OT BbTpeLLUHaTa NOBbPXHOCT Ha daHeLua,

e S4: Oow SPL: [lony4eHOTO HMBO Ha 3BYKOBO HansdraHe Lpagc CbOTBETCTBA Ha
npeTerneHaTa cpegHa CTOMHOCT Ha Te3n TPW HMBA Ha 3BYKOBO HansraHe, gageHu oT
crnegHaTta 3aBMCUMOCT:

Lpagci = 10 * log (0,4 *1010 40,210 10 40,410 10 )

e S5: CpaBHeHMe Ha pe3ynTaTuTe U OKOHYaTernHa oueHKa Ha npoekra: OnpegeneHarta
ob6wa SPL cdyHKUMA Hag YeCTOTHUS AMana3oH Ce CpaBHABA C peepeHTHUTE CTOMHOCTM.

9.6.5. MpakTnyecko npunoxeHume

OcCHOBHMAT Oan B aHanusa ce opmupa ot cumynaummte Ha KpanHute enemeHtn (FEA)
(etan 1 Ha npepnoxeHata metogonornd). Heobxogumm ca MHOXeCTBO aHanmsn (3 cnydasd Ha
HaToBapBaHe, BCsKa OT KOMTO € 18 okTaBu nnu obo 54 aHanuaa) n pesynratute oT Tax ga 6vaar
0606LeHn. Tasn nbpBa CTbMKa e onucaHa nogpobHo No-aony.

e S2: BuptyaneH npotoTun

M3rpageH e moden oT KparHu enemMeHTn, 6asnpaH Ha npedctaBeHaTa No-rope reoMeTpust.
CumynauunoHHuAT mogen cbabpxka okono 731 000 Bbanu n 842 000 enemeHTa U € nokasaH Ha
durypa 9-93 no-gony.

basd
T2
157

45
T
lll‘ .l

A/ Wheel B/ Rail
®durypa 9-93: Moaen oT KpaHU eNeMeHTH, U3MON3BaH 3a NPOBEKAAHE HA MHKEHEPHUTE aHANN3N.

Cuctemarta koneno/penca, moxe ga Obge npeactaBeHa OT OBe AMHAMUYHUM CUCTEMM,
CBbp3aHM B TOYKa U Nof Bb3OEWCTBMETO Ha OTHOCUTESTHOTO MpemMecTBaHe Mexay Tax. ToBa e
TUNMYEH MOAEN Ha BepTUKanHO HaTtoBapBaHe. B To3n mogen OBMXEHMETO Ha KONenoTto Mo
NpoTEXEHNe Ha pericata Ce UrHopupa um ce 3aMeHsl C ,ABWKELL0 Ce HaToBapBaHe“, Mpu KOEeTo
,JIEHTA“ Ha rpanaBoOCTTa Bb3AEWCTBA KaKTO BbpPXYy KOMENoTo, Taka u Bbpxy pencarta. OcBeH
BEPTUKaNHOTO HarpaerieHne, Har-BaXXHO e ja ce BKIHYU U CTPaHMYHOTO HarnpasneHue.

Pesyntatute ot cumynaumsta ot 54 aHanmsa ca npegcraBeHu ype3 SPL pasnpeageneHus
3a npumepHa yectoTa (100Hz) no cnyyan Ha HaToBapBaHe. Te3un pa3npeaeneHns ca npeacTaBeHn
B paBHMHAaTa Ha CUMETPUSA, KOeTO e A0CTaTbYyHO NPeACTaBUTENHO 3a TEKYLLIOTO MPOeKTUpaHe.
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o S2&S3: dunTtpupanm
pe3yntatun. CpegHo SPL
CnepgBawumar etan e

CBbp3aH C MpPeAcTaBsAHETO Ha
JOMbIHUTENHO obpaboTeHute
pesyntatu. Taka wu3bpoeHuTe
no-rope CToMHOCTU ce dunTpupart
ypes KOHTaKTHUSA PunTHP
(Remington), HMBOTO Ha
rpanaBocT u A-ocpefHeH pmnTbp.
Cnep TOBa TEe3n CTOMHOCTU ce
ocpegHseart (n3nonseariku
CTOMHOCTM 3a BCEKM Ccnyyanm Ha
HaToBapBaHe, KaKTO € ONucaHo B
mMeTogonornata 3a etan 3) 3a
BCEKN MUKPOIOH.

e S4: OOwo onpepensiHe
Ha SPL

ObwmnTe CTOMHOCTM Ha

SPL no oktaBuM ce u34McnsaBar,
KaKTO e onMcaHo no-rope.

o S5: CpaBHeHune Ha
pe3ynTtaTuTe M oLeHKa Ha
KOHCTPYKUMATa

M3BbpLlLUEHNTE aHanuan wu

npernega Ha pesyntaTute BoOOsAT
p,o crnegHuTe BaXKHW U3BOAM:

PasrnexxgaHoTo Koneno nokasea

nobpa KOpecnoHaeHLMs c
pedepeHTHUTE OaHHNn,
poknageaHn B (ACOUTRAIN
2012).

MakcumanHata CTOMHOCT Ha
obLLOTO HMBO Ha 3BYKOBOTO

HanaraHe (SPL) e 86.5dB npwu
315Hz.

KoHCTpyKuMsiTa CcbOTBETCTBA Ha
Kputepuute, BkoveHn B EN
13979-1-2003 + A1-2009.
PasrnexgaHata KOHCTPyKUMS e
CpaBHeHa c HanMyHuTe
pesyntatim B (ACOUTRAIN
2012). N3non3saHu ca
pesyntatute 3a HMBOTO Ha
3BYKOBOTO HansraHe 3a Toyka D
(swxte  durypa 9-99 B).
PedepeHTHUAT 1 HOBUAT AM3anH
¢ SPL 3a Touka D ca nokasaHu
Ha ®urypa 9-99.

N3cnepsaHeTo OeMOHCTpupa
Bb3MOXHOCT 3a OueHKa Ha
BMUAHWETO Ha rpanaBocTTa Ha
KOHTaKkTa BbPXYy aKyCTUYHOTO
noBedEeHME Ha Xene3onbTHO
Koneno MOHOGMOK, 13non3sanku
BMPTYyasnHo npoToTUnupaHe.
PaspaboTeHa e HOBa meToOMKa
3a AurvTanHo aKyCTUYHO

13979-1 "Konema wu

Tannurm
HOBOINPOEKTUPAHOTO X.M. KOJ1ES0.

A / TpaHW4YHM ycnosma moaen

Table 7-4: TSI+ roughness

Roughness dB{ref
Wavelength (cm) 1 jom)
634 211
504 19.1
40.0 1741
31.8 15.0
25.2 13.0
20.0 11.0
15.9 9.0
126 7.0
10.0 49
8.0 29
6.3 09
5.0 =141
4.0 -3.2
3.2 -5.0
25 -5.6
20 -6.2
16 -6.8
13 -74
1.0 -8.0
08 -8.6
08 -9.2
05 -9.8
04 -10.4
0.3 -11.0

B/ TSI + ,neHTa” Ha rpanaBocTTa

durypa 9-94: MMprAOKEHN FPAHNYHN YCNOBUA: OTPAHNYEHMUA,
06LLUM 33 BCUYKM CIy4an 1 TOBApW.
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w——— —#—Point D

==g==Total SPLat 7.5 m Track 1
~{—Total SPLat 7.5 m Track 2, calc. TDR
Total SPLat 7.5 m Track 2, meas. TDR
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-
Frequency, Hz

2500

g

A / PedepeHTHM CTOMHOCTH

5000

\

A

Y

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000

Frequency, Hz

B / CTtonHOCTM 3a nacnegBaHaTa KOHCTPYKLMS

durypa 9-99: SPL 3a Touka D, dB.

cepTuduumpaHe. Metogukata e anpobupaHa uype3 peaneH WHOYCTpuaneH MpOoeKT, KbAEeTo
pe3ynTatute oT BUPTyanHOTO NPOTOTUMNMPAHE Ce CPaBHSABAT C eKCepUMEHTaNHMTe pesyntaTu
M Ha Tasn Gasa ce TbpCWU CbOTBETCTBME Ha M3NCKBaHWATA Ha eBpornenckus ctaHgapt EN

MOHOOMoOKoBM konena" 3a
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n3soaun

o [lpeanoxeH e nogxoa 3a U3Nosfi3BaHe Ha BUpPTyaneH NpPoToTvn 3a oueHKa BNUAHUETO
Ha napameTpuTe Ha KOHCTPYKUMUATA BbPXY aKyCTUYHUTE MoKasaTenm U e AoKasaHa
epeKTUBHOCTTa Ha Ta3u OUEHKa W nperfen Ha npotuyawute ¢pusn4HM npouecu ¢
M3non3BaHe Ha BUpPTyasieH NPOTOTUN B PaHHMUA eTan Ha NpoeKTupaHe.

o [IpakTuyeckn e pfokasaH u4pe3 ceptudukauma ot TUV Hay4dyHou3crnegoBaTesiCKU
noaxopn, 6asMpaH Ha TeXHONMOrMuTe 3a BUPTyanHO MPOTOTUNUPaAHE U U3UCKBaHUATA
Ha UMHAyCcTpuUanHUTe cTaHAapTu 3a cepTudpuumpaHe Ha aKyCTUYHOTO NoBeAeHUe Ha
Xene3onbTHU Konena Ype3 pecdepeHTeH hnsnyeckn Tectos obpased.

e MeToaukata e anpobupaHa 4ype3 peaneH UHAycTpuaneH NPOEKT, KbAETO pe3ynrtaTturte
OT BUMPTYasiHOTO NMPOTOTUNUPAHE Ce CPaBHABAT C €KCMepuMeHTanHUTe pe3ynTtatM u
Ha Ta3u 6a3a ce TbpCU CHLOTBETCTBME HAa U3NCKBaHUATA Ha €eBPOMNENCKUsl cTtaHaapT
EN 13979-1.

o [lpeacraBeHaTa HayyHou3cnegoBaTesnicka pabota e cblecTBeHa CTbMka B
M3rpaxgaaHeto Ha HoBa oOwa wMeTogonorusi, 6asuMpaHa Ha TexHomoruuTe 3a
BUPTyanHoO MNPOTOTUNUPAHE U U3UCKBaAHUATA Ha UHAYCTpUarHUTEe CcTaHAapTy, 3a
cepTudpmumpaHe Ha akyCTUMHOTO NoOBeAEHME Ha Xerne30nNbTHUTE Konena.

9.7. PA3BUTUE HA KOMMMEKCHO W3OENME — ®AMUIMA BUCOKOMOBOUIAYM YPE3
TEXHOJNOIMMUTE HA BUPTYANTHOTO NPOTOTUNMUPAHE

Llenta Ha npumepa e Qa [OeMOHCTpUpa MPUIIOXKEHUETO Ha pasnuyHuTe Un3bpoeHu
KOMMOHEHTN Ha BUPTYanHOTO MHXEHEePCTBO M no-cneumanHo Ha Bl n &I npu otgenHute etanu,
WNIOCTPUPAHO 4Ype3 npumep OT UHAyCTpuanHaTa MpakTuka Ha aBTopuTe — pasBUMTUETO Ha
KOMMMEKCHO u3genue — rama BUCOKONOBAUraym — eneKkTpokapy 1 MOToKapw.

Tasn npunoxmmocT e wunocTpupaHa Ha Purypa 9-101. LISNOCTHOTO NpoekTMpaHe Ha
N3aenneTo e U3BbPLUEHO MpM U3MNON3BaHE Ha BUPTyanHW MNPOTOTUMM OT KOHLENUMpaHeTo W
CTPYKTYpUpaHeTO Ha npogyktoBata gamunus. M3xoxgamkm OT KOHUenuusi, cb3gageHa 4pes
BMpTyaneH npoToTun, € paspaboTeHa MoAyrHa apxuTekTypa 3a u3rpaxgaHe Ha pasnnyHu
KOHUrypaumm Ha ramarta Bucokonosauradv. Hanmumeto Ha cb3gageHus BupTyaneH npoToTun
no3BofisiBa He CaMO Bu3yanu3aumsata Ha pasnuyHMTe BapuvaHTU Ha u3genueTo (pasnuyHu
KOMOMHaUMM No TOBAPOMOAEMHOCT, TWUM Ha 3aABWXBAHETO, PasfUYHU BMAOBE MayTu), HO W
TAXHOTO BanvavpaHe oLle B paHHUTE eTanu Ha NpoeKTUpaHe.

Paspabotenn ca 10 rpynn maytn 3a MOTOKapuTe (N0 TOBapOMOAEMHOCT M BapuaHTu Ha
N3MbIIHEHWE C MHEBMAaTUYHM UNN BaHOAXHU TyMK), KaKTO U 5 rpynu madvtu 3a enekrpokapute —
obwo 15 rpynn mautn. Bcsaka egHa rpyna cbabpxka 3 MNOArpyNM — TPUCTEMEHHA MauyTa,
ABYCTENEHHa CbC 3aABWKBaHa KapeTa M ABycTeneHHa 6e3 3agBwkBaHe Ha kapeTtarta, Npu KoeTo
BapuaHTuTe cTaBaT 45. Besika egHa nogrpyna ot nsbpoeHuTe ce u3nbiHsBa B 6 BapuaHTa crnopej
HanMuMeTo Ha AONbIHUTENHO MNPUKPENnBaHWU MNPUCMIOCOBMNEHNS UNU HanNMunMeTo Ha CTPaHUYHO
N3HacsiHe Ha KapeTaTta ¥ BUnvuuTe, KOeTo yBenuyasa KpanHusa 6pon BapMaHTu Ha U3NbIHEHWE Ha
MayTuTe Ha 270.

Hannuneto Ha wu3rpageHa WHXEHepUMHroBa Mpexa no3sonisiBa Aa ce paboTn B ekun,
BKITHOYBALL, FPYnn, pasnofioXXeHn B oTganedeHn reorpadckm panoHu. Hanpumep, KoHuenTyanHaTa
N KOHCTPYKTMBHa pas3paboTka e peanusvpaHa OT ekun B pamkute Ha EBponenckus Cblo3
(Bwnrapua n ObegMHEHOTO KparncTBO), AOKATO MPOU3BOACTBOTO € OpraHuM3MpaHo B CTpaHa OT
[aneyHna UN3Tok.
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Cb3paBaHe Ha NpoayKTa KOpeKTHOo!

P ‘\‘i.,,f‘ /@

UHXeHepuHrosa
ExkunHa pa3paboTka

Mpexa

* NTepaTusHU npouecu

¢ Ynpasnexue Ha
paboTHuTe npouecu

¢ Nanckeanus 3a
KayecTso

* YnpasneHue Ha npoexkTa

o CAX

* PLM

¢ VR/AR

¢ Yeb MopTanm
¢ TenekoMyHUKauus

UHdopMaLMOHHU K
KOMYHUKaALUNOHHMU lNMpouec Ha PazButue
TexXHoNnoruu XXn3HeH UNKb/1 Ha NpoayKTa Ha Mpoaykra

durypa 9-101: 2)KnsHeH umkbn Ha dhaMmmnns BUCOKOMOBAMIaun (MOToKapu) Npu n3nosi3eaHe

Ha NOAX0AW OT BUPTYarnHOTO UHXEHEPCTBO
Llenta Ha paspaboTkata e wu3rpaxgaHe W BanuaupaHe Ha KOHUenuus, OCHOBaHa Ha
MoAyneH NpUHUMN, U3Non3Bala rpynupaHe Ha HeroBuTe KOMMOHEHTU B MOAYNK, KOUTO MoraT ga
6baaT TpeTMpaHu KaTto Normyeckn eguHnun. Tasm KoHUenumsa AaBa Bb3MOXHOCT 3a MNO-HATaTbLUHO

odopmMsaHe Ha haMUNHUA pen, B KOUTO pasfnnyHUTE YrieHOBE UMAaT €4HU U CbLUN MOLYNU.

BaxHo pasgensiHe, onpedenswo pasMep Ha BapuMaHTHOCT, € MO TOBapPONOAEeMHOCT Ha
MawunHuTe. ToBa pasgerneHne onpeaens KpamHust Opon Ha NPOeKTUpPaHUTE MalWHK Ha obwo 43.
Tasn BapnaHTHOCT ce yBenuyaBa M Mpu BKIOYBAHETO Ha PasfMyHM OMNUMM Ha KOMMOHEHTUTE Ha
camaTa MalluHa, KaKTo e Moka3aHOo Nno-4osy, Npy KOeTo BapuaHTuTe MawuHu Hagsuwasat 1000.
Toau ronam 6pon BapmaHTK (MPOAYKTOBO NOPTONNO) HE e camoLen, a e peanHa HeobxoaAnmMocT,

NPoANKTYBaHa OT nasapa. ' , ‘ . .
\ G ¢ ® —md
| g

I
PASBUTHE HA KOHLIENLVSI CujixpoHMaMpakn AeitHocTu Mo
\ pasBuUTUETO
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durypa 9-102: [lpunoxKeHve npu pasBuTMETO Ha damunauna
BMCOKOMNOBAMIra4M (MOToKapm)

9.7.1. BapuaHTHO npoeKTUpaHe Ha apXUTeKTypaTa Ha uspaenueTo

BaxHo pasgensHe, onpefenswlo pasmepa Ha BapuvaHTHOCTTa, € TOBaponogeMHoCTTa Ha
MawuHuTe. ToBa pasgeneHue onpenens KpamHna 6por Ha NpoekTUpaHuTe MalluMHU Ha obuwo 43.
Tasn BapnaHTHOCT ce yBenvyaBa M Npu BKIIOYBAHETO Ha PasfMyHM OMNUMM Ha KOMMOHEHTUTE Ha
camaTa MallMHa, KaKTO € MOoKa3aHo No-4oIy, Npy KOETO BapuaHTuTe mawuHu Hageuwasat 1000.
Toau ronam 6pon BapmaHTK (MPOAYKTOBO NOPTONMO) HE e camoLen, a e peanHa HeobxoanmocT,
npoaukTyBaHa oT nasapa. NHdopMauMOHHOTO ocurypsiBaHe Ha TakbB Gpon BapuaHTu 6u Guno
CWUMHO 3aTpy4HEHO, ako He ce NOoN3BaT TEeXHOSNOrMMTE Ha BUPTYanHOTO MHXeHepcTBo. OT egHa
CcTpaHa, HeobxoaMMOCTTa OT BMCOKa MKOHOMMYECKA e(PEeKTUBHOCT Ha U3genuata U3nckea ronsima
CTENneH Ha yHuduKauma u MOAYNHOCT MexXay OTAENHWTE BapuaHTu, a OT Apyra, cepBu3HaTta
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noadpbKKa U norucTukaTta, CBbp3aHu ¢ ronsiv 6poii BapuaHTi, 61 n3nckBana sHauynTeneH pecype,
ako ToBa He e Ha nuue. lMpu BcsikO edHO MONOXEHWe, Banupauusita Ha paspaboTkata Oes
nonssaHe Ha BUpTyarneH NpoToTun we 6bae cBbp3aHa C ronsiM pasxon Ha Bpeme v cpeactea, 6es
AVPEKTHA Bb3BpaLLaeMocCT.

9.7.3. CtpykTypupaHe. lNpumep ,,npegeH mocT

A/ EgHockopocTeH BapuaHT, 55kW b/ [lByckopocTeH BapuaHT, 75kW

®durypa 9-104: CTpyKTypa Ha nogBb3en npegeH moct

CTpyKTypMpaHeTo Ha efHo

n3genve npencrtasnAaBa B CBOATaA DAMUNINS
CbLUHOCT eauH npexodeH npoLec BIICOKONOBINT A
MeXay pasBuTata  KoHUenuuss u

Cb34aBaHETO Ha KOHKpeTHaTa T
KOMIMOHOBKaA. BleTya.rlHVl npoTOTUNMN (1.66 1.8% 2 2.55 3t 3.56 4%
Ha TO3M KOMMOHEHT Ha - e

TpaHCMUCKUATA Cca MoKas3aHu Ha
®durypa 9-104.

PasgensaHeto B ABe rpynu —-
cnopen TOBaponogeMHOCTTa M Tuna
Ha MaliMHaTa, B KOSATO Ce Brpaxaa
KOMMOHEHTa, € CTPYKTypupaHo B
HSAKOJIKO OTAENHN BapuaHTa.

n3Bogu

e AnpobupaH e npeanoXeHUAT
MoAysieH NoAxo4 Ha usrpaxaaHe
Ha ¢amunma kKapu, KaTto ce
OEeMOHCTpUpa KOMMO3UPaHETO U
nogabpXKaHeTo Ha egHa '
3Ha4YuUTernHa BapuUaHTHOCT, MHEBMATHYHI :EEAHD.A)KHM
o6xBawawa Haa 200 oTaenHu o
KOMMAHOBKA MalUMHU 3a No-
edeKTUBHO yaoBrneTBopsiBaHe Ha  Purypa 9-103: CrpykTypa Ha pammunusTa
NOTPeOHOCTUTE Ha KNUEeHTUTe M  BMCOKOMOBAUrayu
nocTuraHe npaKTU4ecKu Ha
nepcoHanu3auusa Ype3 KOMNo3mumm oT HarlM4YHU MoAayIu.

¢ 3a Bcsika komno3uuua ce reHepupa B 3D mHpmBupyaneH BIl — ocHoBa 3a gururtaneH
Gnu3HaKk.

e PazpaboTteHa e MHOBaTUBHA 3a CBETOBHUS Na3ap apXuMTEKTypa — 3a BCUYKM rofieMUHU BbLB
¢amunuaTa ot 1,6 Ao 5,5 ToHa ce M3non3Ba egHa M cbllia MoAysriHa KabwuHa (3a pasnuka ot
MaLlMHUTE, KOUTO ca C pa3fiuyHu pasmMepu, BoAavybT € NoaobeH).

elMopabpxaHeTo Ha ronsam OpowM BapuaHTM (CTOTULM BapuaHTM W U3NbIIHEHUA) e
Bb3MOXHHO NMpu nsnonssaHeTo Ha cuctemu ot tuna PLM (Product Lifecycle Management)
M Ap., KOUTO ca OCHOBHU eneMeHTU Ha TexHonorusata UHOYCTPUA 4.0, kato ronemusaTt
OpoM KIMEHTCKM KOMMNO3ULMM Hanara npunaraHeTo Ha TexXHonoruaTa ,AurutaneH
6nusHak*.

o [Ipyr acnekT € OTHOCUTESTHO KPaTKUAT CPOK Ha cb3paBaHeTo m (noa 3 roauHW) npyu Manko
Ha Opou (5-7 eKcnepTU) MPSAKO aHraxupaHu C ToBa cneumanucTu. 3a cpaBHeHUe —
BogewaTta komnaHna TOYOTA FORKLIFTS e usnon3Bana 3a noaobeH npoekt Hap 3
roguHu u ekun ot Hag 50 cneumanucTy (CbrNacHO MHTEPBHO, OCBLLUECTBEHO OT aBTopa no
Bpeme Ha usnoxeHmeto CeMAT 2010, Hannover, DE).
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e He Ha nocnepHo msicTo TpsiGBa pa ce
crnomeHe du3myeckata oTAane4vYeHocT
Ha pasnonaraHe Ha ekuna, cb3gan
MHXeHepHaTa pa3paboTtka (Bbnrapus,
Na6. ,,CAD/CAM/CAE B WUHpycTpusaTa“
KbM TY-Codous), MapKeTUHr 7]
MeHUOAXMbHTa (BenukobGputaHus) u
npounsBoactBoTto (TamBaH). ToBa, npu
nocoyeHUTe TMoO-rope CpPoOKOBe Ha
pa3paboTka, € Bb3MOXHO €AUHCTBEHO
npu wu3Non3BaHe Ha CbBPEMEHHUTE
TEXHONOormm Ha BUPTYyanHoTo
NpoOTOTUNUPAHE — Ta3u TEXHONOrusi "
cb3AafjeHUTe noaxoAuM 3a MoAyriHO
usrpaxaaHe OT eqHa CTpaHa 4O CUITHO

HamaneHo BpemMe OO0 A[OCTUraHe Ha
nazapa M 3a WHOMBMAyanW3auusa Ha ®durypa 9-109: du3nMyeckn npoToTUNM Ha
NpoaykTa, a OT Apyra — noHwkaea V13A€NMETO U CEPUUHO NPOU3BOACTBO

obwunTe pa3xoau 3a paspaboTkara my.

10. AHANMU3 HA TMPUNIOXUMOCTTA HA BWUPTYAJNIHATE TEXHOJNOMMU U ®U3UYECKOTO
MATEPUANN3UPAHE 3A UMMNINAHTU B MEOAWUUHATA

10.1. U3CNEABAHE HA METOOM 3A Cb3AABAHE HA MEPCOHAIIU3UPAHU UMMNAHTU YPE3
M3MNON3BAHE BUPTYANNHU N ®USUYECKU NMPOTOTUINMN

10.1.1. CHemaHe Ha oTne4vaTbk/ AUPEKTHO CKaHUpaHe

Tesun npouecu ca n3BecTHN noa obwoTo HaumeHoBaHne Reverse engineering (peBepcuBeH
nHxxeHepuHr) RE — durypa 10-2. Tasm TeXHONOMMSA MMa MHOFO NPUIIOXEHKUS, KaTo Ce BKIToYBaT BCE
nosevye B AOKYMEHTMpaHe WM Bb3CTaHOBSAABaHe Ha apTtedaktu, Bepudmkaums Ha copmarta u
reomeTpusTa Ha nspaboteHn nNo metoaute Ha 6bP30TO NpoToTUNUPaHe obpasuu, cb3gaBaHe Ha
MEeOVNLMNHCKN MPUITOXKEHUSA Y MHOTO OpYri.

MAPAMETPU
TR ST Bb3rNPOU3BE 3UPAHE HA
MoaroTos WOAHE HA MOZE/NA U

WPAHE HA na - TBBHPAOTE/NHO
KA HA NOBbPXHUHU Cb3JABAHE

DUSUYECKU ®ACETbYHO MOZAE/TUPAHE
AAHHUTE TE YPE3 HA

OBEKTU NPEACTABAHE
A NURBS NPUZHALM

(FEATURES)

durypa 10-2: [poTUyaHe Ha NpoLLeca pe-UHKEHEPUHT
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Mpn RE ce cHema macue (o6nak) ot koopamHaTHU Toukn (Cloud of Points-COP) ¢ nomowTa
Ha KOHTaKTHO UNn 6e3KOHTaKTHO ObxoxdaHe Ha MOBBbPXHOCTTA Ha u3Myecknss obpasel, KOMTO
cneq cdovntpauusa n obpaboTBaHe ce cBexaa A0 Mpexa OT TPUBbIbIHMUKM. 3a CbXaneHne B TakbB
BN Te He ca AnpekTHo uanon3eaemu B CAD cpepaTta. Heobxoammo e aa ce ocblUEecTBU MpOLEC,
npy KOWTO TOBa MHOXECTBO OT TOudkM, obeamHeHO B Mpexa, ga ce npeebpHe B NURBS
noBbPXHUHN 1 nNpusHauu (features), ¢ kouto pabotat CAD cuctemute. Tosm npouec ce Hapuya
PEKOHCTPYKUMSA M credBa nocregoBaTenHocTTa, nokasaHa Ha durypa 10-2, koaTo Hanogobsiea
Tasu, U3nosnsBaHa 3a BpbluaHe Ha reomeTpusa ot FEM ontummnsauma B CAD cpegaTta, BUX no-rope.

10.1.3. MogenupaHe Ha UMNaHTUTE

Mo Taka nNony4yeHuAT Ype3 uMnopTupaHe TBbPAOTENEH MOLEN HA CKaHMPaHUSI eNEMEHT ce
narpaxga kato obpareH otneyaTbk TBbpAoTeNneH 3D Mogen Ha CbOTBETHMSA 3b0 (3a KOpOHa), MOCT
n T.H. MNpeobpadyBaHETO OT MOBLPXHUHEH KbM TBbpPAOTENEH MOLEN MOXEe [a Ce W3BbPLUM U
aupexTtHo B CAD mogenuepa.

We+PI I PTECORD

=ceramill mind

1)

®urypa 10-9: O6paboTteHn 0bekTH

TyK nNpakTu4eckn ce cb3gaBa TOYHUAT MOAEN Ha TbPCEHMS OT CTOMAaTonora M KrveHTa
KpaeH pesynTaTt (MOCT, YentoCT, KOPOHKa, paceT U T.H.).

10.2. TEXHONOrMYHM METOAU 3A NPOU3BOACTBO HA UMMIIAHTU

Taka HanbnHO roToBUMAT geTamn TpsAbBa ga ce npousBene. M3BecTtHu ca cnegHute 4
MeToAa Ha NPOM3BOLCTBO:
e Ypes gMpEeKTHO MEeTarHO U3rpaxagaHe.
e Ypes oTHemaHe Ha maTepuan — NC CAM npoun3BoaCTBO.
e UYpes usrpaxgaHe Ha popmoobpasysaly MHCTpyMeHT ¢ AM ¢ nocneaBallo neeHe.
o JleeHe no ctondgemun mogenu Ha AM narpageH mogen.

10.2.1. CAM - npon3BoACTBO
MonyyeHnat ot CAD cuctemaTa HanbfHO 3aBbpLUEH BUA HA WMNMaHTa, KOWTO € BbB

BUPTyaneH TpuMepeH BuA (KOPOHKa, MOCT, 4entocT, daceT...), TpsibBa Oa ce W3roTBM BbB
dm3nyeckn Bua, Taka Ye Aa ce NocTaBy Ha NauumeHTa.

®durypa 10-11: imnnaHT obpaboTtka B durypa 10-12: MHoropyHKuMoHaneH obpaboTsaly
CAM cpepa. LLeHTbP 33 M3roTBAHE Ha MMNAAHTU OT TBBPAU U CBPDBX
TBBPAM MaTepUaNu.
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CAM codhTyepbT, 3anoyBankm oT reomeTpuaTa Ha 3D mogena, cb3gaBa Ha HeroBa 6asa
n3xogHa 3aroTtoBka (aBTOMaTMYHO UK PBYHO), crnepn KoeTo ce 3agaBar:
¢  VHCTPYMEHTBbT/MHCTPYMEHTUTE, NAapaMeTPUTE N PEXMMUTE Ha psi3aHe.

e TunbT Ha obpabotka, (Purypa 10-11), B 3aBUCMMOCT OT TEXHOMOMMYHUTE BBL3MOXHOCTU Ha
codptyepa n obpabortBawuma LMY ueHtbp (Purypa 10-12) ot 3 ocu Ha paboTa OO peanHa
5-ocHa TakaBa.

e W3bupart ce nogxogsiwm cTpaTermn 3a obpaboTka B
3aBMCMMOCT Ha HanuM4yHUTEe B Naketa onuuu u
CbOOpa3HO reoMeTpUYHUTE eNemMeHTH Ha geTanna.

e C(Cb3gaBa ce MHCTPYMEHTANHUAT MbT CbC CbOTBETHUTE
nogaBaHus.

e /i3BbplUBa Ce NpeuM3HO BMPTyariHO aHanuaMpaHe Ha
npoueca Ha psisaHe C uen wusbarBaHe Ha Opaka,
BCNeACTBME OT T[PeWKn CBbP3aHM C NOAps3BaHe,
Bpsi3BaHE WM HeJoCTaTbyHO U HETOYHO obpaboTeH
JeTtann. Mspbpwea ce aHanmM3 3a Konusum n ce
M3BbpLIBaA MNpoOLEC Ha NOCTnpouecupaHe, KOWTO
BCBLLHOCT TpaHcdopMupa ,copc’ mM3xogswmsa kog oT
nporpamata B KkOA, rOOEeH da ce nmpoyeTe oOT
UMGPOBOTO YyMpaBneHMe Ha MawuvHata (dpesa,
LeHTbp, 3 0o 5 ocn).

Taka HOBUTE TEXHOMOrMM, CUMHO MOBMAUSIHU OT
cBeTa Ha MalUMHOCTPOEHETO, HaBnmM3aT BCe MoBe4vYe B
AEHTanHoOTO MPOM3BOACTBO, AOBEXAAMKM OO0 KAa4YeCTBO Ha MO-BMCOKO HMBO, CMECTEHO BpeEME WU
AOBOJHUN NauUNeHTH.

10.2.2. JleeHe no cTonseMu MoAenu WU JeeHe BbB ¢(opmoobpasyBaLy
MHCTPYMEHT

durypa 10-13: [oTOB BUpPTYaneH B1j,
Ha WMNAaHTa cneg, ,BUPTYanHo"
obpaboTBaHe(cumynaununs Ha
npoueca).

JIEEHE NO CTONAEMU MOJOENU

KaTto u3xogHu AaHHM 3a npoueca ce M3non3eaTt MogenuTe, NofnydeHu 4vpes chneuumarnHu
nnacTmacu nocpencTsoM agutmeHa TexHonorus ¢ 3D npuHTep (Rapid Prototyping) upes meTtoaa
Ha “CTpynHa TexHonornsa” nnn nogobHu. MNMpouecnTte ce n3nonsesaT 3a U3rOTBAHE HA BUCOKO TOYHMU
MOZENM Ha UMNNAHTUTE OT BOCbKONogobeH nonuvep.

lMpouecbT Ha neeHe no cTOMsieMUM MOAenun ce
pa3BMBa MO KOHBEHUMOHanNHusA noaxon: MogenbT ce 3anara
BbB popmaTta 3a neeHe kato ,cbpue”’. Cnen wmsnuvaHe
3aNOXEeHNAT Moaen ce crtonsBa u ocBoboXxaaBa KyxvHa CbC
cbwata gopma. CnefBa 3anvBaHe Ha cTonurnkata B Taka
nony4yeHaTa opma, nNpy KOeTo MaTepuanbT 3aeMa KyxmHata
n ce nony4yaBa Heobxoanmara oopma Ha UMMMaHTa.

YPE3 N3rPAXIOAHE HA ®OPMOOBPA3YBALL
MHCTPYMEHT C AM C NOCNEQBALLIO NIEEHE

Mpy To3n meTon B Mogenuepa ce cb3gaea Heratvs  Purypa 10-14: CAD mopen Ha
Ha >KenaHus UMMNMaHT, 3a Ja MOXe B MOoCneAcTBMe TOM Ja ce  MMMNNaHT
dopmoBa B Tasn HeratmeHa dopma, KaTO MMa Bb3MOXHOCT
Aa ce oT4yeTe CBMBAHETO Ha matepunanute. HeratmBHUAT obpas Ha XXenaHusa MMnnaHT ce pasgens
Ha ABE OCHOBHW 4YacTu, 3a A4a MOXe Aa ce OTBOpM crej 3anvBaHe u popmoBaHe Ha umnnaHTa. 3a
n3paboTBaHeTO Ha uMMMnNaHTa 4pe3 opMoOBaHe ce u3nonsea crneuuaneH dgopmoobpasysall
WHCTPYMEHT, HapeyeH ,opma“, KOATO ce CbCTOM OT ABe rnaBHu nonydgopmu. lNonyyaBaHuTe
OTNMBKX Morat ga mmaT MHOro TbHkM cTeHn — oT 0,3 go 0,5 mm. lNpubaeknte 3a MexaHU4Ha
obpaboTtka ca muHumanHm — 0,2-0,7 mm, a 4YecTo MbTU OTAMBKUTE Ca C MHOIO rfagka NOBbPXHOCT,
KOETO He Hanara NpoBeX4aHeTo Ha MexaHn4Ha obpaboTka.

OWPEKTHO METAITHO U3MPAXOAHE HA UMMNAHTA (SLM — CENEKTUBHO NNA3EPHO TOMEHE)

ToBa e egHa OT HaW-HOBUTE TEXHOMOIMM U Ce fBsIBA NbPBUAT MeTod 3a Obp3o
npoToTUNMpaHe, Npu KOUTO MeTaneH npax ¢ pasmepu mexgy 10 un 45 um ce msnonsea kKaTo
n3xofHa CypoBWHA, N KparHUAT pesynTtaTt ca NNbTHW AeTannu. BaxHo npegMMcTBO € nuncaTa Ha
OpraHM4YHU KOMMNOHEHTU. TyK e pasrnegaH TECTOB NMpuMMep 3a U3NbiHEeHWe Ha onpegeneH 6pon
3b0OHM KOPOHKM 4pe3 aguTUBHO MNpom3BOACTBO. M3nonseaHata mMawuHa e mogen SLM 125HL,
nokasaHa Ha durypa 10-17. AnapaTypata ce nomewiasa B nabopatopus ,CAD/CAM/CAE B
NHaycTpmsaTa” kbM MalnMHHO-TEXHONOrNMYHUA hakynTeT Ha , TexHuyeckn yHnsepcuteT — Codmns”.
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durypa 10-17: 06w, u3rnes Ha mallMHaTa.

SLM onpegeneHo npesvllaBa B 3Ha4duTernHa CTeneH no3Hatute MeToaun Ha pa60Ta,

3aLoTo:

He ce nanonaeart HMKakBM NMHCTPYMEHTW.

MocTuraHoToO Ka4ecTBO Ha NpoaykuMsiTa € gobpo.

MoraTt ga ce n3nonseaT kaTo U3XO4HA CYPOBMHA MHOIMO pasnuYHM MeTanu 1 chnaewu, Kato
nerMpaHn ctomaHu, kobant — xpomoBu cnnaewu, Inconel 625 n 718 u TMTaHMeBM cnnaswu
Ti6AIV4.

KpanHOoTO MeTanHo nsaenve e u KpamHusa NpoayKT, roTOB 3a AUPEKTHa ynoTpeba.

Moxe ga ce uarpagu cnoxha crinobeHa eguHuua ¢ BrneyaTnsealla TOYHOCT.

TexHonorusita, nopagn wu3bpoeHUTe CBOWCTBA, Ce sBsABa nporpecmBeH wu3bop 3a

n3rpaxgaHeto Ha MeTarnHn MMniaHTwn.

n3soaun

AHanuMsuMpaHm ca BbB3MOXHOCTUTE Ha HaW-pasnNpPoOCTpaHEeHUTEe TEeXHONormnm 3a
M3roTBsiHE Ha KOCTHM M 3BbOHM uMnnaHTM. Bcuukm Te wumaTt npeaumcTBa U
HeAoCTaTbUU NPU NPOU3BOACTBOTO, B 3aBMCUMOCT OT reOMeTpUATa U CTpyKTypaTa Ha
uMmnnadta. Hanpumep, nepcoHanuanpaHuTe rpbOHaAYHM wMMNNaHTM ca 3a
npepnoyYMTaHe, CTPYKTypupaHu BbB (ppakTanHa pelweTka, KoeTo ce npousBexaa
camo 4ype3 SLM npouec.

OCHOBHUTE HeaoCcTaTbUM Ha TexHonormuTe 3a 3D nmevar ca CBbp3aHU C TPYAHUA U
BpeMeeMbK WHXEHEepPUHroB U TMNPOU3BOACTBEH npouec, pa3HooOpa3nMeTo OT
MaTtepuanuM 3a Ouo-meyat € OrpaHMYeHO, LeHaTa Ha WMNJaHTUTE U  HAKOU
OrpaHu4YeHUs Ha HanuyHute B MomeHTa 3D npuHTepn. B MomeHTa HabniogaBame
NOCTOSAHHO NoAo06peHMe BbB BCUUYKN FrOPeCnOMeHaTu acnekTu.

U3non3BaHeTo Ha SLM TexHonorusita 3a NpoM3BoACTBO € OTHOCUTESNTHO CKbLMO U UMa
orpaHu4yeHa AKOCT Ha maTtepuana. lMpenopbuynTenHo e Aa ce M3Non3Ba TEXHONOrMATa
3a NPOM3BOACTBO Ha UMMJIAHTU, YNATO reoMeTpMA nomara 3a no-godbpo 3aemaHe Ha
paboTHaTa 30Ha, Taka 4Ye Aa ce Hamanu NMPOLEeHTbT Ha M3NonN3BaHUA Npaxoobpa3seH
MaTtepwuarn.

TexHonorusAsiTa MmMa cBOMTe NpegMMCTBa B NEepPCOHANUM3NPaHOTO MWMIMIIaHTUpPaHe,
KOraTto reomMeTpusiTa € MHOro CfioXXHa U He MOXe Aa ce Npou3Bexaa ¢ ApyrM metoam
WM Korato ca Heo6xoAMMM peLleTbYHU PpaKTanHU CTPYKTYpM.

AM c¢opmuTte 3a neeHe BLB popmoobpasyBaLy MHCTPYMEHT ca [OOpo pelueHue, KaTo
ce uma npeaBua LeHaTa M BpemMeTo 3a MNPOU3BOACTBO Ha nesipckata dopma.
M3uckBaT AONBNHUTENHO PbYHO NOCTNpOLEecCUpaHe.

HSM uma npeBb3xoacTeo Hag SLM texHonorusata u AM ¢hopmute no oTHOLIEHME Ha
TOYHOCT M SAKOCT Ha MaTepuana nopaguM nuncata Ha TEPMUYHM UM NOAOOHM
npouecu. To3n MeToa CHLO AaBa YeCTO U Han-KpaTKo o6 o BpemMe 3a Npou3BoACTBO
Ha UMNNAHTUTE NPU CPaBHUTENHO NO-NPOCTU (POPMM U U3UCKBaAHA BMCOKA SKOCT Ha
unsgenueto. Huckara echektuBHOCT Ha MaTepuana(noa 30%) moxe Aa ce oTb6enexu
KaToO HeAoOCTaTbK Ha npoueca.
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10.4. PEKOHCTPYUPAHE OT TOMOIPA®CKN U3OBPAXEHUSA U U3NPAXOAHE C AOUTUBHA
TEXHONOrnsA HA CYBNEPUOCTAITHU UMMIAHTU

10.4.1. BbBepeHue

B HaweTo cbBpemne Bb3CTAHOBSIBAHETO HA YaCTUYHO UMK LANOCTHO 3arybeHute 3b0um ce
npaByM MacoBO Ype3 MOCTaBsiHE HA BbTPEKOCTHM 3bOHU MMMMaHTW M NOocneaBaLlo NonynoaBKHO
NN HEMOABWXHO NpoTe3npaHe.

KoHcTpykumns Ha cybnepuocTanHu
UMMNIaHTH

CybnepuoctanHute uMMANaHTM ca
efHa OT MbpBUTE POPMU MMMNIAHTM BHOOLLE
B MO-HOBaTa UCTOPUS Ha UMMMAHTONOrMATAa.
(®urypa 10-28).

durypa 10-28: TpunoZanHWAT MMMIAHTAT Ha
Linkow. (Linkow & Chercheve, 1970)

10.4.3. TeXxHONMOrM4YHU eTanu Npyu cb3gaBaHe Ha CyoneprMoCcTariHu UMMJIAHTH

CHEMAHE HA TOMOIPA®CKU U3OBPAXEHUA

Ha 0asarta Ha onutute, n3BbplueHn B MTO npu TY-Codusa, ¢ nomolita Ha Tomorpad e
cb3gageH TodeH 3D KOMMNOTbPEH MOAEen Ha YencTTa, KOATO e m3paboTeHa KaTto husmyecku
npoToTun oT nnactmaca (ABS) 4pes M3non3BaHeTo Ha HanMyHa BbB (pakynTeTa npoToTunMpalia
MaLlUWHa, KaKTO € nokasaHo Ha durypa 10-17.

TexHonornsTa no3sonisiBa OWe Ha BMPTyarHO HMBO, HA OCHOBAaTa Ha reomeTpusiTa Ha
YerncTTa, KOATO uaBa OT TOMorpad)ckus CKeHep, Npeuu3Ho gda ce Mojenupa BupTyaneH
cybnepuoctaneH umnnaHt B8 CAD 3D nakeT, unnto moaen e Busyanuaupad Ha durypa 10-48.

10.4.6. UscneaBanus ¢ Bl 3a onTuMMnsaumusa Ha HaToBapBaHETO Npu AbBKaTeneH
npouec BbpXy KOCTTa

C uen no-paBHOMEPHO pasnpefensiHe Ha HaToOBapBaHETO MpuW AbBKaTeneH npouec (0Kono
600 N) ce npenopbyBa ga ce 3agaBa xnabuHa mexay pebpoTo, Hocewlo rnasaTa, U KOCTTa.
AkocTTa 1 NogaTnNMBOCTTA Ha UMIMaHTa € uacnegsana ¢ Bl1, konTo no3BonsBa onTMMKU3auns Ha
CTPyKTypaTa M Ha reomeTpusita Ha MMMMAaHTa, KakTo M Ha KOHTaKTHOTO pasnpegerieHne Ha
HaToBapBaHEeTO MO MOBBLPXHOCTTA Ha kocTTa. Mo -gony e HanpaBeH BUpTyaneH NpoTOTMM Ha
MMNNaHTa C Len HaMupaHeTo Ha onTumanHa dopmMa Ha uMMMaHTa, KosTo [Aa HaTtoBapBsa
MaKcMMarnHo paBHOMEPHO KOCTTA.

MonyyeHuTe pesyntaTu nokaseaT, Ye HaToBapBaHETO ce pasnpegens no-b6naronpuaTHo
BbpXy MO-ronisiMa nnoLy nNpyv HanMyuneTo Ha TakaBa MUHUManHa xrnabuHa. Tpsabesa ga ce mma
npeasua, 4Ye npu HaTUCK C yBenuyaBaHe Ha xnabuHata mexagy CU u koctTa, ce nony4vaBsa
pasTBapsiHe Ha ckobaTa Ha MUMMaHTa, KOeTo € HeXenaHo.

durypa 10-40: lMone Ha pasnpepeneHne Ha durypa 10-41: lone Ha pasnpegeneHue Ha
HanpexeHuata Ha CU, MPa HanpeXKeHuATa Ha KocTTa, MPa

AcHo ce BMXaa, Ye eAMHCTBEHO € HaToBapeHa rnaeaTa Ha HaTUCK U OT Hes ce npedaea
ANpeKTHO Ha kocTTa. OcTtaHanarta Yact ot CU noyTn He Hocw.
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Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

42.829 Max 10646 Max

0.75003
3.518e-5 Min

075002
2.5629e-5 Min

durypa 10-45: [Mone Ha pasnpeneneHme Ha HanpeXXeHuATa Ha KocTTa, MPa

FoToB cybnepuocTaneH uMMNNaHT MOXe [Jda Cce BuAM Ha KapTMHata OT Mo-4ony,
durypa 10-46.

durypa 10-46: CHMMKa Ha PM3NYECKU M3TOTBEH CybnepuocTaneH UMMNIAHTAT, Pasno/IoKeH BbpXy
NPOTOTMN Ha MaHAMOYNHATA YeNtoCT CbLO Cb3gafeHa Ype3 aaAuTMBHA TEXHOJIOFMA — OTaaraHe
Hapa3ToneH matepunan(FDM) — ot maTepuan ABS.

Ha ®durypa 10-46 cbLUO Taka e nokasaH KpavHUAT pesynTaTr Ha AeMOHCTpauns Ha uanata
KOMMO3MLMS, 3aeQHO CbC 3bbuTe, NpUCbEeOUHEHW KbM UMMMAHTa M B €4HO C MpoToTUNHaTa
MaHaubynHa kocT. Taka, ¢ noMoLyTa Ha NpoToTUNHaTa MaHAMOyNHa YentocT ce AaBa Bb3MOXHOCT
Ha xuvpypra ga 6bae yBepeH 3a pasnonaraHeTo Ha enemMeHTUTe, BKIOYUTENHO CKpenuTenHute
BUHTOBE U TAXHOTO Pa3noSiIoKEeHNe B KOCTTa, C KOETO Aa OCbLLECTBM MHOrO TOYHO NiiaHMpaHe Ha
onepauusita npeau Aa ce 3anoyvHe CblUMHCKaTa XMpyprvyHa UHTEPBEHLNS.

PvyHO
Mmoaenupax
€ Ha KocTTa

Usrpaxpane PbuHO
Ha UMNIaHTa

ot BOCbHbK

XupypruuHa JleeHe no Xvpypruyecka

cTonsemu
mogenu

lMouucrsaHe
WU HanacsaHe

onepauus 3a
B3MMaHe Ha
OTNeYyaTbK

Onepauus

lNocragaHe
OT runc

3D D u3rpaxgaHe

CkaHupaHe 3D Print Xupypruyecka

oCT PekoHcTpyup
Cranmpane aHe
*AMP

CraHupaxe Ha KOCTTa

Ha UMIJiaHTa

SLM Puauvecko
WUapaboreane

Tecr svpxy
nposroTUna

Ontmmusauyms
Ha ToBapure

Onepauua
MocrasaHe

durypa 10-48: MimnnaHT, M3roTBEH MO KJAAaCUMYeCKMAT cnocob (rope) u ¢ AUrUMTaNHU TEXHONOTUU
(mony) — ornapga egHa onepauma Ha NayMeHTa
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n3soaun

e [lpeanoxeH n BanuaupaH € HOB MeTOA4 3a M3rpaxaaHe Ha MMMNMaHTU, 6asupaH Ha
KOMMITbLpPHa Tomorpacdusa, 3D peKOHCTPYKLUS, Ype3 KosTo ce cb3gaBa 3D mopen Ha
um3cnenBaHata oOnacT Ha 4enwcTTa, BUMpTyanHO ce Mogenupa cyonepuocTanHuaT
MMMMaHT U 4Ype3 aAUTUBHO NPOM3BOACTBO Ce WU3roTBA U3NYECKN nepcoHaneH
cybnepuocTaneH MMNNaHT.

e CybnepyocTanHUAT UMNNAHT € KOHCTPYKTUBHO ONTMMU3MpaH C nomolwita Ha Bl 3a
onTUMarnHo pasnpeneneHve Ha AbBKaTeNHOTO HaTOBapBaHe BbPXY YeniocTTa U 3a aa ce
OoCUrypu ontumarnHa KopaBuHa Ha UMNaHTa.

e C nomowra Ha 3D npuHTMpPaHa NPOTOTUNHA MaHAUOYIHA YenCT ce AaBa Bb3MOXHOCT
Ha Xupypra ga ocCblUeCTBM MHOro TOYHO NNaHMpaHe Ha onepauusaTa, npeau aa ce
3ano4yHe CbLyMHCKaTa XMpPYpPruyHa UHTEpPBEHLMUA.

o [lpeanoxeHUAT MHOBAaTUBEH MeTO4 Cb3faBa yAoOCTBO 3a MauvMeHTa M NecTu 3apaBeH
pecypc, 3aWoToO Npu TO3UW MeTohd Ce OCblecTBABa CamMO efHa Xupypruyecka
MHTEPBEHUUA, CBbp3aHa C MNOCTaBAHETO Ha WMMNJMaHTa, a He [ABe, KakTo € no
KOHBEHLMOHarHaTa TexXHOsorMa Ao cera, ¢ KOeTo ce cnecrsiBa 3Ha4YUTEeNHO BpeMe Ha
nauuveHTa.

10.5. U3cnEQBAHE HA METOAM 3A 3D PEKOHCTPYKUUSA U MOOENIMPAHE HA BA3ATA HA
TOMOIrPA®CKMU OAHHW NPU CBH3OABAHE HA NEPCOHANMU3WPAHU JULEBO-YEPEMHU
MMNNAHTU YPE3 U3MNON3BAHE BUPTYAINTHU U PUSUNYECKU NPOTOTUINA

PeKOHCTpyKLMATa Ha NMUEeBO-4YepernHaTta YacT € U3KNIOYUTENHO Npeans3BMKaTencTBo, 4opu
3a HaN-ONUTHUTE XUPYP3KU. HAKOM OT Han-BaXKHUTE (PaKTopu, KOUTO AOMPUHACAT 3a CIOXHOCTTa, ca
aHaToMuMsATa N HannM4MeTo Ha XW3HEHOBaXXHWM CTPYKTypu B ONM30CT OO 3acerHarara 4acr,
YHUKanHOCTTa Ha BCEKM aedekT U waHcoBeTe 3a MHdekums. MNpeanoxeHnaT MHOBAaTUBEH METOL
3a opraHu3auusa Ha paboTtHusa npouec 3a CAD/CAM n3paboTeHn umnnaHTn e nokasaH Ha durypa
10-49 n e onucaH HakpaTKo no-4ony.

OcobeHOTO TyK €, Ye OCBEH BMpTyanHaTa MOAroTOBKA — PEKOHCTPYKUMS Ha 4YepenHaTa
obnacT no Tomorpad)Ckn CkaHMpaHu U300paxkeHusi, ce npunara u ByCTbIKOBO NPOTOTUNMPAHE.

B cnepgeawmte 4actm ce nogdepTaBaT npegumcteata Ha 3D mogenupaHeTto u
NpPoOn3BOACTBOTO HA MMMJTAHTUK 3a KpaHMonnacTvka.

_ Kem DESIGN PHASE
On3anHa Ha CT scan data 3D Design 3D Printing
nepcoHanmanpaHu ' ’
nLEeBO-YepenHM
NMNNaHTK e
HeobxogMmo ga ce
nHTErpupart
cbceagHnTe
aHaTOMUYHU
CTPYKTYpMW.
CohTyepbT
crnectsaBa U MHOrO
Bpeme, 3au0To
npemaxsa nbpBaTa
CTblka Ha CNC Milling NC Pro: :
B graming
pPEBEPCUBHOTO .8 FINALIMPLANT [
NHXXEHEePCTBO, a :
NMEHHO, - &
npeBpbLyaHe Ha & ‘
OaHHUTe oT
nauveHTa B : ‘h
TpuMepeH Mmoaen, B Titaniumnnplant POMpmto‘[ype Virtual model
CAD dopmar
(durypa 10-50). durypa 10-49: NHoBaTUBEH MeTOZ 33 MPOEKTUPaHe M MPOU3BOACTBO Ha

CAD/CAM un3paboTeHn MMnaaHTK.
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MbpBaTa CTbMKa oT
nogrotoBkata Ha  TPUMEPHUS
Moden BKMYBa Cb3fgaBaHe Ha
oyepTaHMeTo Ha  4epenHarta
paBHMHA OKONO TpaBMUpaHaTa
yacr.

CnepBawjata cTbnka oT
Cb3[JaBaHeTO Ha WMMNnaHTa e
M3rnon3eaHeTo Ha  3OpaeaTa
reoMeTpusi Ha 4epena, kKaTto ce
narpaxxga orneganeH  obpas.
Cneg pbyHOTO HanacBaHe Ha
peanHus Mogen c orneganHus,
UMMNNaHTbLT Ce Ccb3gaBa C
nomMoLlTa Ha BeYvye Cb3dageHaTa
KpUBMHA OKONMO TpaBmaTa. Taka
Ce rapaHTupa CxoAHa reoMeTpus
Mexagy 3gpaBaTa M yBpedeHaTa
YyacT Ha yepena U ce rapaHTmpa
[o0bp npexod OKOMo MMMfaHTa
(durypa 10-51). durypa 10-50: VMimnopTupaHe Ha TomorpadCckuTe OaHHU B

Cbc cb3gaBaHeTo Ha codtyepa Mimics
npoToTUM, 4Ype3  MOCMOWHO
narpaxgaHe, UMMNAaHTbT MOXe
ha ce pasrnega usndeckn m
pa ce obcbam ¢ nekapure,
OTrOBOPHM 3a onepauusTa.
Pasrnexxpat ce dopmata u

pasmepure, KaKTo n
HanacBaHeTo Ha MACTO npwu
nauueHTa.

M3nonssaH e 3D
npuHtepbT FDM Dimension
Elite Ha Stratasys, HanuueH B
nabopaTtopusTa
“CAD/CAM/CAE
nHaycTpuATa” 3a cb3gaBaHe
Ha WMNNaHTa, nokasaH Ha
®urypa 10-52.

3a dmanyeckaTta
nspaboTtkata 4Ype3 oTHeMaHe
Ha maTepuan ce uM3nonsea
dpe3oBn ueHTbp DMG
Ultrasonic 20, KonTo cbllo €
HanudyeH B nabopartopuaTa
“CAD/CAM/CAE B
nHaycTpuata’ KbM
TexHunyeckus YHuBepcuteT-
Codous.

CneumnanHuu
WHCTPYMEHTN ca noabpaHu
3a npeacTosAwoTo
obpaboTBaHe Ha wumnnaHta. Cneg w3bupaHe Ha 3aroToBkaTa, MaTepuana u paboTHuUTe
WHCTPYMEHTU, HYXHW 3a HeroBaTa o6paboTka, MoXe [a 3anovHe cregsallata CTbhka Mo
cb3aBaHe Ha paboTHaTa nporpama.

EnHo ot cBoncTBaTa Ha codpTyepa, €, Ye ToM No3BonsABa BHeagpsABaHe Ha paboTHaTa cpena
3a KOHKPETHO M3nona3saHaTa MalluHa 1 no-cneunanHo Ha aurutanHuat n énusHak (OB). B cnyyas
ToBa e obpaboTtBawmatr ueHTbp DMG Ultrasonic 20, HeroBaTa paboTHa cpefa wm npoueca Ha
cuMmynupaHe ca nokasaHu Ha durypa 10-55.

®durypa 10-52: 3D npuHTMpPaHMA MMNAAHT C YacT OT Yepena
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Y [ TN

durypa 10-55: PaboTHa cpena Ha obpaboTBalMA LEHTHP U
cumynauma Ha ¢pe3osus npouec

®durypa 10-57: [IBeTe 4yactu Ha
UMNNaHTa B KparHusa cu BuA

Peasyntatute oT onepauusita NO uMMMAaHTUpaHe ca nokasaHnm Ha durypa 10-58, Te
OEMOHCTPUPAT Kak HanpegbKbT B MeauumMHaTa U MHXEHEPCTBOTO Ca MO3BOMWIM Cb3[aBaHETO Ha
PEe3epBHN YACTK 3@ YOBELLKMSA OPraHM3bM C MOBULLEHA TOYHOCT, BbLMPEKN CITOXHUTE Fr€OMETPUYHM
dopmu. M306paxkeHnsiTa nokaseaT CbBMNaAaHETO HA KOHTypa Ha MOBLPXHUHWUTE Ha UMNIaHTa U
yepena. NauneHTbT NokasBa 6bP30 BL3CTAHOBABAHE crief onepauusata n 6bp3o Bb3npueMaHe Ha
MMNnaHTa.

n3soau

e PaspaboteHa u anpobupaHa B KNMUHWUYHU YCNOBUA € UWHOBaTUBHA MeToAMKa 3a
Ccb3fjaBaHe Ha MNepcoHanu3npaHM nuueBO-4YepenHU WMMNMaHTM Ha OCHoBaTa Ha
obpaboTtka Ha Tomorpadcku U3obpaxeHUA U PeKOHCTPyMpaHe Ha KOCTHaTa cucrtema ¢
TPMMEpHO MoaenupaHe Ha nunceBawata 4actT (C u3non3BaHe Ha orneaanHa
TpaHcchopMaums OT CblLiecTBYyBalLlaTa YacT Ha KOCTTa OT Apyrata NosioBUHA), MEXAUHHO
npoTtoTunMpaHe OT nonumep 3a ,,npoba npu naumeHTa“ M eceKTUBHO NIaHMpPaHe Ha
onepauusTa.

e PesyntaTtuTte OT onepauuATa No UMNIaHTUPaHe AEeMOHCTPMpaT CbBMNagaHeToO Ha KOHTypa

Ha NOBbLPXHMHUTE Ha UMNJIaHTa U Yepena. NMaunMeHTHLT NokasBa 6bLP30 Bb3CTaHOBSABaHe

cnep onepauyusata M 6bpP30 Bb3npMeMaHe Ha UMNaHTa.

N

durypa 10-58: Tomorpadua Ha NnauMeHTa ABe ceamuLm cies onepauuaTa

10.6. METOOMKA 3A WU3PABOTKA HA TMEPCOHANIU3UPAHU UMMNAHTU  3A
KPAHUOIMNACTUKA BA3UPAHA HA  AWPEKTHO BBbP30 nPOU3BOACTBO HA
®OPMOOBPA3YBALLU UHCTPYMEHTHU

C HaTpynaHus onuT B pellaBaHeTO Ha 3adayun B cdepaTa Ha YepenHuTe UMMIaHTn Hu be
npegocTaBeHa Bb3MOXHOCT Aa paboTuM MO HaW-TEXKUS Cryvan B rfekapckata npakTuka Ha
HeBpoxupypruata Ha YMBAJICM "H.W.IMuporos", npnynHeH ot nbposHa gucnnasua (PL).

3a [a cnacar 3puTenHus HepB, HEeBPOXUPYpP3WUTE ca MpemaxHanu ronsma 4act oT
3acerHaTute KocTtu. Npu neyeHneTo Ha NaumeHTa e HeobxoaAMMO Aa ce U3BbPLUM KpaHUoMnacTuka.

3a nocturaHe Ha LenTa ca M3non3BaHU Han-CbBPEMEHHUTE TexHonormu, 6asmpadn Ha 3D
Ono-moaenupaHe, KbOeTo B MbpBaTa hasa JaHHUTE OT TOMOrpaddCKOTO M3cneaBaHe Ha naumeHTa
ce usnonseat 3a 3D peKoHCTpyKuus Ha 3acerHatata obnact. Cneg pegvua obpaboTtkm ca
N30NMpaHN eJUHCTBEHO BaXKHUTE KOCTHU CTPYKTYpU Ha Yepena, nokasaHu Ha cnejpallara durypa
(Purypa 10-59). Ha durypa 10-59 cbwo Taka e nokasaHO CbCTOAHMETO Ha 4Yepena cneg
onepauusita. EAMH OT OCHOBHUTE npobnemu npu PEeKOHCTPyMpaHeTo Ha AedpekTHaTa KOCT e
nuncata Ha KakbBTO M Ada e Moden Ha fgedekra, NMo KOWTO WHXEHepbT Oa Ce PbKOBOAM.
EaouHcTBEeHaTa Bb3MOXHOCT € [a ce Hanpasu orneganeH obpas Ha nsBaTta yacT Ha yepena, KOSTo
KakTo 6e M3ACHEeHO Mno-Harope B TEKCTa, HE e HanmbfIHO CMMeTpudHa c AscHata. [lpouecbT Mo
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LUANOTCTO (popMMpaHe BKMYBA W WU3MOM3BaHE Ha MHCTPYMEHTM 3a Taka HapeyeHOTO AMPEKTHO
MoernuvpaHe Ha CroXxHu noBbpxHUHU. Cb3gaBa ce ornefdaneH obpas Ha yYepena Mo xapakTepHu
aHaTOMWUYHU TOYKMN.

Cnep ToBa ce NpuUcCTbNBa KbM
MoaenupaHe Ha UMnnaHTa.
lMpouecsbT npoTnya npu cbrnacysaHe
C JleKapcKus ekun, KoMTo aedumHupa
N3NCKBaAHUSATA 3a OKOSMHUS KOHTYp,
Taka 4e ga uMaT Bb3MOXHOCT 3a
MaHunynupaHe Ha uWMMONaHTa no
BpemMe Ha onepaumdra M pa ce
nsberHe 3acAraHeTo Ha HepBU MNpu
noctaBsaHeto My. OkoHyaTenHaTa
dopma Ha MMnnaHTa e npeacraBeHa
Ha ®durypa 10-63.

Mopaan ropecnomMmeHaTuTe
OorpaHuMyeHua Mo OTHOLWEeHWe Ha
nsbopa Ha martepuan 3a uMmMnaHTa
KaTo  Bb3MOXeH BapuaHT  3a
n3paboTka Ha TakoBa
nepcoHanuMsaMpaHo wusgenuve  Ham-
noaxogadwm ca TexHonormMte 3a
O6bp30o N3roTBaHe Ha  ®urypa 10-59: M30nMpaHM KOCTHM CTPYKTYPU Ha vyepena
dopmoobpasysaLim NHCTPYMEHTH
(Rapid Tooling).

MocneagHaTta cTbnka npu n3paboTka Ha MMMNNaHTa € uHxekTupaHeto Ha PMMA matepuana
B NpeABapuTenHo obMasaHnst UHCTPYMEHT, NPOU3BEAEH Ype3 aguTUBHa TexHonorms. oopmarta Ha
UMMNMaHTa e CroXHa, Tbil KaTo 3a M3rpaxgaHeTo M ca B3eTUM Mo BHUMaHUE eCTeTUYEeCKM U
PYHKUMOHANHM CbOOpaXKeHnsl, a He TeXHONOMMYHM TO Toraea, 3a Ja ce M3Baau roTOBUAT AeTann
dopmaTa e Heobxoaumo dopmaTta ga uma U3BeCTHa NoAaTNMBOCT WM Ja Cce paspylasa
YaCTUYHO.

3aknro4yeHue

e Pa3paboTeH e cneuunaneH MeToZ 3a NpunaraHe Ha XMGpuaeH Noaxo4 Npu U3roTBsiHe Ha
uMmnnaHTu. MU3nonsBar ce TexHonorMute 3a 6bLP30 M3roTBsAHe Ha dopmoobpasyBalum
MHCTPYMEHTU C aAUTUBHA TeXHomorusa (MaTtepvanusaumusa Ha HeraTUBHO U3obpaxeHue) u
cdopMoBaHe Ha HeobOXoAMMMA MMNNAHT B TO3UM €O4HOKPATeH WHCTPYMEHT p[o
BTBbPASABAHETO My.

e [lpeanoxeHUAT MeToA 3a 6bpP30 PU3MYECKO U BUPTyanHO NpPOTOTUNMPaHe NO3BOsIsiBa B
KpaTKU CPOKOBe Aa ce NpoeKkTUpaT U uspaboTBaT XXMBOTOCNacsABalM UMNNAHTU, KOUTO
AaBaT Bb3MOXHOCT 3a BCe NoBe4e ycnewHU TpaHCnNaHTauuu.

®durypa 10-62: itepaTnBHO Bb3CTaHOBSBaHE ®durypa 10-63: OkoHuyaTenHa
¢opmMa Ha umnnaHTa
Cbc cbBpeMeHHUTe MeToAu 3a TPUMEpPHO MoaenupaHe € Bb3MOXHO Cb3iaBaHeTo Ha
CNOXHW, NepcoHanu3vpaHu wusfenus, cnasBaMkM YHUKanHata paspaboteHa MeToauka
nokasaHa Ha ®urypa 10-68.

54



BupTyanHo NHxeHepcTBO

durypa 10-68: MeToamKa 33 M3paboTKa Ha NePCOHANM3MPAHM MMNNAHTU 33 KPaHeon acTuKa
6asnpaHa Ha ANPEKTHO HBP30 NPOM3BOACTBO HAa GopMOOBpPa3yBaLLM NHCTPYMEHTH

n3BOAOU ot rmABA 10

CAD/CAM TtexHOnoruute n agutTuBHuUTe TexHonorum (3D nevart) ce npunaraTt Bce
No-WMPOKO B pasfiuiyHM cdpepyn Ha MeauuMHaTa — npegonepaTtTMBHo BupTtyanHo 3D
nnaHvpade, NOAroToBKka U cMMynauuMs Ha npeacTosiwata onepaTuBHaA npoueaypa;
MHOPMUPAHOCT U 06PA3OBAHOCT Ha NaLMeHTa; NPOU3BOACTBO Ha UHAMBUAYATHM,
NOPBbYKOBM MMMIIAHTU 3a KpaHManHa xupyprua (YepenHu aedpektu), nponsBoaAcTBO
Ha MHAMBMAYaANHWU, NOPBYKOBU UMMNNAHTU 3@ CNMHANHA XUPyprus (HeonnacTUYHMU
neaumM W TpaBMaTU4HM YBpeXAaHuMA) W AOp., 4pe3 AeMoKpaTu3auuMa Ha
nepcoHanu3npaHus U MHQUBUAyanu3uMpaH noaxoa KbM naymeHTa.

BbB BCUYKM MpUNOXeHUs npouechbT MOXe Aa O6bae onucaH Kato nopnoGeH u
BK/IOYBA: CKaHMpaHe Ha 30HaTa 3a MHTepPBEHUUs Ha NauueHTa, PeKOHCTpyMpaHe Ha
KOCTHaTa cCUCTema, KOHUemnuusa Ha UHAMBMAYanu3npaHuss MMNNaHT, NpoeKTUupaHe,
MHXXEHEPUHT 1 NPOU3BOACTBO C LANIOCTEH KOHTPOJ1 U MOHUTOPUHI Ha BCAKA CTbNKa.
3D TexHOmoruuTe MMaTt noTeHuuan ga ocurypsiT no-Aobpo nnaHupaHe, No-goopu
pe3ynTtaTu, NO-KpaTKo Bpeme Ha paboTa, No-HUCKA CTeneH Ha yCNOXHEeHUs1, CbKpaTeH
nepuoa Ha Bb3CTaHOBSIBaHe M NpecTtoM B OonHuUa M Kato pe3yntat — no-gobpwm
rPVKKU 3a NaumeHTUTe.
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ObLUX N3Boaun

C M3NbIIHEeHMEeTO Ha NOoCTaBeHUTe B AMCEPTaUMOHHUS Tpya uen U npepsioxeHarta

HOBa NapaguMrMa Ha npoekTupaHe Ha MHOBaTUBHU NPOAYKTU BbLB BMpTyarHa cpepa, morat
ha ce copmynupar crieqHUTe OCHOBHU M3BOAW, MPOU3TMYALLM OT U3NbIIHEHUTE 3aJauu U
NOCTUrHaTUTe pe3ynTaTu oT uscnepBaHUATA:

v

3awmTeHa e Te3aTa 3a HeOOGXOAMMOCT OT HOBa NapagurMa B NMPOEKTAHTCKUS npoLuec.
Pa3Butu ca MHOBaTUBHM cTpaTerMu, MeToAu U NoAXOoAMW, BKIIOYUTENIHO Ha MoAyneH
NPUHUMN, 3a 6bpP30 cneuuduLuMpaHe U KOHLENMpaHe Ha KOMMJMIEKCHU apXUTEKTypu Ha
WHOBATUBHM NPOAYKTU C HamarieHa MTepPaTUBHOCT, NPU U3MbIIHABaHe Ha AUHAMUYHUTE
M3UCKBaAHUATA Ha KNTMEHTUTEe cnpsiMo (pyHKLMOHANMHOCT, BApUAHTHOCT M He Ha NocregHo
MSICTO — Ha LieHa Ha NpUTeXaHUeTo.

Cb3paneH e MmaTpuyeH noaxon 3a edeKTUBHO pasnpeneneHue Ha Heobxoaumute
(yHKUMN MeXxay PpasfIMyHUTe cUCTeMu (MexXaHWYHUTe, eNeKTPOHHUTE, CEH3OpPHUTe MU
nporpamMHuTe), ¢ Len NocTuraHe Ha HUCKa ce6eCTOMHOCT U ONTUMAarHa HageXaHOCT Npwu
KOMMO3ULMOHHO M3rpaxkgaHe C MaKCUMariHO M3non3BaHe Ha HalM4yHU KOMepcuarnHu
KOMMOHEHTW.

NpepnoxeHa e MHOBaTMBHa cTpaterMa u ,pakraneH meroa“ 3a KOMMO3ULUOHHO
pa3sBUTME Ha HOBM MNpPOAYKTU CbLC CIOXHM BapUaHTHU U MOAYNHU CTPYKTypW,
No3BONSABAl} HAaW-TOMHO M aAeKBaTHO MojenupaHe, CUMyNiMpaHe U U3crneaBaHe Ha
noBeAeHMETO Ha pa3paboTBaHMsA OOEKT Ha BBHb3MOXHO HaW-paHeH eTamn, KakTo M 3a
pa3BUTUETO Ha NoJo6GpeHn BapuaHTu (onTumMmsauus).

AHanunaupaHu ca cneundnyHM BMAOOBE MHXEHEepPHU aHanuM3n Kato enemeHT Ha BIl no
OTHOLWIEHUE Ha MNpPUIIOKUMOCT U edEeKTMBHOCT B Mnpoueca Ha pa3BUTUE Ha HOBU
NpPoAyKTU.

M3cnegBaHn ca Bb3MOXHOCTAUTE 3a €BOMOLMA Ha BUPTyarlHUA MPOTOTUN KbM
TexXHonoruaTa ,OuruTanHu 6nuM3HauM®, nosBonsiBawa HaW-TOMHO W afAeKBaTHOo
MoAenupaHe, CUMyrnvMpaHe U u3crefBaHe Ha MOBeAEHUETO B pPaboOTHM yCroBusi Ha
HOMMWHaNHUA pa3paboTBaH NPOAYKT, a B NMOCNeACTBMe Ha MHAUBMAYaNHUs pu3nmyecku
NPOAYKT M MNpe3 eKCcnnoaTauMOHHUS My nepuop 3a usrpaxpaHe Ha Kubep-cpusnyHu
cucTemm.

Paspa6boTeH, BanmgupaH U anpobupaH e MeToabT Ha ,baAnara u uyepHara KyTua“ c
M3non3BaHe Ha TpWU MNpeasioXeHU noaxoaa, uenswm ,camoobyyeHue“ upe3s cuHa
HacTpoMKa Ha cneunduyHM acnekTu Ha NoBeAeHUeTO Ha BUPTyanHUTe NpPOTOTUNM 4Ype3
obpaTHa Bpb3Ka C TECTOBM AaHHU OT (pu3nyecko npotoTunupaHe. Teanm nmoaxoam ca
anpob6upaHu B pearnHu MPOeKTU npu uAeHTUPUKALMA U OLeHsIBaHe Ha KOHKPEeTHU
(p13MYHN BeNUYMHM W/MnNM NpPoLEeCcHM napameTpyu 3a MOCTUraHe Ha BUCOKM HMBA Ha
AoBepue B CUMYyNauuoOHHUTE pe3ynTaTu.

B pesynTtatr Ha npeanoxeHuTe MeToAM M nNoaxoaum ca pa3paboTeHuM M BHeOJpeHu nop
PBbKOBOACTBOTO Ha aBTOpa B MHAYyCTpManHaTta npaktvka peauua MHOBaTUBHU NMPOEKTHU
peweHna 3a MHAYCTPMANHU NapTHLOPM OT CTpPaHaTa M YyXOuHa, KaTo peauua HOBMU
peleHna ca naTeHToBaHu (9 MeXxayHapoAHU NaTeHTa), a HAKOM OT TAX ca AOCTUrHanu Ao
CBETOBHUTE nasapu (NpMMep MHOBaTMBHaTa yAapHa KBa3u pe3OHaHCHa cuctema e
CBeTOBHA HOBOCT, yAOCTOEHa C peauua Harpagm).

MpepnoxeH e HOB ,,.LL“ meToa, koMTO € GasupaH Ha HoBaTa napagurma Ha ,,cppakrtanHo
CTPYKTYypupaHe“ Ha NPOEKTaHTCKMA M NpPOTOTMNEH npouec B 3aMsiHa Ha LWWPOKO
M3non3BaHuUTe, HO oTAanevaBawWm ce B peauua crnydam ot npaktukara “VIW” mopenm.
Taka ce ocurypsiBa Bb3MOXHOCT 3a CTLMNKOBOTO HaarpaxpaHe Ha BIl B xopma Ha
Ccb3AaBaHeTO U BanupaupaHeTo My 4pe3 ¢parmeHTapHu Pl 3a oOWoO HamansiBaHe Ha
BpeMeTo 3a pasBUTME U BanuaupaHe Ha usgenueTto B pas3fiIM4HUTE CTAAUMU Ha NMPOEKTa,
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KaTo ce ocurypsisa Han-e(peKTMBHUAT GanaHCc C U3roTBAHETO Ha (PU3MYECKU NPOTOTUNM.
MoaxoauTe ca AeMOHCTPUpPaHU C NpuUraraHeTo UM B MHAYCTPUANTHU NMPOEKTH.

AHanusnpaHu ca cneunduUyHUTE NU3UCKBAHUS, HAYUMHUTE HA paboTa n ocobeHoCTUTe Ha
Cb3f4aBaHeTO M NPOM3BOACTBEHUTE MNpouecu B cdepaTa Ha 34paBeonasBaHETO M
uMnnaHTonorusTa. [lokasaHu ca roneMmuTe Bb3MOXHOCTU Ha BUPTyaniHUTe U aauTUBHUTE
TeXHOmNorMM Aa NPoMeHAT napagurmata B UMNJIAHTONIOMUATA, OTBAPANKUA Bb3MOXHOCTU
3a ycKopsiBaHe Ha npouecute, CbKpaljaBaHe Ha GPOSA UK CIOXHOCTTA Ha XUPYPruYHUTE
onepauMm U Ha BpeMeTpaeHeToO Ha XUPYPrMYHUTE UHTEPBEHLIUM.

MpepnoxeHn ca M ca peanu3upaHM TPU MpPaKTMYECKM MeToAa 3a MpunaraHe Ha
TEXHONIOrMUTEe Ha BUPTYarHOTO MPOTOTUNUPAHE U GBLP30TO (PUINYECKO U3rpaxaaHe B
CbyeTaHMe C MeOUMLIMHCKM 3HAHUA 32 NepcOoHanM3auusi Ha KOCTHU U 3BbOHU UMNNAHTU C
apgekBaTHO pgedMHMpaHe Ha Heobxogumata UM reomeTpusi. Te3n mMeToaMU
pPeBONMILUNOHM3NPAT HAYMHA HA MMMMAHTMPAHETO B NauMeHTa, Ype3 BUPTyarHo unu
dm3myecko NpoTOTUNMPAHE Ha eNleMeHTU OT npoueca, 3a A06po nnaHuWpaHe Ha
XUPYpPruyH1UTe onepauuMmM M MNOCTUraHe Ha TOYEeH U ajanTUpaH KbM OGKpbXKaBaljaTa
KOCTHA CUCTEMA Ha4YMH Ha nNpucbeauHsiBaHe, C BKMOYBaHe Ha KUMHeMaTukara W
TOBapHWUTE NOTOLM Ha KOCTHaTa cucTema.

PaspaboteHa u anpobupaHa B KIMHMYHM YCIOBMA € MWHOBaTMBHa MeTOoAMKa 3a
cb3fAaBaHe Ha MNepcoHanu3upaHuW nuUeBO-YepenHM WMMMAHTM Ha OcCHoBaTa Ha
o6paboTka Ha ToMmorpagckm n3obpaxeHNs U peKOHCTPyMpaHe Ha KOCTHara cucrema, C
TPMMEpHO MopenupaHe Ha nuncsawarta 4act/yacTu (C u3nonsBaHe Ha ornepanHa
TpaHccopmMauus oT ChllecTByBaLlaTa YacT Ha KOCTTa OT gpyraTta NnonoBuHA), MeXAUHHO
npoToTunupaHe OoT nonumep 3a ,nNpob6a npu naumeHTa“ M e(peKTMBHO NNaHWpaHe Ha
onepauusTa.

3D TexHOMorMMTe MMaT noOTeHUMan Jga pPeBONIIOLUUOHU3MPAT 34paBeonasBaHETO C
AOVHaMUYHM TeMnoBe, KaToO OCUIypsAT MNO-A06pO nnaHupaHe, MNo-A4o6Gpu pe3ynTaTty,
No-KpaTKko Bpeme Ha paboTa, NMo-HUCKa CTeneH Ha YCINOXHEHUs, CbKpaTeH nepuon Ha
Bb3CTaHOBsIBAHE U MNpecTon B OONHMULA M KaTo pe3yntaT — MNo-4o6pu rpuxm 3a
nayuMeHTUTE.
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. APUHOCH
A) HAYYHM NPMHOCK

MpeanoxeH e HOB ppaKkTaneH MeTo4 NMPU KOMMO3WpaHe Ha CMOXHU CUCTeMM 3a 6bp30
ocblUecTBABAHe Ha BapuaHTHO pa3BuUTME UM MOAYNHO  uU3rpaxagaHe upes3
NPen3non3BaemMocT Ha KOMMOHEHTHU, Uensl, ronsiMa rbBKaBOCT U e(PeKTUBHOCT Ha
npoAyKToBaTa U NpoLecHaTa opraHM3aums B LeNnus XX1M3HeH LMKbN Ha npoaykTa.

PaspaboteH M anpobupaH e HOB TnMpuMHUMN UM MeTod Ha pabora Ha
NHeBMaTU4YHO-BAaKYyMHU MeXaHUM3MM 3a yAapHU cucTteMu, (PyHKLMOHMpALM B KBa3u
pe3oHaHCeH pexum c noBuweHa epeKTUBHOCT Ha eHeprusita Ha yaapa. NMpeonoxeHuaT
MeToA U KOHCTPYKLUSA ca 3aMUTEHU C ObNrapcku u CBeTOBEH NaTeHT.

NMpepnoxeH e HoB MeTon, HapeyeH ,BANNA/MEPHA KYTUA“ 3a nopgobOpsiBaHe Ha
ecdekTMBHOCTTA U ecmKacHocTTa Ha BupTyanHusa npototun (BI1), pasrnexpaH kaTto
,»0Ana Kytna“ ypes obpatHa Bpb3Ka C AaHHU OT TecToBe ¢ (husnyeckuTe npotoTunu (no
Mogena ,YepHa KyTua“) m opraHuMauMpaHe Ha BbTpeweH 3a Bll cumynaumoHeH Mukpo
UUKBbI 3a hMHa Kannbpauma B uTepaTMBHa CBbP3aHOCT U ,,camooby4eHue” Ha BIl.

MpeonoxeH e HoB “LL” meton 3a pa3BuMTMEe Ha HOB MPOAYKT, OCHOBaBal, ce Ha
€BOJIIOLMOHHO U3rpaxgaHe Ha BUPTyanHus nNpototun u doparMeHTapHoO Ha (pusmnyeckurte
NPOTOTUNU, NMPU KOWTO MpoOLEeCHT Ha pa3BUTME BbLPBUA XUOPUAHO M ycnopegHo -
KOHLUenuuMaTa n apxmuTeKktTypara ,,oT rope Ha gony“, BUpTyanHUAT NpoToTun ,,0T A0Sy Ha
rope“, a du3n4YecKUAT NpoToTuUn — hparMeHTapHoO No HMBa.

B) HAYYHO-NPUNOXHWU MPUHOCH

Ha ocHoBaTta Ha wmoaudmumpaHa matpuua Ha dQyHKuuMuTe 3a kKadectBo (QFD) e
npeanoxeH noaxoa 3a wAeHTAUDMUKaALMA Ha noTpebHOCTUTE Ha noTpeduTenute
(c manon3BaHe Ha NPOTOTUNM) U TPAHC(POPMMPAHETO UM B TEXHMUYECKUN cneuundukaumn.
Cb3paneH e maTpuyeH MeToA 3a (paMUITHOTO CTPYKTypupaHe, OCHOBaH Ha MMHUMAIHO
(PpyHKLMOHANHO-CTOMHOCTHOTO NpenoKpuMBaHe Mexay u4neHoBeTe Ha chamunusaTa npu
MaKCUMMariHO BUCOKO HUBO Ha yHUMKaumS.

lNMpeanoxeH e maTpuyeH noaxon 3a AecpuHupaHe Ha pyHKLUMOHANHaTa apXUTeKTypa Ha
npoaykTa ¢ pasnpeaensiHe Ha Heo6xoaumMuTe hyHKUMU Mexay OCHOBHUTE CUCTEeMU B
TPU CTBLMNKX U B TPU NOA-MaTPULIN.

MpeonoxeHn ca aBa HOBM noaxoada (reHepaTUBEH W CpaBHUTENEH) 3a YyCnewHo
obpaTHO wuHTerpupaHe B nMpoueca Ha pa3BuUTME Ha nNpoAyKTa Ha pe3ynTtaTeH
reomMeTpyvyeH mogen OT ONTUMM3aLUMUA C MOCTUraHe Ha ,XKuBa“ reomeTpusa u
CBbpP3aHOCT.

Pa3BuT e meTtoa 3a npeaBapuTesiHa oueHKa Ha HABOTO Ha AoBepue B pe3yntaTtuTte oT
MynTuchun3MyHn cumynaumm c¢ BuptyaneH nportotun (BIl) upe3 obpatHa Bpb3ka €
M3MepeHn napameTpu ot ¢pusnyeckn tectose Bbpxy DI, kato ca npepnoxeHn Tpu
Bb3MOXHU NoAxoda 3a OLEeHKa Ha CTeneHTa Ha AOCTOBEPHOCT Ha pe3yntatute oOT
BUPTYyanHUTe NPOTOTUNU — HAYaneH, MeXxXauHeH n douHaneH.

MpennoxeH e xubpuaeH aHaANMUTUYHO-CMMYNauMOHEH NoAXOoA 3a MpPOeKTMpaHe Ha
eNacTUYHU CBBbP3BaLLM efleMeHTU, No3BoNsABaLy ,,camoo0y4yeHue” Ype3 MHTerpMpaHe Ha
TECTOBU pe3ynTaTtu ¢ npunaraHe Ha metoaa ,,BAJNTA/MEPHA KYTUA“ n chopmmpaHe Ha
cucTemMa, OCHOBaHa Ha HaTpynBaHe Ha 3HaHue.

MpennoxeH e KOMOMHUpPaAH CTPYKTYpPHO-napameTpu4yeH noaxod 3a ONTUMM3auuA Ha
cdhopmaTta m napametpuTe Ha enactuyHa cuctema upe3 BIl npu pobpe mecduHupaHo
NPOCTPAHCTBO OT OrpaHuyYeHusita u TBbLPAN (PYHKLUMOHANHN U3UCKBaHUA C npunaraHe
Ha eBpMCTUYEH NoAxo[ 3a Cb3faBaHe Ha BapuaHTU KOHUeNuuuM W napamMmeTpuyHa
ONTUMMU3ALIMA Ha FreHepaLuunTe Ype3 BUPTyarneH eKCrnepumMeHT.

MpennoxeH e noaxopn 3a oueHKa BNMSIHMETO Ha NapaMeTpUTe Ha KOHCTPYKUUATaA BbpPXY
aKkyctnyHuTte nokasatenu Ha XK. . koneno u e gokaszaHa e(PeKTUBHOCTTa Ha Tasu
OoLeHKa C M3Non3BaHe Ha BUpPTyaneH MNPOTOTUM B PaHHUA eTan Ha NpoeKTUupaHe.
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10.

11.

MoaxoabT e AoKasaH 4Ype3 cepTucpukaumsa ot TUV n nsancksaHusita Ha MHAycTpuarnHure
CTaHAapTU 3a aKyCTUYHOTO NoBeAEeHMe Ha Xene3onmbTHWU Korena 4ype3 pedepeHTeH
cmnsnyeckn TectoB obpaseu. ToBa e egHa CblieCTBEHA CTbMKa B MU3rpaxaaHeTo Ha
HOoBa o6Lwa MeToaonorus 3a akyCTUYHO U3cneaBaHe Ha ocHoBaTta Ha BIll.

MNpepnoxeH n BanuaupaH e HOB MeTOA 3a M3rpaxpaHe Ha MMMNaHTU, 6asupaH Ha
KOMNTbpHa TOomorpadma, 3D pekoHCTpykumsa u cb3gaBaHe Ha 3D mopgen Ha
um3cnenBaHaTta o6nacT Ha YenCcTTa, BUPTyanHoO usrpaxaaHe M1 aguTUBHO U3paboTBaHe
Ha M3nYecKn nepcoHaneH cyonepmvocraneH UMNMaHT.

PaspaboteHa u anpobupaHa B KIMWHUYHU YCNOBUA € WHOBaTMBHA MeToAMKa 3a
cb34aBaHe Ha MNepcoHanu3upaHu nuueBO-YepernHu WMMMIaHTM Ha oOcHoBaTa Ha
obpaboTka Ha Tomorpadckm U3obpaxxeHUs1 U PEKOHCTPyMpaHe Ha KOCTHaTa cuctema c
TPMMEpPHO MoaenupaHe Ha nuncBawMTe Yactu (C u3non3BaHe Ha orneaarnHa
TpaHcopMmauusa OT cbliecTByBawaTa YacT Ha KocTTa OT Apyrata MosioBMHa Ha
yepena), MeXAUHHO MNpoOTOTUNMpPaHe OT nonumep 3a ,nNpoba npu nauueHTa“ wm
ec¢eKTUBHO NnaHupaHe Ha onepauuaTa.

Pa3spaboTteH e cneuvaneH meton 3a npunaraHe Ha UHAUMPEKTEH noaxoa NpyU U3roTBsiHe
Ha mnnaHTu. U3nonsBaTt ce TexHonornuTte 3a 6bP30 N3roTBsiIHEe Ha hopMoobpa3yBaLLm
MHCTPYMEHTU C aAUTUBHA TexXHonorusa (Mmatepvanusauma Ha HeraTUBHO usobpaxkeHue)
1 coopmoBaHe Ha BUPTYariHO U3rpageHusi MMMNaHT B TO3U e4HOKPaTeH MHCTPYMEHT A0
BTBbpPASABaHETO My.

C) MPMNOXHW NPUHOCU

PaspaboteH n BanugupaH e MyntudusnyeH BUpTyasieH NpoToTMN Ha NMHEeBMAaTUYHO-
BaKyyMeH yaapeH MexXaHU3bM.

M3cnegBaHu ca obwmTe XxapaKTepucTUKKM, obrnactute Ha e(eKTUBHO NpUIIOXKeHue,
KaKTo U npeaMMcTBaTa U HegocTaTbLMTe Ha aaUTUBHUTE MeToaun. B TabnuyeH u neceH
3a M3non3BaHe BUA Ca OLIEHEHU HSAKOM OT MNO-BaXHUTE XapaKTepPUCTUKU Ha
MPOMMULLSIEHO U3MNONI3BaHUTE aguTUBHN MeToau.

YcTaHOBeHO e, Ye KoMOMHMpaHaTa o6paboTka Ha ppe3oBaHe € ynTpa3ByK € e(PeKTUBHO
ha ce u3non3Ba Npu TBLPAU U KPEeXKN MaTepuanu, BKIIHOYUTENTHO Ha HeMeTaslHu
MaTepuarnm KaTo CTbKI0, nopuesiaH, LUPKOHMEB OMOKCUA CTBKIEHN BIIakHa v Ap.
HanpaBeHa e oOuUeHKa Ha TexHoNorMutTe 3a aAUTMBHO MNPOU3BOACTBO U OBLP30
NpoOTOTUNMpPaHEe NO OTHOLWEHWEe Ha TOYHOCT 4pe3 eTafioHeH MoAesi, Ha KOUTO €
OCbLUECTBEH pa3MepeH aHanu3 3a onpefernisiHe TOYHOCTTA Ha npoueca U KOHKPETHU
reomMeTpU4HN eNieMeHT!.

MpeanoxeHute MeToaM Ha pakTanHo npoeKTUpaHe, MOAYIIHO u3rpaxaaHe,
»BDANA/MEPHA KYTUA“ n “LL” meToaa ca anpobupaHu B yCrnoBUsiTa Ha MUHAYCTPUanHu
NPOEKTU U ca OEeMOHCTPUpaHM JOOpM pe3ynTatv NO OTHOWeEeHWe Ha e(PeKTUBHOCT MU
ecMKacHOCT.

3a npakTu4yecKo MNPUIIOXKEHUe Ha pa3paboTeHMss KOMOWMHUpPaH CTPYKTYpPHO-
napamMeTpuyeH noaxoa e paspaboteH codTyepeH MHCTPYMEHT 3a nognomaraHe Ha
NPOEKTUPAHEeTO Ha M3YMCIIEHMA Ha eTan pas3paboTka Ha enacTUYHM CBbP3Ballu
enemMeHTu, 6e3 HayaneH reomeTpuyeH mogen. MpoayKTLT € BHeApPeH B YyCroBUATa Ha
BoAewaTa MHXeHepuHroa komnaHusa Visteon Bulgaria, kato cblecTBeHO HamansiBa
BpeMeTO 3a NpoeKTUpaHe B CpaBHeHUe CbC Cbh3haBaHe Ha geTtaunneH BI.

AnpobupaH e npeanoXeHUAT MoAyNeH NoAXo4 Ha usrpaxaaHe Ha hamunua Kapm, Kato
ce AeMOHCTpUpa KOMNO3npaHeTo U NoaabpPXKaHEeTO Ha eAHa 3Ha4YMTeNnHa BapuaHTHOCT,
ob6xBawawa Haga 200 oTAenHW KOMMAHOBKM MaAWIMHUM 3a MNo-e(heKTUBHO
yAOBIEeTBOPSIBAHE Ha NOTPEOHOCTUTE Ha KIIMEHTUTEe U MOCTUraHe MNpakTUYEeCKM Ha
nepcoHanusaumMsa 4Ype3 KOMMO3MLMM OT HanuyHu moaynu. 3a BCAKa KOMNO3uuus
MoToKap ce reHepupa B 3D nHnauBuayaneH Bl — ocHoBa 3a gurntaneH 6nms3Hak, KoeTo
ce ocurypsiea oT TeXHOMOrMnTe OT BUPTYanHoTo UHXeHepcTBO U UHAaycTpua 4.0.
AHanusupaHu ca Bb3MOXHOCTUTE Ha HaW-pPa3npPoOCTPaHEeHUTe TEXHONOIMM 3a U3roTBsiHe
Ha KOCTHU M 3bOHM MMnnaHTU. lNoco4yeHn ca npeaMMcTBaTa U HegocTaTbLUTE UM NpU
Npou3BOACTBOTO, B 3aBUCUMOCT OT reomMeTpuMsAiTa M CTPyKTypaTta Ha WMNJaHTa.
OuepTaHu ca o6nacTute Ha edheKTUBHO NpPUIOXKeHue.
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9. NocTturHato e MHOro [o6po pasnpepernieHMe Ha AbLBKATENHOTO HaTOBapBaHe BbLPXY
YyencTTa OT CyGnepuocCTanHUs MMNMAHT, YUATO KOHCTPYKLMSA € ONnTMMMU3MpaHa C
nomolyTta Ha BIl, 3a ga ce ocurypu onTumManHa kopaBuHa Ha MUMNaHTa.

10. MpeAnoXeHUAT MHAUPEKTEH Noaxon 3a 6bLP30 BUMPTyarnHo usrpaxgaHe M (pu3nyecko
dopmoBaHe Ha UMNNaHTU BbLB (popMOOOpasyBaly aAUTUBHO M3rpageH UHCTPYMEHT
no3BofisiBa B KpaTKM CPOKOBEe Aa ce MpoeKkTMpaT M M3paboTBaT XMBOTOCMacsABalim
MMNJIaHTU, KOUTO JAaBaT Bb3MOXHOCT 3a BCe NoBeye ycnewwHn TpaHCcnnaHTauuum.

IV. My6nukyBaHe, Hay4YHW HaNpaBNeHUs U AUcCeMUHaUUS.
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3awuTeHn naTeHTU, CBbP3aHN C U3cnenBaHeTo

HasBaHue N3o6peTaTtenu: My6nukauns
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AHOTAUMUA

M3cnegBaHeTo e NMOCBETEHO Ha cpeAacTBaTta, MeToguTe M NoAxXoauTe Ha BUPTYanHOTO U
PU3NYECKOTO NPOTOTUNUPAHE NPWU Pas3BUTUETO Ha HOBW NPOAYKTW, NO3BONSBALLM PaHHO TecTBaHe
Ha KOHUenTyanHW peweHnda, wuaeHTudukaums Ha  QYHKUMOHANHOCTTa, OTKpMBaHeE Ha
NOTEHUManHUTe WHXeHepHU npobrnemn, Kakto M 6bp30 M afeKkBaTHO MepcoHanuanpaHe Ha
peLleHnsaTa, Npu KOeTo ce HamarnsBa CbLLEeCTBEHO BPOSAT Ha KOHCTPYKTUBHUTE U3MEHEHUS U BpoaT
Ha n3paboTBaHMTE NPOTOTUMM U CBbP3aHUTE C TOBA HOBM CTpaTErnu.

NacnegBaHeTo ob6xBawia npouecuTe Ha passButue, naeHTudukaums u Banuvgauus npu
Cb3[aBaHETO Ha MHOBATMBHW MPOAYKTU W pelleHus, KakTo M npouecuTe, Nno3BoNisiBaliy BUCOKa
CTENeH Ha nepcoHanusaumsi Npu crnefBaHe Ha Heobxo4uMMOCTTa OT Bb3MOXHO HaW-rofsiMo
CbKpallaBaHe Ha nMpoueca OT wuaedaTa A0 NpoaykTa W nNpu MNOCTUraHe Ha MakcumarnHa
MKOHOMMYecKa edekTMBHOCT. POKYCbT Ha M3CrnedBaHEeTO € BbpXy pa3BUTME Ha cTpaTeruure,
meToaute M nogxogute 3a npunaraHe Ha CAD/CAM/CAE TexHonormuTe u no-cneuuanHo B
pa3BUTUETO M anpobauunsaTa Ha ePEeKTUBHO MpunaraHe Ha BUPTYanHUTe U OU3NYECKU NpOTOTUNN
3a CKbCsIBaHEe Ha BpeMeTo, nogobpsiBaHe Ha KauyeCTBEHUTE WU EKOSNOMMYHUTE MokasaTenu npu
pasBUTUE Ha NPOOYKTUTE, BAPMAHTHO NPOEKTUPaHE 1 NepcoHanmn3aums, a CbLo U 32 yCTONYMBOCT
Ha OpraHW3auuoHHUTE W MPOLECHU MEeTOAM U CpeacTBa 3a MUHMMU3UPaHE Ha pucka wu
nopobpsiBaHe Ha Ka4ecTBOTO M e(PEKTUBHOCTTA HA MHOBaLUUTE.

B pabotata e paspaboTeHa MeTOOONOrMYHa MOCNEOOoBaTENHOCT 3a KOoHUenupaHe u
NPOEKTUpaHe Ha CIIOXHW WHOYCTPUAIHU NPOaYKTU U CUCTEMMW, BKMOYUTENHO U 3a Cb3[aBaHe Ha
nmnnaHTn. 3almTeHa e Te3ata 3a Heo6Xx0AMMOCTTa OT HOBa Napaaurma B NPOeKTaHTCKMSA NpoLec.
Pa3BuTu ca nHoBaTMBHU CTpaTerMm, MeToam 1 NoAxXoAn 3a 6bp30 crneunduLmpaHe u KoHuenMpaHe
Ha KOMMNIIEKCHN apXUTEKTYpPN Ha MHOBATMBHWU NPOAYKTUN C HamMareHa UTepaTUBHOCT, BKIIOYUTESTHO
Ha MOAYSEeH NPUHLMN NPU U3MbAHSABAHE Ha OUHAMWYHUTE U3UCKBAHWATA Ha KIMEHTUTE CApPSIMO
YHKUMOHAMNHOCT, BapMaHTHOCT M HE Ha NOCNeAHO MSCTO — Ha LieHa Ha npuTexaHueTo. Cb3gageH
€ MaTpudeH noaxod 3a eqeKTMBHO pasnpegeneHne Ha Heobxogumute QYHKUMKM  Mexay
MEXaHNYHUTE, ENEKTPOHHUTE, CEH30PHUTE N copTyepHaTa CMCTEMU, C Len NMoCTUraHe Ha HUcka
cebecTOMHOCT U OonTUManHa HageXaHOCT Mpu KOMMO3ULMOHHO Mu3rpakgaHe ¢ MakcumarHo
N3Mon3BaHe Ha Hann4yHM KOMepcuanHu KOMMNOHeHTW. NpeanoxeH e HOB chpakTaneH MeToq, KakTo u
nHosaTmeeH “LL” meToa 3a BMpTyanHO U pusmdecko npototunupaHe. MNpeanoxeH e HOB mMeTon
.bana/MepHa“ KyTns 3a BanugupaHe Ha BUPTyanHUTE NPOTOTUNKU. Ype3 npumepu OT MHAYCTpUSTa €
AOKa3aHo, 4e cuMynauumte gaBaT MHOMO TOYHM OUEHKM Mpy OonTMMM3auuMsaTa Ha Aum3ariHa B
cbyeTaHne C pu3nyeckn TectoBe M obpaTHa Bpb3ka C BUPTyanHWs NpOTOTMN, eBonoupal B
aurntaneH 6nmsHak.

CbueTaBaHeTo Ha BUPTYyanHUTE TEXHONOMMW C METOAUTE Ha aguTuBHUTE TexHonorum (RP) ce
oyepTaBa kato obellaBall WMHCTPYMEHTapMyM 3a Cb3[aBaHe W u3rpaxgaHe Ha MeaULMHCKM
UMMNAAHTK, BKNIOYUTENHO C NepcoHudukaumsa. AHanusmpaHm ca cneumudHnTe M3MUCKBaHMUS,
HauyMHWUTE Ha paboTa u ocobeHOCTUTE Ha Cb3daBaHETO M NPOM3BOACTBEHMTE npouecn B cdepata
Ha 34paBeonas3BaHeTo M umnnaHTonornarta. lNMpegnoxeHn ca u ca peanuanpaHy Tpu NpakTUYeckn
MeToda 3a npunaraHe Ha TEXHOMOorMMTe Ha BUMPTyanHOTO NpoToTUnNMpaHe U 6bp30TO PU3NYECKO
narpaxxgaHe, B CbYeTaHMe C MEOULUMHCKA 3HaHWSA 3a nepcoHanusauus Ha KOCTHU U 3bOHK
UMNAaHTM C ajekBaTHO JdeduHupaHe Ha Heobxogumata uM reomeTpus. Tesm meToau
PEBOSIOLMOHN3NPAT Ha4YMHa Ha OpraHm3auunsa Ha Lenusi Npouec, Ypes3 BUPTYanHO unv usnyecko
nNpoToTUNMPaAHE Ha eflieMEeHTU OT npoueca, 3a 4o6po MnaHupaHe Ha XMPYPruyHUTE onepauumn u
nocTUraHe Ha TOYEeH W ajanTupaH KbM OOKpbXaBaljaTa KOCTHA CUCTEMA, HauMH Ha
npucbeauHABaHe C BKMOYBAHE Ha KMHEMaTtumkata u ToBapHUTEe NOTOLM Ha KOCTHaTa cuctema.

B pesyntat Ha npegnoxeHuTe mMeToau U noaxoau ca pas3paboTeHu M BHeOpeHw, noA
PBbKOBOACTBOTO Ha aBTopa, B MHAyCTpManHata npakTuka peguua MHOBaTUBHU MPOEKTHU peLLeHns
3a uMHAOYCTpManHM napTHbOPWM OT CTpaHaTa M 4yxbuHa, KaTto peauua HOBM peLleHusa ca
naTteHToBaHu (9 MexayHapOA4HM NaTeHTa), a HAKOM OT TSX ca AOCTUrHanM 0O CBETOBHUTE nasapwu
(Hanpymep MHOBaTMBHATA yAapHa KBasm pe3oHaHCHa CMCTEMAa € CBETOBHA HOBOCT, YOOCTOEHAa C

peguvua Harpagw).
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ANOTATION

The Research Thesis is dedicated to the methods and approaches of virtual and physical
prototyping in the development of new products, enabling early testing of conceptual solutions,
functionality identification, detection of potential engineering problems as well as rapid and
adequate personalization of solutions, where the number of constructive modifications and the
number of prototypes and the associated new strategies are substantially reduced.

The Research covers the processes of development, identification and validation in the
creation of innovative products and solutions as well as processes, allowing a high degree of
personalization allowing to pursuit the need to reduce the process loop from the idea to the market
as much as possible and to achieve maximum efficiency and reverse of investments. The focus of
the study is on developing the strategies, methods and approaches for the application of
CAD/CAMICAE technologies and particularly in the development and testing of effective application
of virtual and physical prototypes for shortening the time, improving the quality and the
environmental performance of the new products’ development, design and personalization as well
as the sustainability of the organizational and process methods and tools to minimize the risk for
errors and improve the quality and efficiency of the innovations.

The Thesis has developed a methodological sequence in conceiving and designing complex
industrial products and systems, including the medical implants’ creation. The thesis defines the
need for a new paradigm in the design process organization. Innovative strategies, methods and
approaches have been developed to quickly specify and conceive the complex architectures of
innovative products, including modular design principle in fulfilling the dynamic demands of the
customers for functionality, variance and last but not least — the cost of ownership.

A matrix approach has been developed to efficiently divide & distribute the functionality
between mechanical, electronic, sensor and software systems to achieve low cost and optimum
reliability when composing the product structure with maximum use of commercial components.

A new fractal method is proposed as well as an innovative "LL" method for virtual and
physical prototyping. A new “black/white” box method was worked out to validate virtual prototypes.
Industry held test cases have shown that FEM simulations achieve very accurate estimates when
optimizing the design combined with physical tests and feedback allowing the virtual prototype to
evolve into a “digital twin”.

The combination of virtual technologies and additive technologies is defined as a promising
tool for creating and manufacturing medical implants, including personalized ones. The specific
requirements, the working methods and the specifics of the creation and production processes in
the sphere of healthcare and implantology are analyzed. Three practical methods of implementing
the technologies of virtual prototyping and rapid physical manufacturing in combination with medical
knowledge for personalization of bone and dental implants along with adequate definition of the
geometry are proposed and realized. These methods revolutionize the process of organizing the
whole implants’ creation process by virtual or physical prototyping of process elements, good
planning of surgical operations and achieving a precise and adapted to the surrounding bone
system implants as well as a way of joining with the inclusion of dynamic loads to bones.

As a result of the proposed methods and approaches, a number of innovative design
solutions for industrial partners have been developed and implemented into industrial scenarios
under the author’s supervision, with a number of new solutions being patented (9 international
patents). Some of the products have reached the world’s markets (for an instance, the innovative
hammer quasi-resonance system was recognized as a world-wide innovation, honored with a
number of awards).
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I. GENERAL CHARACTERISTICS OF THE WORK

State of the art

The overall increase of the complexity of the products in mechatronic, technological and
information aspects, as well as the variation of the products, their creation based on customer’s
demands, all in the face of the continuous market pressure for development time cutting and
reaching the market faster and even bigger pressure for cost reduction, require new technologies
for creating the conception, design, detailed design and especially for validation of innovations and
technologies. As a result, design organization and methodology is an extremely topical issue,
especially as a powerful tool for accelerating the development process, and especially as a tool for
exploring through virtual and physical prototyping methods the improvement the product’'s quality
and reducing its cost. The combination of virtual technologies and additive technologies (RP) have
emerged as a promising approach for rapid creation and physical realization of medical implants,
including implants’ personalization.
Scientific actuality

Today's Industrial and Engineering processes are determined by the overall Digital
Transformation. This New World of connectivity and Digitization also requires new Engineering and
Technological solutions for the New Reality of the Digital Economy, Innovation, Digital markets, and
changes in business models. This includes creating a strategy for Digital Transformation, new skills
and the expertise of people involved in the field. Technological solutions for data exchange,
Knowledge Management, Big Data analysis, robotics, 3D virtual Prototyping and Additive
Manufacturing Methods, Product personalization, Virtual process simulations, products and
systems are increasingly used, digital twins and cyber-physical systems, especially systems with
elements of artificial intelligence. All these new Technologies require new Knowledge and Expertize
about the processes of defining, developing, validating, industrializing, production, maintaining and
recycling the products in their life cycle management.
Practical applicability

The most effective approach to reducing the investment and market risks of innovations created
is the process of prototyping at the earliest possible stages, using the methods and tools of virtual
engineering. In The Thesis has developed a methodological sequence in conceiving and designing
complex systems, including medical implantation. A new Fractal Method is proposed as well as an
innovative "LL" Method for Virtual and Physical prototyping. A new “white/black box” Method is
proposed to validate virtual prototypes. Industrial Success Cases have shown that simulations
based approach provide very effective optimization of the Design, combined with physical tests and
feedback to the Virtual Prototype evolving into a “digital twin” approach. The proposed methods and
approaches are of direct practical applicable, appraised in a number of industrial and research
projects, some of which are presented in the Thesis.
Thesis work release

Dissertation research was carried out at the "CAD / CAM / CAE in Industry" laboratory at the
Technical University of Sofia, part of the Research was carried out in SPARKY ELTOS AD,
Liebherr Hausgerete Bulgaria, TermaTech, France, NEXEN Forklift, UK and many others.
Research results have been implemented and used in the development of new products in a large
number of companies in Bulgaria, France, Italy, Germany, the United Kingdom and others.
Thesis work conformation

The dissertation work has been reported to the Department of Manufacturing Technology and
Machine Tools, FIT, TU-Sofia.
Publication of thesis results

The substantive results of the Dissertation Thesis have been published in 8 papers, referenced in
SCOPUS and Web of Science, in 22 papers published in conferences and journals, in more than
10 international patents and a number of international projects under the supervising of the author.
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[I. CONTENT OF DISSERATION
1. Introduction in the field of research

1.1. Object of the study

The object of the study is the means, methods and approaches of virtual and physical prototyping
in the new products development, enabling early testing of conceptual solutions, identification of
functionality, detection of potential engineering problems, rapid and adequate personalization of
solutions, dramatically reducing the number of constructive changes and the f prototypes produced
by the associated new strategies.

1.2. Scope of the study and focus

The research covers the processes of development, identification and validation in the innovative
products and solutions creation process, as well as the processes allowing a high degree of
personalization in pursuit of the need to reduce the time from the idea to the product as much as
possible and to achieve maximum economic efficiency.

The focus of the research is on developing the strategies, methods and approaches for the
implementation of CAD/CAM/CAE technologies, in particular in the development and testing of
effective implementation of virtual and physical prototypes for time compressing, improving quality
and environmental protective products, design and personalization as well as the sustainability of
organizational and process methods and tools to minimize risk and improve the quality and
efficiency of innovations.

1.3. Level of technologies and solutions

The industrial world is remarkably moving away from the times of large orders and serial
production, and narrow specialization shifts from new innovative methods and processes to a new
generation of flexible equipment, including 3D printing. The design toolbox develops very
dynamically and is increasingly focused on "virtual prototyping”. The "digital connectivity and
structure" of virtual technologies is the highest level of abstraction with many advantages in terms
of reach and flexibility and shows technological peaks in the field.

1.4. Research challenges and objectives

Despite the rapid development of technology, there is a significant lag behind in strategies,

methods, and approaches to their effective implementation.

The engineering practice in this context sets the following scientific objectives:

e Development of strategies and methods to simulate the behavior of the products at the earliest
possible stage as well as to develop new, improved variants based on the original construction
(optimization) by virtual prototyping;

e Development of methods and approaches to reduce the time for development and validation of
the products, finding the most effective balance between virtual and physical prototypes;

¢ Creating methods and approaches for identifying and evaluating specific physical quantities
and/or process parameters (often these values can hardly be directly identified on the basis of
physical modeling);

e Creating methods and approaches for fine-tuning of the virtual prototypes by physically
prototyping of the specific aspects and the behavior by identifying specific physical properties
(these properties can hardly be directly determined by virtual modeling);

¢ Developing methods for implementing virtual prototyping technology and rapid physical
prototyping for personalization of products, including in the field of healthcare and implantology.

1.5. Research methodology

This study is based on the accumulation of empirical knowledge of basic methods and principles for
the use of prototyping in exploring the objects and their elements to functional links between these
elements and the behavior of objects in their virtual modeling, simulation and optimization.

The scientific study here reveals the main aspects of the scientific theory of explaining the essence
of the phenomena through a unique language of their description through complex and related
models, allowing to predict the behavior of objects by exploring virtual objects of created products,
defining the limits of applicability in practice and opportunities for their further development.
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The Thesis Work is structured in ten Chapters. Chapter 1 presents state of the art together
with a description of the research objectives, subject, focus and methodology of the study.

Chapter 2 provide a review of the literature and a theoretical basis of the study that includes
critical analysis of virtual engineering technology, product development, virtual prototypes, physical
prototypes and integration of virtual/physical prototyping in the design process.

On the basis of the systematic review of the state of the field and the analysis carried out at
the end of Chapter 2, the main conclusions are drawn, defining the direction and scope of the
study. At the end of the chapter is defined the general and specific objectives (tasks) solved in the
work.

Chapter 3 is dedicated to the development of innovative design methods and approaches
for organization and implementation of the process of creating new products. An innovative
approach to concept, architectural composition and development of complex products in a
distributed virtual environment, approach to clustering (module based development) and conceptual
structuring based on functions distribution between mechanical system solutions, electronics,
sensorics and system integration are considered through software applications.

Chapter 4 carried out the feasibility of simulation models and analyzes as the main element
of virtual prototyping technology. Specific features are defined in the definition of engineering
analysis, feasibility of specific structural analyzes, multiphysics analyses as well as the reverse
integration of optimized by virtual prototyping geometric models back into the product development
process and the application of virtual prototyping for “design for manufacturing”.

Chapter 5 analyzes the additive technologies and high-speed machining for rapid
prototyping, the applicability, the advantages and disadvantages of the common applicable
technologies for the rapid development of physical prototypes.

Chapter 6 develops a strategy for implementing both virtual and physical prototyping to the
effective development of sophisticated systems and the place of virtual and physical prototypes in
the product lifecycle. A new Fractal Approach to design methodology is proposed as well.

The development of a hybrid method for predicting the “level of confidence” of the virtual
prototyping (VP) results of the multiphysics processes through physical particular testing - "black
box/white box" is developed in Chapter 7 and three approaches are proposed for its practical
implementation.

Chapter 8 explores the virtual prototype as the basis for a “Digital Twins”. The concept of a
Digital Twins has been analyzed and a new method for integrated virtual design of complex
products is proposed through a new "LL" method for Industry 4.0 platform environment application.

Chapter 9 presents an appraisal of the applicability of virtual and physical prototyping to
design practice showing 4 successful finished projects from the author’s practice.

The tenth chapter is dedicated to the applicability of virtual technologies and physical
materialization for implants development process in medical field. Technological methods for
implant production have been analyzed, 3D reconstruction and modeling based on Computer
Tomography Data for the creation of personalized implants and several methods for custom
implants have been developed and practically demonstrated.

2. State of the research field

The virtual (digital) product model is an integration of 3D models that represent a completely
accurate of the object being developed, i.e., its shape, geometry, kinematics, surfaces, material
characteristics of the elements and many other properties and parameters of the product. These
three-dimensional computer models are called a virtual model of the physical product and are
stored in a graphical database composite or structured as part of the design, organizational or
production structure. Behavioral simulations and testing using these models is defined as Virtual
Prototyping (VP).

2.1.1. Virtual prototyping

Here is the terminology that is used in virtual environments and virtual prototype research, and in
the process framework of prototyping.

The definition used in this work is closest to the definition of (Wang, 2002): "A virtual prototype is a

computer simulation of a physical product that can be presented, analyzed and tested for various

aspects of the life cycle such as design / engineering, production, service and recycling as close as

possible to a real physical object. If conventional simulation is used to analyze a specific aspect of
5
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the product (Thompson, 2000), the VP has a wider scope as it examines various, related aspects of
product behavior to reduce or replace Physical Prototypes(PP). Consequently, VP is a technically
new area of related tasks, rather than individual simulation. Various approaches are used to
validate the VP, most often testing using PP.

2.1.2. Physical prototyping

The physical prototype is the object of the physical (real) world (Ulrich & Eppinger, 2005)
and can be created from the same or different materials, functionally to a certain extent the
geometry, properties and behavior of the future real object. Physical prototypes (PPs) are used for
different purposes - both for validation of VP and for product tests or certifications closest to their
final type. Classifications of physical prototypes can be in several directions:

- building a physical prototype with a completely different technology, most often additive (3D
printing) and different material due to different technology;

- building the physical prototype with a different technology, most often additive, but from
identical materials - used in components that require shaping tools and allows functional tests
and analysis of behavior;

- building a physical prototype similar to the ultimate technology and identical material, but with
universal methods and no specialized equipment.

2.13. DEVELOPMENT OF NEW PRODUCTS WITH THE NEW METHODS OF VIRTUAL
ENGINEERING

As virtual build and validation processes can be performed in parallel, the number of
iterations to improve the parameters is greater, but the time to perform one iteration is considerably
shorter. As a result, the product development pathway is reduced, the time for troubleshooting is
reduced, and there is the potential to save significantly on the volume of development costs and
cost of the final result (Figure 2-32).

Although there is a clear tendency towards a widespread penetration of virtual engineering
and virtual prototyping, there is some conservatism in the industry due to the lack of strategies,
methods and approaches to build technical concepts, product structuring and the next from these
interface definitions how to choose a technological solution for a specific set of tasks for virtual and
physical prototyping in a given product and technological context.

The ideal path for development Virtual path for development Digital path for development
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¢ Parallell design and validation //

¢ Collaboration between designer
and assignor

¢ Continuous feedback for the
designer

¢ Help in decision making ~*
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problems that can not be
solved similarlv!

E
E
v
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“—+ Time for change

|

Conception Design Integration Implementation in production Stages for
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Figure 2-32: "Design-test" using virtual engineering (according to automotive engineering),
(Ovtcharova, 2010)
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2.16. CONCLUSIONS FROM CHAPTER 2

e The strategies and design methods discussed clearly show the iterative nature of the process;

e One of the most responsible stages in the design process is the creation of the product
structure, and the adjustment at a later stage is associated with significant costs;

¢ Intoday's dynamic market, complex products are available, which should take account of ever-
increasing consumer requirements. Here is no systematic methodological basis for effective
evaluation;

e The logical structure of product development methodology and existing design methods are
predominantly consistent and less effective;

e The advantages and disadvantages of virtual and physical prototypes and the need for a more
detailed analysis of their technological capabilities, as well as the need to develop methods and
approaches for their effective application are outlined.

One of the main tools for the development of new products is the application of virtual
prototyping, but from the analysis it can be concluded that there are no adequate methods
and approaches for its use in the solving of important tasks for research, validation and
optimization of:

e Objects with complex structure and complex composition that do not allow effective physical
prototyping;

e objects with multiphysical effects that severely hamper modeling and research;

¢ Objects loaded under specific dynamic conditions, such as impact tests, dropouts, etc. not
allowing real tests, even in the presence of physical prototypes;

o Adapting the design of the designed product to the best of the production processes by
simulation, to achieve a technological design.

The application of a physical prototype (PP) is an essential tool for testing and

validating technical and functional solutions for developing new products:

¢ Additive manufacturing technologies, known as Rapid Prototyping (RP), are often used, and the
applicability of different technologies has not been sufficiently studied in the literature;

e There are no effective approaches to assessing the location and extent of RP implementation
throughout the development cycle;

e It is necessary to develop methods and approaches for reverse integration of optimized
geometry as a result of simulations back into the CAD environment;

e The combination of virtual technologies and additive technology (RP) technologies is emerging
as a promising tool for creating and building medical implants, including personalization;

e There is a lack of well-tuned and validated methods for complete implant building in a virtual
environment with rapid materialization in literature and practice.

Design tools are developing faster than methods, organizational strategies, and
engineering expertise. The following features of the environment and the conditions of
development of new products are observed:

e More and more important for companies is the ownership of product rights rather than internal
production capabilities at a component level,

e Product designers are transformed into system integrators, and subcontractors specialize at the
technological and process level and move away from the end product;

e The consequence of this development is the need to develop, validate and implement new,
innovative, effective and efficient methods for designing new products.

The new realities in the Connected World define a new paradigm of the design process
and in general pose new challenges for finding effective ways, tools for an effective balance
between market requirements and technological development, and lagging methods and
tools for managing innovation processes, compared to the resources mobilized in this
process.
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2.17. THE THESIS GOAL

The goal of the Dissertation Thesis is to create, explore and appraise new strategies,
methods and approaches for virtual and physical prototyping in the process of creating the
conception, variant and personalized design and construction of innovative products to
reduce technical, technological and investment risks, costs and time for industrialization.

RESEARCH TASKS
The following main tasks are defined to fulfill the goal of the dissertation thesis:

1. Develop innovative strategies, methods and approaches to quickly specify and
conceive complex architectures of innovative products with reduced readability,
including on a modular basis, balancing customer requirements versus functionality
and variance;

2. Creating an approach for effective distribution of functions between mechanical,
electronic, sensor and software systems to achieve optimal reliability and, above all,
low cost of composite use of available commercial components;

3. Develop innovative strategies, methods and approaches for virtual prototyping that
allow the most accurate and adequate modeling, simulation and research of the
behavior of the object at the earliest possible stage of complex variational and modular
structures, as well as the development of improved variants (optimization);

4. Develop, validate and approve methods and approaches to reduce development and
testing time in the process by finding the most effective balance with virtual and
physical prototyping, taking into account the complexity and different levels of
technological readiness of the individual systems and elements of the general
architecture;

5. Exploring the possibilities of evolution of the virtual prototype to a digital twin, allowing
the most accurate and adequate modeling, simulation and study of the behavior in the
working conditions of the product being developed and subsequently during its
exploitation period to build a cyber-physical system for throughout the life cycle;

6. To offer and test new methods and approaches for adaptation and fine tuning of virtual
prototypes by physical prototyping and testing of specific aspects of behavior, by
identifying and adapting specific physical properties or dimensions, increasing their
accuracy and effectiveness;

7. Apply and test the developed methods and approaches in industrial projects for the
applicability of the theoretical and methodological basis and the evaluation of the
efficiency and effectiveness in the changed paradigm of the design process;

8. To offer and implement innovative methods for the implementation of virtual
technologies and rapid physical prototyping in personalization in the field of healthcare
and implantology.
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3. DEVELOPMENT OF INNOVATIVE PROJECT METHODS AND APPROACHES IN VIRTUALIZATION
OF THE PROCESS OF CREATION OF NEW PRODUCTS

The engineering, technology and organizational challenge (competency) to organize the
planning, implementation and control of complex projects for the development of new products
must also definitely include tools for integrated product development, project management, cost
management and the necessary organizational strategy. Only in this way is it possible to realize a
well-synchronized, efficient and simultaneous work of the individual teams in the overall product
development process.

3.1. OPPORTUNITIES FOR IMPLEMENTING NEW VIRTUAL INSTRUMENTS IN PROCESSES FOR
DEVELOPING INNOVATIVE PRODUCTS

Many of the products and machines available today did not exist until recently, so previous
designer experience for these tasks can be applied in limited volume. Therefore, new, more
systematically-oriented approaches are needed to ensure rapid and error-free design of
increasingly sophisticated products.

Phase 0 Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Planning 3 Concept 1 System-Level | Detail 1 Testing and 3 Production
Development Design Design Refinement Ramp-Up

Development Processes and Organizations

Product planning Identifying Customer
Needs Initial prototype

Product Specifications

Concept Generation
Concept Selection
Concept Testing

Many More-Focused Development Methods
Product Architecture
Industrial Design
Design for Manufacturing
Prototyping
Robust Design
Patents and Intellectual Property

Product Development Economics

Managing Projects

Figure 3-4: Main product development activities and possible development methods

One of the most important aspects of improving the design process is the development of
new design methods that meet the new requirements and new technologies and opportunities for
their use.

Technologies, methods and approaches to innovation development in most industries
undergo changes. Iterative multi-step approaches have clear consecutive steps that are typical of
today's design methods (including standards from the level and scale of VDI). More work is being
done on this, that much of the process is developing in parallel. Figure 3-4 depicts the main
activities of the product development process. (Ulrich & amp; Eppinger, 2008)

Prototypes are used to support the communication and integration of designers and
stakeholders, including when specifying products as a customer relationship (Figure 3-4). They are
also used as training tools during the product development process. From an integration point of
view, prototypes enable different design team members to coordinate with each other and integrate
the solutions adopted to everyone in order to work in sync with up-to-date levels of readiness.

3.2. CONCEPT BUILDING. TECHNICAL SPECIFICATIONS

The model of the process of creating the conception (see Figure 3-5) is a concise approach
to describing the process of concept building, describing and reporting the whole process of
developing, producing and distributing a new product. The aim is to make a systematic analysis
based on the interrelationships and the relationships between the different elements that make up
the product model and the environment for its development. Generating ideas is a key component

9
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of the conceptual model. In general, the conceptual model builds a framework that focuses on the
various important aspects of the individual elements of the product.

An attempt to seek synergy between the requirements of today's users and the dynamic
development of the technological environment in the development of new products through virtual
engineering and prototyping can be presented as a matrix structure in terms of adequacy and
relevance as a further development of the interactive a matrix for developing new products (Figure
3-6).
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Figure 3-5: Model of the process of creating the conception
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Figure 3-6: Matrix of adequacy of the technological environment and its instruments to the
requirements of the market in the development of new products

The analysis of the technological environment in the development of new products through
the tools of virtual engineering and prototyping unambiguously shows that prototyping becomes a
decisive factor for the success of a project. Particularly important here is virtual prototyping as a
tool for validating conceptual, architectural, functional and technical solutions as early as possible,
see Figure 3-7. In contrast to other authors (Wang, 2002), referring to three or more elementary
structures of VP, an additional element of differentiation of functional study with VP (requiring solid
models) from behavioral simulation (e.g. external loads, temperatures, etc.), requiring modeling
through susceptible models and FEM simulations. According to this author's view, VP has a
connection of its individual elements with the possibility of elementary evaluation.

VP plays an extremely important role in studying the "human-product” relationship. Every
aspect of human involvement in the operation and / or maintenance of an item can be "verified" by
dedicated VP technologies. Quite often, it is these analyzes that lead to the emergence of new
requirements to the design, ergonomics and functionality of the product: there is a kind of feedback
from user to product.

10
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CONCLUSIONS
e Based on the analysis of the
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development of new products, it is
clearly justified that prototyping is a
decisive factor for the success of a
project;

e |tis particularly important to implement
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solutions;

e Unlike the conventional VP structure, etiavioy
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models for FEM simulations, which development

defines the VP as having an additional level of connectivity of its individual elements
while preserving the possibility and for elementary evaluation.

3.3. INNOVATIVE METHODS AND APPROACHES FOR DEVELOPING PRODUCTS. PROJECT
STAGES

In recent years, it has been noticed that the growing variety of products, reducing the
volume produced by each particular model, has led to the emergence of modular platforms and
variant systems, different client configurations, specific performances for different markets, and
many others, making products multivariate and branched structures.

On the other hand, the life of the products over time is getting shorter and this requires them
to be upgraded at least partially after a short period due to market requirements or normative-legal
reasons. In this respect, the iterative methods and development approaches discussed in Chapter
2 are adequate to highly integrated and accelerated development processes, especially when
creating innovative products.

3.3.1. EXAMPLE: Define a family table of hand-held hammer drills

The project aims to create an innovative family of high-performance impact drilling hand-
held power tools (IDHHPT) with an innovative impact system based on the principle of controlled
resonance. The IDHHPT family, also called perforators, is designed for drilling, grinding and
shredding of concrete, stone, etc., walls, slabs, columns, etc., using drills, sharpeners, scissors,
chisels, etc.

The family table takes into account as much as possible the specifics of the different types
of processes (drilling, drilling, breaking, uncovering ...) and customer needs profile for different
climatic and geographic areas, as well as application, productivity, ergonomics, requirements and
more. special requirements.

PRODUCT DEFINITION: HAND-HELD HAMMER DRILLS (PERFORATORS)

Product description: Manual hammer drill tools for impact boring. Hand-held hammer drills
are widespread in construction and repair activities.

IDENTIFICATION AND SYSTEMATIZATION OF CLIENTS 'NEEDS

In order to conduct a survey of customer attitudes and assessments, it is necessary to
create a systematization of objectives and tasks for the product of its development strategy. The
following steps are suggested to identify customer needs:

Determining the functional range of the product

Collecting raw data from different stakeholder groups

Interpreting raw data

Organization and structure of customer needs by interested groups
Evaluating the importance of each need

Reflection of the knowledge gained in the product development process
Continuous improvement of the product specification.

11
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3.3.2. Development of indicators for customer needs

In order to conduct a customer needs and assessment study on the above mentioned
methodology, it is necessary to create a system of product indicators (IDHHPT) in the context of its
market strategy to consumers. On the basis of a large number of analyzed sales data for IDHHPT,
49 igdicators of customer needs are highlighted. The following table outlines these systematized
needs.

Table 3-2: Consumer Needs Table

No System Name of the need Significance
1 IDHHPT | Provides good energy for impact and puncture drilling. 1
2. IDHHPT | It has low vibrations and does not get tired after many hours of work. 1
3. IDHHPT | It lasts several hours of heavy use. 2
4 IDHHPT | May pierce holes in solid materials. 2

47 IDHHPT | It remains comfortable when it is in the sun for a long time.
48 IDHHPT | It's easy to handle when drilling.

49 IDHHPT | It's easy to handle at break.

50 IDHHPT | With nice sound is when it is used.

NN

The next important step in the development process is to transform client needs into
technical requirements, and these are themselves to be defined by the technical specifications of
the product in measurable parameters. Here is the basic idea of QFD, which allows to transform
internal and external needs into product specifications. QFD can be used to prioritize requirements,
find correlations, assess solutions, and compare the concept with competitors (Valtasaari, 2000). In
the first phase of the definition of the family are analyzed the most commonly used percussion
mechanisms, patent solutions for this type of mechanisms, as well as used in this class of
machines quick grip tools.

Familial architecture is designed with the utmost coverage of customer needs and at the
same time reaching the maximum level of unification of drives, according to the order of the
company's electric motors. The approach proposed by and further developed by the author with the
addition of non-quantifiable indicators is used. (Sharman & Yassine, 2004)

Table 3-3: Transforming needs into a technical specification
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DEFINITION OF FAMILY TABLE ARCHITECTURE AND MAIN TECHNICAL SPECIFICATIONS
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Figure 3-10: Developed range of impact and Figure 3-11: Family table of impact and impact

impact drilling machines with pneumatic drilling machines with pneumatic and vacuum

vacuum impact mechanisms impact mechanisms - final structure and
architecture

The structure is matrix and horizontally develops in weight classes 2, 3, 5, 7 and 15
kilograms. This structuring is determined by the market traditions. On a vertical axis is structured in
terms of functionality, conceptual features (positioning of the drive) and by source of the drive -
cable or accumulator.

The main advantages of the family table developed that way are:
o Lnnovart]ive; Resonance Impact Pneumatic Vacuum System - New in the World Market(patented

y Author);

¢ Optimal range of the family as an area and a dimensional order allowing for flexibility, maximum
satisfaction of consumer needs and efficient production;

e The main differences here are the use of virtual prototypes at the earliest possible stage. This
applies to a very high degree to the development of an innovative resonance shock system.
This is a new concept based on a well-known physical effect, which however is generally
considered harmful in the technique, and here it is proposed to use resonance to increase the
efficiency of the impact system. The lack of sufficient information and experimental research
necessitates the use of VP as the main tool for the research and conceptual development of a
resonance shock system as well as for the creation of family architecture as a function of this
system and its associated electronic drive management system of resonance mode. These
steps will be shown with in detail as an approximation of the approach with the maximum early
and large application of VP in Chapter 9.

CONCLUSIONS

e Due to the need for a high degree of integration and close interaction between the
elements of the individual systems in the specification and conception of mechatronic
products, the necessity of applying the methods of virtual engineering from the earliest
stage of development;

e Based on Quality Features (QFD), an approach to identifying user needs (using
prototypes) and transforming customer requirements into technical specifications;

e On the example of a developed concept of a hammer-drill family, the efficiency of the
above approach has been proven by achieving good family structure, members being
defined in such a way that the functional-value overlap between members is minimal,
such as the level of unification all members to be as high as possible;

e An original principle of a specific quasi-resonance mode of operation of a pneumatic
vacuum mechanism with increased impact energy efficiency and a design, patent

protected by a worldwide patent is developed.

3.4. INNOVATIVE APPROACH FOR CONSTRUCTION, ARCHITECTURAL BUILDING AND
DEVELOPMENT OF COMPLETE PRODUCTS IN A DISTRIBUTED VIRTUAL ENVIRONMENT

The main trend for the development of complex products is the transition from system
design to functional and subject level to modular construction of complex systems with minimal
investments in new elements. At the same time, with the introduction of electronic sensor systems
in these products it is necessary to include in the process of development and new participants -
specialists in electronics and software.
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Figure 3-14: Conceptual development. A sequential iterative method for product development

These challenges call for a new methodology and approaches in conception,
architectural construction and especially in the validation of complex products in the new
information, technological, organizational and distributed work environment.

In this respect, the above-mentioned iterative-iterative methods and development
approaches are not fully adequate to highly structured and accelerated development processes,
especially when creating more complex products. (Figure 3-14)

One of the approaches to designing complex systems is the so-called "V" approach for
decomposing and subsequent integration into the design process. (Didier, et al., 2017) (VDI2206,
2004). However, it does not take into account the interconnectedness of the individual nodes in the
multivariate construction and in the modular systems to the extent necessary and is thus not
sufficiently effective as far as it does not investigate variant build and validation in connectivity.

DESIGN STRUCTURAL MATRIX (DSM)

DSM is a common method for presenting and analyzing system models in different
application areas. DSM is a square matrix (i.e. has an equal nhumber of rows and columns) that
shows the links between the elements in the system. There are three basic building blocks for
describing the relationship between system elements: parallel (or concurrent), sequential (or
dependent) and related (or interdependent).

Compared to other system modeling methods, DSM has two main advantages:

e Provides a simple and compact way to present complex structures.
e DSM allows a number of analyzes such as clustering (to facilitate modulation) and consistency
(to minimize cost and time risk in processes) of the construction.

3.5. CLUSTERING (MODULE BUILDING) BASED ON DSM

When DSM elements are the product design components (i.e., component-based DSM), the
purpose of manipulating the matrix changes significantly from that of the sequence algorithms. The
new goal is determined by finding subsets of DSM elements (i.e., clusters or modules) that are
mutually exclusive or minimally interacting subsets, i.e. clusters as groups of elements that are
interconnected to a considerable extent while they are little connected to the rest of the system.
This process is called "Grouping" or modulation. (Sharman & Yassine, 2004)

3.5.1. EXAMPLE: DSM for conceptual and structural construction of a forklift
truck

CONCEPT. MAIN COMPONENTS OF THE PRODUCT

An important stage in the development of a product is the unification of its core nodes. It is
also directly related to the concept of the construction itself. The main components of the product
for the example under consideration are made by developing 21 functional constructive groups and
systems. The clustering cluster of DSM in this project makes it possible to build optimal structural
configurations based on the degree of interaction between the elements of the entire machine.
Because of the specificity of connectivity in a complex product, such as, for example, the lifting
equipment, it is proposed to specifically define the connections as bonding elements in the DSF
matrix, the links being described as follows:

S - relationship of subordination from row to column and from column to line. In the case of
a link of this type, the change in one element would result in a mandatory change in the
subordinate element;
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O - Optional link from row to column (over diagonal) and from column to row (under
diagonal). In a connection of this type, changing into one element would NOT cause a mandatory
change in the linked element;

X - Interconnected link type from row to column (over diagonal) and from column to row
(under diagonal). In the case of a link of this type, the change in one element would result in a
forced counterpart to the interconnected element.

These three definitions of connectivity add a new element to the DSF matrix building and
allow for more modular and modular structuring.

Table 3-4: DSM of connectivity
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Hydraulic system
Engine

Intake system
Exhaust system
Cooling system
Lifting device
Boxes and gadgets
Electric management
Cabin and seat
Steering system
Lighting and signal

4. Counterweight
6. Wheels and tires
7. Front bridge

O| |08. Braking system

O|np. Rear axle
9. Clutch

11
2
13.
4
5
7
18.
19

21.

wn|2. Oil reservoir
wn|3. Tank fuel

Chassis

Qil reservoir
Tank fuel (0]
Counterweight
Rear axle 0]
Wheels and tires

Front bridge

Braking system

Clutch

0. Transmission

11. Hydraulic system

12. Engine

13. Intake system

14. Exhaust system

15. Cooling system

16. Lifting device

17. Boxes and gadgets

18. Electric management system
19. Cabin and seat

20. Steering system

21. Lighting and signal

o

wn|o[10
)
O|Xx|x[16.

x

BO[O[N[O[O[R[W[N[F

(o[e]
@]

O| |0|0|o

x

The key element of this development approach is by moving from nodes to module building,
subject to the rules proposed above. The DSF matrix defines the interconnection of individual
groups and systems. They are grouped in the neighborhood according to their functional
connectivity and autonomy in the 7 basic modules (clusters) shown in Figure 3-19.

THE DESIGNATION OF MODULES IN STRUCTURAL GROUPS MUST FOLLOW THE FOLLOWING BASIC
PRINCIPLES (AUTHORIZED BY THE AUTHOR ON THE BASIS OF PRACTICAL SOLUTIONS)Z DEFINITION OF
INTERFACE BETWEEN MODULES

The conceptual construction of the forklift example, it can be argued that such a developed
concept enjoys a high level of modularity of the construction while preserving the unification of
nodes and elements in the respective separate module of the system as well as between them. The
novelty of this design strategy lies in the fact that from system design, as the nodes in the
connectivity table, are transformed into a new architecture - namely clustering or modular design.
Composing modules into larger units allows descriptions to move upward with the same level of
abstraction.

EXAMPLE

For illustration, an example of NEXEN Liftruck's work from the author's practice is used.
Figure 3-20 shows the architecture of the NEXEN FD25 systems listed in Figure 3-19 as a DSM
matrix of connectivity, shown by indices M1 to M7.

Some of the systems are physically distributed in different parts of the forklift, connected to
interfaces such as hydraulic hoses, electrical wires, drive couplings, etc.
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Figure 3-19: DMS of connectivity

2. Counterweight

18. Wheels and tires

3. Front bridge

13. Hydraulic system

8. Engine

10. Exhaust system

11. Cooling system

16. Lifting device

17. Boxes and
MODULES

14. Qil reservoir
15. Tank fuel

5. Rear axle

4. Braking system
6. Clutch

7. Transmission
9. Intake system

1. Chassis

1.Chassis
14. Qil reservoir
15. Tank fuel

2. Counterweight
5. Rear axle
18. Wheels and tires

3. Front bridge
4. Braking system

6. Clutch
7. Transmission
13. Hydraulic system

8. Engine

9. Intake system
10. Exhaust system
11. Cooling system

16. Lifting device
17. Boxes and gadgets

In this methodology, we have a significant difference from system design based on the
separation of individual systems - for example, hydraulic system, steering system, transmission,
etc.

Figure 3-20: System architecture of NEXEN FD25

Left; system structure at a system level showing the different systems of the machine and the relationship between them. Right; structure
structured on modules of the machine represented by modules and relationships between systems and modules

3.6. MATRIX APPROACH TO DEFINING THE FUNCTIONAL ARCHITECTURE OF THE PRODUCT TO
DISTRIBUTE THE NEEDED FUNCTIONS BETWEEN THE DIFFERENT BASIC SYSTEMS

Development processes are increasingly complex and architecturally they are looking for
increasingly fragmented and structured concepts and architectures, and very often fragmentation
takes place on a functional level - elements, nodes or modules with clearly defined interfaces or the
individual stages and levels of technological readiness in the development process.
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Figure 3-22: Matrix approach to define the functional architecture of the product
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urgency of using a new non-traditional interdisciplinary approach when designing them.

e An approach to the automated design of complex machine-building products on a
modular basis through virtual engineering technologies has been developed through the
appropriate separation of the main components of the system by applying the DSM
modified method.

e A matrix approach is proposed to define the functional architecture of the product to
allocate the necessary functions between the different basic systems in three steps in
three sub-matrices:

o Formation of the functional architecture of the product in order to allocate the necessary
functions between the main systems - mechanical, electrical, electronic, etc.

o The product interface architecture is built into a matrix based on the formed functional
architecture by defining unmodified or "hard" interface definitions;
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o A matrix type also defines the "technological readiness level" of each element of a functional
architecture with firmly defined interface definitions.
e This approach makes it possible to develop in parallel individual systems or elements
with different levels of technological readiness based on unchangeable interface
definitions.

4. ANALYSIS OF THE APPLICABILITY OF SIMULATION MODELS AND ANALYZES AS A MAIN

VIRTUAL PROTOTYPING ELEMENT

Engineering analysis is a scientific analytical method based on system decomposition to a
function or mechanism level to analyze and evaluate components in accordance with basic physical
principles and natural laws. Performing engineering analysis follows the main types of activities
shown graphically in Figure 4-1.

CALCULATION ANALYSIS

_/CONCEPTION . /4 # MODEL /" RESULTS /

Figure 4-1: Main activities in engineering analysis - basis for virtual prototype

VP are interconnected simulation models based on common 3D boundary conditions and
material models for performing sophisticated product studies in a "digital environment" simulating
real operating conditions in interconnected physical processes. A definition of a calculation model,
a simulation model / engineering analysis, and a virtual prototype is shown in Figure 4-2.

Virtualisation stages

Opportunities Virtual prototype

Simulation analysis

Computational models @ @ accumulation of knowledge

engineering analysis

calculations

v

| | | | »
1980 1990 2000 2015 time

Figure 4-2: Virtualization levels over the years

4.3. APPLICABILITY TO SPECIFIC STRUCTURAL ANALYSIS
4.3.5. Structural Explicit Impact Analysis

The analyzes considered so far use mainly implicit approaches, mainly because of the
duration of the simulated physical process (see Figure 4-13). Explicit approaches are more
appropriate in the following cases:

e Fast-running processes, due to their specificity described above, significantly reducing the
calculation time;

e highly non-linear nature of the research process;

o difficulty in bringing the task through an implicit approach.

The characteristic of the explicit approach is that the results that will be obtained will be
accurate if the steps are small enough. The insufficient number of steps leads to a deviation from
the right solution, but increasing them also increases the decision time. Thus, the maximum time
interval between two steps is sought, which will achieve a sustainable solution. It is determined by
the necessary condition of Courant-Friedrichs-Lewy (CFL) for bringing in the differential equations,
which in one-dimensional form is written as:

c* At
= % < Cinax known as the Courant number.
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This condition means that
traveled by the fastest propagation
wave in the mOdeI (C*Atmax) must Duration of the simulated process

be less Chax times than the Ir. 10s 1s 0.1s 0.01s 0.00ls 0.0001s
smallest element size in the €

direction AX. In the case Of explicit crawling statics dynamics free falling ballistics detonation highspeed hit
assays, Cow = L

For example, when
analyzing a steel structure having a
minimum characteristic element
length of 5mm, the recommended
maximum value for the time interval
is 10-3 ms. (Roth, et al., 2002)

4.4 NON-DEFORMABLE SOLID MECHANICS

Engineering analyses, related to the R e
mechanics of non-deformable bodies, investigate the Dempfer \
dynamics of systems of solid bodies performing | /@
motion without taking into account their deformations. ‘ -
Typical applications are most often the movements of
machine parts considered in terms of their parameters
such as speed, acceleration, strokes, etc., in which
kinematic or dynamic (including impact) physical
processes are depicted.

Figure 4-13: Structural Explicit Impact Analysis

. 7

non-deformable body  Springs

EXAMPLE OF APPLICABILITY

Ground

This type of analysis has been demonstrated to
optimize the operating parameters of a hand-held Figure 4-17: A system of non-deformable
power tool. The goal of optimization is to increase the  ¢4|igs

impact energy while maintaining or decreasing the

vibrations in the handle (respectively the reaction). The built-in virtual computational model enables
the system parameters to be varied to optimum performance, with a schematic diagram of the
system
shown in
Figure 4-
18.
Compone
nts of the
model are
the main
work
pieces of
the
resonant
pneumatic
vacuum
mechanis
m:
intermedia
te lighter
(indicated on the diagram with B); a fighter (indicated on the R scheme); a plunger (indicated on the
diagram with P); piston axis (indicated on the diagram with PP); flywheel (indicated on the diagram
with C); cv axis (indicated by PCR); crank (indicated on the CR schema); spindle (indicated on the
SP scheme); tool (indicated on the diagram with T); processed material (indicated on the T
diagram).
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Figure 4-18: Mechanics of non-deformable bodies. Application
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4.6. MULTIPHYSICS ANALYSES

EXAMPLE OF THERMOFLUID ANALYSIS WITH APPLICATION IN VP

It involves joint solutions to fluid mechanics and thermal processes in solids. The subject of
the study is an automated system for thermal processing of microprocessors by convective heat
exchange. The process is the welding of the contacts to the pad (Ball Grinded Area installation via
reflow process).
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Figure 4-32: Multiphysical analyses. Figure 4-33: Multiphysical analyses. Application in
Application in thermofluid process. Flow thermofluid process. Temperature variation over time, K
rate in longitudinal section through the
turbine axis (vector representation), m/ s

The basic requirement is to observe the corresponding heating mode (see figure). The heat
output to the products processed is recovered by heating the air with heaters located horizontally in
the inlet zone of the fan (below the axis of rotation). The project involves optimizing the design to
reduce time for placement and reaching a maximum temperature difference between the
components below the required 3 °C.

CONCLUSIONS

o Extended definition of VP is proposed - the technology includes the creation and use of
virtual simulation models in reporting interconnected processes and phenomena for
Exploration and Validation of Functionality and Performance.

e The capabilities of specific types of engineering analysis have been explored in terms of
their applicability in solving different engineering tasks, with emphasis on related
interactions underlying the VP. In practice, the behavior of a particular piece, assembly
or machine can only be adequately analyzed with the help of a VP.

4.7. REVERSE INTEGRATION OF THE OPTIMIZED GEOMETRY MODELS IN THE DEVELOPMENT
PROCESS

Approaches for the exchange of information from the optimization work process (OWP) to
the product development process (PDP). Three basic conceptual approaches based on the
application of these existing tools have been developed. They are schematically shown in Figure 4-
35. Each step is described below in detail. Two major approaches are possible, as shown in the
scheme above, one of which has two varieties:

e Generative approach: The main specificity is that the final CAD model is new, different from
the one available in the PDP.

e Comparative approach: The main specificity is that the CAD model originally in the PDP,
which is integrated in the OWP.
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4.8. APPLICATION OF VIRTUAL PROTOTYPE FOR TECHNOLOGY ORIENTED DESIGN AND

CONSTRUCTION
Technological design
means  building forms and A.1: CAD model

constructions  tailored to the
materials and production model

capabilities of the available \/

technology base, defining A.3: Optimized FEM
tolerances and control processes (nodes and emblems)
compatible with materials and i

production volumes.

The verification of the B.1: Output model in neutral
technological requirements of the format
planned ~ production processes {Glous O PoINTS, STL, STER)
has been carried out continuously 3
since the earliest stages of the
development. B.2: Surface (NURBS) model
These requirements .
depend on the materials and the v
dES|gn of each detail and_ _are B.3: Edited surface model
largely the result of empirical ._
solutions of designers at different
stages of development. )

Production technologies are very D P )

close to the materials used to A _._
produce the parts. optimized geometry .

This is shown graphically 1
in Figure 4-43. However, this is \
not always possible and the E.l: Recognizing signs C.2: Pattern with
earliest possible stage for on the starting CAD recognized signs

applying the technological

requ_irements depends on the L F: New or modified existing CAD J
particular task being solved. The model in DB of PRP
possible stages are summarized:

¢ When preparing the  Figure 4-35: The process of optimization in the overall

workspace duct devel ¢
e After generating a test version ~Product development process

before calculating it
e After obtaining the optimization result, at the end of the optimization cycle.
On Figure 4-47 a multi-step approach to solving optimization tasks is shown, taking account of
production constraints.

defined workspace: ' | reprocessing: | | preparing optimization;
geometric cleaning P adefined calculation ——————J» setting targets,

model }variables, etc.

produc
tdevel
opmen A
t proce optimization cycles
ss i )
| postprocessing: ! /| reprocessing: | | project correction: | N
Validation of i | adefined calculation ‘ ’ application of know-how
optimization results. final i - model for verifying the l on production :
. evaluation : .\ corrected project . technologies ) /

.

Figure 4-43: Process of Solving Numerical Optimization Tasks
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DR procasing. preparing optimization:

defined workspace: . setting targets, casting,
geometric cleaning —P a dzﬁrI\ed calculation _>etc.
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develop \ - optimization cycles /
ment i 2
process ot

postprocessing:
Validation of

‘ optimization results. final "
evaluation .

Figure 4-47: Process of Solving Numerical Optimization Tasks Taking into
account the Technological Restrictions

CONCLUSIONS FROM CHAPTER 4

e Extended VP definition is proposed - the technology includes the creation and use of
virtual simulation models, taking into account interconnected processes and phenomena
for exploration and validation of functionality and performance.

e Two new approaches (generative and comparative) were proposed to successfully
integrate an effective geometric model from form optimization into a common CAD model
existing in the product development process.

¢ A methodology is proposed to include technological limitations by transforming them into
geometric ones, presented as a limitation in the direction or magnitude of the respective
displacements, and be defined vector by parametric tolerance data, defining collision
surfaces, and defining interconnections.

¢ An engineering approach for assessing different structures from a technological point of
view is proposed.

5. PHYSICAL PROTOTYPING. ANALYSIS OF ADVANTAGE TECHNOLOGIES AND HIGH-SPEED
MECHANICAL PROCESSING

FOR RAPID TOOLING direct methods for
There are a large number building:metal detalls

of additive manufacturing methods

and technologies, which for the |
most part are completely different
from conventional methods for

making physical objects | with melting | | without melting
(prototypes).
3D Systems

5.2. ADVANTAGE TECHNOLOGIES ,
FOR METAL STRUCTURES &'1
BUILDING selective laser melting direct metal deposition

Additive technologies have Fromatal SLM DMD
been extremely dynamic since the SL
early 1980s. Initially, methods for 5y e
3D printing of plastic products o P
were developed, but metal S orl B
building technologies were further | DMLS: | L}
developed (Figure 5-8). The figure | = POM - Trumpf
below provides a classification of @ —

technological methods for building - A

metal components. — rm

5.2.1. Selective Laser Melting —

SLM Figure 5-8: Some methods of additive building of metal

Selective Laser Melting, components
(Kruth, et al., 2005) (Pham &
Dimov, 2003) is a method in which pulverizing material is used by laser beam to produce a metallic
part with a practically unlimited complexity.
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PROS AND CONS
The advantages and disadvantages of the process are presented in Table 5-5. As the most
accurate and applicable for medical purposes is the technology selective laser fusion.

Table 5-5: Advantages and disadvantages of selective laser melting

PRros CONS

e Support structure of same material; eErrors due to thermal
eWork with a variety of materials - stainless steel, tool steel, cobalt, deformations;

chrome, titanium, aluminum; ePoor accuracy on Z;
eHigh accuracy - axes X and Y; eHigh surface roughness
¢Ability to produce fully functional details; of the model compared to
eNo need to further model the model; stereolithography;

eThe technology allows for a very complex geometry; eRemoval of support
The parts can be polished using conventional polishing methods. structures is required.

5.2.2. Obtaining functional details by laser deposition of molten powder —Direct
Metal Deposition (DMD)

Deposits of molten powder are laid over a movable platform as opposed to the powder bed
as the technology discussed above. The working concept of a system of this type is presented in
Figure 5-11.

of
particular interest 6 e
are materials ‘,/ [ ]
such as titanium.

Most  systems s -
use raw | ,
materials, but it )

is also possible
to feed the
material as fine
fibers.

In this

Direction of movement

Metal powder _/ “‘

Laser beam

Welding bath
Protected gas ——— i

Deposited material
H I
3 //— Melt
case the . W / //:I Metal bar

material is fed

out of the axis of  Figure 5-11: Diagram of DMD process: 1 - Extruder head; 2 - Powder material;
the beam. 3 - Table; 4 - Protected gas inlet; 5 - lenses; 6 - Mirror; 7 - Laser; 8 -
Transportable gas

Table 5-6: Advantages and disadvantages of the method of obtaining fully functional details by
deposition of a laser engineered net shaping (L.E.N.S.)

Pros CONS

The supporting structure is of the
same material as the main one,
which makes it difficult for
removing;

Necessity of postprocessing on the
surface of the workpiece;

Rough surfaces that require
additional finishing.

Good use of material - with minimal losses (unlike SLM technology);
They allow the construction of closed volumes of surfaces, leaving no
powder material (as opposed to SLM technology);

The finished details are close to the "net" shape and density of the
same obtained by conventional methods;

Ability to produce large-sized parts and / or finishing of additional
elements.

One of the first such systems, implemented in the world practice, is located in Bulgaria —
Sofia TechPark, delivered by a team of TU-Sofia (Figure 5-12).
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5.3. STUDY OF APPLICABILITY OF HYBRID ADDITIVE
TECHNOLOGY

In recent years, we have been working towards
building turbine blades with additive technology. Both SLM
and DMD technologies for 3D metal printing are tested. For
DMD machines it is possible to implement milling and / or
lathe operations - the so-called hybrid machines, which allows
the finishing operations to be carried out on one unit. The lack
of switching of units on its own makes it more accurate when
making precise details.

For the purpose of this development, a unique hybrid
machine from the highest grade Lasertec 65 3D (Figure 5-19)
produced by DMG MORI is used.

Figure 5-12: Lasertec 65 3D
Hybrid Machine

Figure 5-19: Lasertec 65 3D Figure 5-28: Frame from
hybrid machine, located in the the process of building a
3D Creativity and  Fast turbine blade detail
Prototyping Lab - a virtual twin

5.3.2. Examining the process of directly building metal structures by adding
material with the Lasertec 65 3D hybrid system to identify key process
parameters

A COAX 9 nozzle with a 3 mm diameter (Figure 5-28) is mounted for the purpose to the
machine's laser head. Powder material of the type of tool steels with a grain size of 45-106 um is
used. The optimal parameters for working with a given material are determined by experiments, the
process is iterative, and after each experiment, the obtained structure is examined. The main
parameters to be studied are:

e Laser power [W];

o Feed rate [m/min];

e Powder flow (quantity of powder passing through the nozzle per unit of time) [g/min].
The ratio between feed rate and powder flow determines the shape and dimensions of the root
(Figure 5-17) (Bax, et al., 2018). The power-to-flow ratio determines the adhesion between the

layers (Figure 5-18) v '

Figure 5-17: Examination of the ratio of feed speed to Figure 5-18: Examination of the ratio of power to
powder flow at constant power of the laser source powder flow at a constant feed rate
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There are also so-called secondary parameters, which are usually not validated and

adjusted when the process is first started. Such parameters are:

e Nozzle diameter (depends on the component) [mm];

e Inert gas flow rate [I/min];

e Focal length [mm];

e Distance between the nozzle and the welded surface [mm]. Second Stage - Virtual simulation
and creation of control NC programs via DMG digital twin.

The digital twin is a precise copy of the physical machine. The DT of the machine is
necessary not only for better visualization of the kinematics in the virtual simulation of the process,
but also for post processing
with the exact parameters of
the used machine.

Figure 5-31 shows
views of the produced part.
Then another piece of the
part is built to evaluate the
internal structure. For this
purpose, a thin section is
made (Figure 5-32).

Figure 5-31: Detail Figure 5-32: Cleaned up thin section for
view - Il analyses

5.3.3. Evaluation of the geometric properties of the resulting 3D objects

Figure 5-34 and Figure 5-35 show the results of the comparison.

Figure 5-34: Normal distribution of Figure 5-35: Normal distribution of geometry
geometry deviations - | deviations - Il

CONCLUSIONS

e When building metal structures using DMD, it is necessary to select appropriate parameters for
the material.

e The produced part is usually not suitable for direct implementation in a given mechanism /
system due to the rough surface.

e The internal structure of the workpiece is of exceptional quality (Figure 5-32). The details
produced by DMD technology are characterized by high hardness (up to 67 HRC). The
additional quenching is due to the extremely high temperature during the process (above 1500
°C).

e Evaluations of the geometric properties of the resulting object can be made by the values of
Figure 5-34 and Figure 5-35. 61.4% of the geometric deviations are within £ 0.25 mm. The
deviations are due to the rough surface of the workpiece (Figure 5-31).
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5.5. MATERIAL CUTTING TECHNOLOGY - CNC HSM (HSM — HIGH SPEED MILLING) FOR
RAPID PROTOTYPING

Additionally, production is not a universal solution for any case of rapid prototyping. CNC
technology, as an alternative to material-adding methods, is economical, widely understood and
widely distributed, offers a wide choice of materials and excellent accuracy.

The dynamics of the machine and axle drives are essential. This is also determined by the
S|gn|f|Cant Increase in HSM * Compact 5-axis-portal machine with
Worklng axle feed rates. One such g linear drives in X/Y/Z max.
machine is in the acceleration or accelaration >5g
deceleration mode for much of the A
timeitis running. +  Water-cooled USB 42 spindle for High

Particula“y h|gh Speed Cutting with max. 42000
requirements for the persistence e et
of a number of momentary "
process parameters such as i
beating (requiring a special type of gl .
instrument holder with increased
precision), high speeds, including
over 40,000 rpm, adaptive feed
control.

CONCLUSIONS = = .

_ Figure 5-40: High-speed machining system delivered in FIT,
On the basis of the TU Sofia

experience gained in recent

years in the country leading and the Balkan laboratory in FIT at Technical University of

Sofia, as well as on the basis of a number of projects, the following more important areas of

effective application of the additive and hybrid technologies can be identified:

e For geometric verification of the 3D CAD model;

e For validation of ergonomic characteristics, convenience and aesthetic perception;

e To meet specific consumer needs (e.g. design details for the space industry, implants in
medicine);

e Creation of new optimized constructions without restrictions from the different
technological processes and their constraints on the formation - this direction finds a
whole new universe for forming and optimizing structures of metals, non-metals and
multi-material compositions only by adding material;

¢ Due to the fact that the constructed object can be in practice with geometrically random
surfaces, including cavities, completely new areas of applicability are found in the sense
of integrating a traditional set of elements into more integrated components;

e The fact that no special pre-fabricated tool is required, demonstrates the immense
advantage of additive methods with regard to the time required for site preparation
versus conventional production methods.

e Some methods for creating physical prototypes by removing material, such as high
speed milling (HSM), have a well-grounded place in creating PPs. This applies very much
to PPs in a simpler form but with high accuracy and robustness as well as ultrasonic
materials.

e The application of a combination of additive methods with material abstraction or so-
called "hybrid" technologies opens up new horizons to the creation of PPs as well as
direct production technologies.
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6. STRATEGY FOR THE APPLICATION OF VIRTUAL AND PHYSICAL PROTOTYPING

One of the methods to solve these problems quickly and efficiently is to produce prototypes
of the article. Very often there is a question of developing a partial or complete prototype. The
balance is very substantial and there is no general rule of discretion - in each case, well-justified
use of one or the other approach is applied. Below is an analysis of the advantages and

disadvantages of the two types of prototypes.

6.1.1 Applicability of virtual and physical prototypes

Table 6-3: Comparison of VP and PP to evaluate common aspects of project evaluation.

PHYSICAL PROTOTYPING
Appreciated VIRTUAL PROTOTYPING (VP) (PP)
aspects VP Integrated VP Hybrid VP+PP PP
Aesthetic qualities
Color 3 3 3 3
Form 0 1 2 3
Material 0 1 2 3
Ergonomics / Usability
Mnemonic 3 3 3 3
Aesthetics 3 3 3 3
Easy to use 0 2 3 3
Convenience of use 0 2 3 3
Accessibility 0 1 3 3
Perception through the

senses v L 9 &
LEGEND: 3 2 1 0

Very good Good Neutral Bad

Table 6-4: Assessment of the strengths and weaknesses of VP and PP prototypes in relation to

important factors in PDP.

Appreciated

VIRTUAL PROTOTYPING (VP)

PHYSICAL PROTOTYPING
(PP)

aspects VP Integrated VP Hybrid VP+PP PP
Complexity of the product 3 2 1 0
Cost of change 3 2 1 0
Development time 3 2 1 0
Iterative development
approach J & 2 o
Assessment of aesthetic
qualities J g J v
Dynamic testing 3 3 3 0
Tactility 0 1 3 3
Functional testing 0 1 2 3
Interaction with users 0 1 2 3
Assessment of ergonomics 0 1 2 3
Develop a simplified
structure ¢ e . 8
LEGEND: 3 2 1 0
Very good Good Neutral Bad

6.2. NEwW OPPORTUNITIES AND REQUIREMENTS FOR PP

The VP and PP analysis clearly shows that the role of PP and testing is far from over,

especially for virtual development of products.

Contrary to the belief that the VP will reduce physical testing requirements, there is more to

the discovery of new applications, new challenges and opportunities to the PP.

In practice, a number of approaches are known to effectively implement VP and PP in a
suitable combination to achieve the required outcome at the lowest cost. The well-known "V" virtual
design approach gives very good results in the evolution of products with a high degree of
interconnection in the behavior of the elements. Another aspect of combining virtual technologies
with rapid physical materialization is applied at an accelerated pace in medicine, particularly in the
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field of implantology. If a VP and PP are combined to apply a "W" prototyping approach, significant
cost savings and prototyping time can be achieved with minimal risk of hidden deficiencies
occurring in serial production.

6.5. FRACTAL DESIGN APPROACH

In order to avoid the deficiencies of V, as well as for more complex cases and the W
approach, a new Fractal Approach has been developed and proposed in the process of product
development (RIP). One of the main concepts in fractal systems is the scale of the system. In
fractal approaches, the characteristic is identical to the structure of the fragmentation levels,
whether in terms of complexity or variance, where the highest level refers to the whole product and
the lowest to the smallest building element / node using fractal properties of the general approach.
From the point of view of processes, self-worth can be seen in at least three different dimensions,
namely:

e Structuring elements - for example, a separate node or a "Module" (separate product
elements);

¢ Functionality - functionally differentiated systems (drives, sensors);

e Information architecture.

The characteristic properties of the fractal organization principle can be summarized as
follows (Peraltaa & Marcosb, 2015):

o T_he_l_frﬁctal method is based on self-organization of functions or activities based on
similitude;

o Self-perfection - Fractals self-indulge, that is, optimize their form and behavior (geometric,
energy, informational, superficial, etc.) that allow them to adapt to any change in the
environment to exist (contextual situation of response to external pressure);

e Sustainability: their interaction with the environment (time and spatial evolution) is achieved
by generating and integrating the necessary diversity to achieve the goal - proper placement
in the structure;

Fractal-based systems are open: they exchange information with the environment;

o Fractals behave non-linear systems: their interaction with the environment and their
sustainability is based on radical adaptation and gradual innovation. (Peraltaa & amp;
Marcosb, 2015):

The basic idea of this approach is to apply similar "fractal" elements to the development
process in the presence of a large number of variants or families made up of unified elements or
even more modulated on a modular basis. In this sense, the principle of modular building can be
based on the fractal approach. Applicability is in two basic forms:

e When designing structures from "bottom up"

When generating variants or family lines of nodes and elements, it is necessary to apply

identical "fractal" approaches and steps in their design - for example, in familial dimensioning of

products, use identical or "Fractal" design approaches and steps to develop structurally similar
elements with similar parameters.
e Prototyping and validating behavior

In variant or modular construction, a large number of variants or client configurations can be

created. The main question of validating the specific variant or personalized solution in this case

is how to be able to prototype and validate each option to reduce the risk of effects from the
mutual influence of untested compositions.

For this activity, two approaches are widely used in practice:
¢ By analogy with the closest such composition with some behavior;

e Based on the known behavior of the individual elements / modules, assume the behavior of the
whole composition.

In complex systems with strong interdependence and mutual influence of the elements, both
approaches are risky and do not allow for the evaluation of the compositional effects.

fractals

Predictability of
behavior

Determinations

Figure 6-11: Determinism and openness. Fractal approach to design

28



VIRTUAL AND PHYSICAL PROTOTYPING -ABSTRACT

Taking into account the shortcomings of the existing prototyping approaches of the
composite variants described above, a new approach to sustainable fractal design is proposed and
defined which is applicable in the design of complex type systems, in particular by means of family

or personalization of the product best suited to
customer requirements through the compositional
application of the fractal approach.

There are several basic principles of fractal
theory:

e Principle of fractal connectivity and organization:

e The principle of fractalisation of the design of a
sustainable product:
This principle includes integrating the social,
economic and environmental perspectives into
fractal lifecycle approaches in terms of the required
adaptation behavior (minimal complexity of induced
upgrading or recycling costs). The fractal design
approach must be organized and configured in
recursive forms to minimize the complexity of the
system and ensure its stability (Figure 6-12).

The level division provides the design system
with a "three dimensional" self-leveling and dynamic
management at each level or depth scaling (recursive
insertion) when needed. This structure reduces
complexity, guarantees system sustainability and allows
for self-organization, self-regulation and self-control
without the need for corrective action and efficiency of

Figure 6-12: Principles of Fractal Design
Approach

use (without interference, unnecessary spending of resources or duplication of information).
From here it can be seen that the area of applicability of the Fractal Approach is manifested
in complex variant or modular based architectures of products with a high level of variation or

personalization.

Product architecture
Function

Client
order

Figure 6-14: Fractal levels during the design stage
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CONCLUSIONS FROM 6

An innovative, fractal method of composing complex systems for rapid implementation
of variants, modular re-use of components for high flexibility and efficiency of product
and process organization and management throughout the life cycle of the product is
proposed.

The level of structuring is not limited and each level that is incorporated in the previous
one has a fractal matrix relative to the system level.

The main advantage of the fractal method, unlike previously considered, is the
possibility that the process of development is not considered and managed as iterative
as iterative, but as having many input points and with many possible outputs, depending
on the project stage, the level of technological readiness and level of structuring of
individual systems and fragmentation at a component level, with simplistic self-similar
structural solutions.

The developed Fractal Method allows rapid development, modular building, reusability of
components, efficient change management, self-development in VP dimensioning and
many other constructive and technological advantages on the one hand, as well as the
openness of the development process with the possibility to attract additional design
and engineering resources to the different stages or levels of readiness of the project.

7. DEVELOPMENT OF HYBRID METHOD FOR PRELIMINARY EVALUATION OF THE TRUST LEVEL IN
RESULTS OF VIRTUAL PROTOTYPING (VP) OF MULTIPHYSICS PROCESSES BY PHYSICAL TESTING
-"BLACK BOX/WHITE BOX “

A critical component in the application of the Product Development Process (PDP) for virtual

prototyping technology is the level of reliability of the results of engineering analyzes and

simulations with VP.

7.1. POSSIBLE APPROACHES

The possible approaches for the application of physical prototyping for verification and

validation of virtual prototyping
are discussed. The following
figure (Figure 7-2) shows the
different stages of conducting the
engineering analysis and the
location of the physical tests.

As can be seen from the
figure, there are three
approaches for applying physical
tests to help virtual prototyping -
according to the stage of their
use:

e Pre-Validation

Approach to VP

e An approach for interim
validation of VP
e Final approach for

Validation of VP

through PP results.

B gl
) B ’
o ()

PP

e
.

Figure 7-2: Stages of building a model of conducting an
engineering analysis and a place of physical prototyping
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7.5. NEW METHOD FOR APPLICATION OF "WHITE BOX" USING VP AND BLACK BOX TESTING
USING PP

From the point of view of the information that is introduced and received from the prototype
tests, they can be divided into two main categories: a "white box" when using a VP and testing a
"black box" using PP.

The "White Box" implies that we have full visibility of the system's internal work, in particular
the logic and structure of processes. Using white box testing techniques, the engineer can design
test cases that are well-tested at the structural level but cannot obtain very accurate quantitative
results due to the simulation-type virtual calculation.

Testing in a
white ~ box PHYSICAL PROTOTYPING
(also known
as an
"intelligible

box" or . /\
"transparent | P— »BLACK BOX h// +
box") . llulim i __ PARAMETERS —

suggests
that the
design
analyst

k d
e VIRTUAL PROTOTYPING

how the VP
works - they [ 7]

can . "see INPUT WHITE Box“{| OUTPUT /\\
N

. H " —> -
inside" the PROCESS .
_ PARAMETERS

simulation Cbod /' ResuLts

models,

Figure 7-14.  Figure 7-14: The method of combining the "WHITE BOX" using the VP and testing

Here  of the “BLACK BOX” using the PP
, the author

offers a new method for exploring complex objects by combining the application of VP as a "white
box" and the PP as a "black box" in iterative connectivity.

After the initial appearance of the VP has been constructed, test simulations are carried out
at points of the space of the parameters, which can be adequately reproduced and tested with a
physical prototype designed as a "black box" created for this purpose. The test results obtained
from the FS are usually more accurate than the simulations. The resulting quantitative results of
physical tests are appropriately interpreted in coefficients of VP models that are not well
theoretically defined (e.g. friction coefficients, energy dissipation coefficients, contact effects, etc.).

This process is repeated iteratively until a good level of correspondence between VP
simulation results and measurements from PP tests.

The novelty of the method lies in the iterative connectivity of VP and PP and, in particular,
RB calibration by feedback from PP data through an internal micro iteration cycle. This task is
essentially "inverse" to the exact results of the output and identical input effects to determine the
parameters of the VP models. In order to solve this reversal task, the problem solving is repeated
many times - set values of the respective coefficient in VP and follow the results of the simulations,
thus applying micro iterations inside the VP to achieve good correspondence of the obtained results
from the simulations compared to the measured PP tests at equal input parameters.

Figure 7-15 shows the combination of the application of VP as a "white box" and the PP as
a "black box “.
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CONCLUSIONS

e A hybrid method has
been developed to
predict the level of
confidence in the
results of
multiphysical
behavioral
simulations of the
object by virtue of
virtual  prototyping

(VP) together with Virtual prototype Physic_al iprototype
i i -geometric compliance - geometric adequacy
p hyS | Cal PP testin g - correctness of boundary conditions - materials and properties
b as ed on th S Stag S - engineering credibility - the accuracy of the
of the virtual -parametric model definition measurements
p rototyp | n g p rocess computational error - determination of measured
parameters
an d . feed ba.C k fro m - the errors of the minds
physical parameters
tests.
e Three approaches to Micro cycle
assessing the

reliability —of the
results of virtual Figure 7-15: Combining the application of the VP as a "white box"
prototypes - initial - and the PP as a "black box"

for verification of boundary conditions, intermediate - to improve the accuracy of the
results obtained and final - to validate the obtained results.

e A new method has been proposed to improve the efficiency and effectiveness of Virtual
Prototyping called "WHITE BOX / BLACK BOX" for the study of complex objects by
applying VP as a "white box" and VP as a "black box" in iterative connectivity to achieve
fine calibration of VP. The novelty of the method lies in the iterative connectivity of the
HF and the PP, and in particular the calibration of the VP by feedback from PP data via a
micro-cycle.

e The "WHITE BOX / BLACK BOX" method and the three approaches to verifying and
validating VP have been demonstrated in three successfully completed projects with
international industrial partners used as demonstration test cases.

8. VIRTUAL PROTOTYPE AS A BASIS FOR DIGITAL TWINS. LL METHOD.

With the growth and industrialization of the Internet of Things (loT) and the emergence of
millions of intelligent, connected systems, the digital twin concept quickly became important in
many industrial segments and promised to revolutionize the way companies design, build and
maintain their products and processes.

8.1. DiGITAL TWIN CONCEPT

The concept of digital twin is mainly applied in the case where more information is obtained
from a physically working product and the Internet of Things (IoT) platform as a communication
environment. (LC-Insights LLC, 2016)

Here is an author's definition of the demarcation of the concepts of virtual prototype (VP)
and digital twin (DT). The main things that distinguishes the virtual prototype from the digital twin
are the following:

e VP is an abstract information and simulation "duplicator" of a nominal physical object and does
not take into account the specific features of each physical object and uses abstract time and
not the real time to simulate the processes;

e DT is not an abstract information and simulation "duplicate" of a real physical object but is
individualized for each such object, taking into account the specific features of each physical
object, therefore the digital twin (DT) is specific to each particular physical object.

e The DT includes within itself the real time coordinate — i.e. the digital twin collects data (in an
information database, its integral part) about the behavior of the physical (or virtual) object as
parameters received from the sensors, not only under certain conditions but also as a function
of time.

In the case of Virtual Prototyping (VP), the Digital Twin concept can also be considered as
an evolutionary transformation of VP in the course of its development and thus the VP is
transformed from a validation tool during the design of one product (site) to digital twin and to apply
the twin to the known practice in the field of complex products. The realization of upgrading the VP
with associated databases to collect information about individual parameters from virtual tests, from
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the physical prototype behavior, or even a functioning product, allows transformation from virtual
prototype to digital twin.

8.2. INTEGRATED VIRTUAL DESIGN OF COMPONENTS THROUGH A NEW "LL" METHOD

In order to avoid the deficiencies of the “V” / “W” methods and also when more complex
cases are needed in conjunction with the newly proposed “Fractal Approach”, a new method is
proposed here, based on the parallel development of the virtual and physical prototypes (physical
prototype if necessary) in the process of developing a new product (PDP), as opposed to "V" / "W"
methods, the process of development does not go from "general to specific and vice versa" the
defined architecture develops the virtual prototype and the physical prototype in parallel, allowing
separate elements of the system being designed to be in a different stage of readiness and to
reconcile in the process without interface conflicts.

The second very important difference in the method is that in the proposed developmental
ideology of VP. The virtual prototype is not built up of separate fragments for individual simulations
of certain aspects of behavior, and from the very beginning the full architecture of the virtual
prototype is started. The virtual prototype is not reconfigured or upgraded during the process of its
creation.

Thus, to a much greater extent, it is easier to build interconnected models for the integration
of process elements to achieve a complex and fully functional physical prototypes. Conversely, in
the proposed method, the physical prototype can also be completely fragmented, serving separate
aspects of product behavior and are mainly used to validate the virtual prototype. Here, the key
idea is that physical prototypes create difficulties when having a lot of variance and modifications,
and also that the mutual influence of the individual elements of the system and the connectivity of
the processes will be ensured mostly by the consistency of the virtual prototype built on a fractal
principle rather than an eventually symmetrically developed and growing physical prototype. Thus,
the "LL" method allows to develop with upgrades in the individual fractal structures and the
individual stages of the VP, saving time and resources, when a product has a growing complexity
and volume of the physical analogue of VP.

In fractal structuring, each node (level) is developed, tested and implemented fractally
(autonomously, self-similarly, in an identical algorithm), and the product is evaluated at the system
level - in the common matrix. The "LL" method coupled with a fractal approach gives great flexibility
to the organization of the process, great opportunities for varied design as well as reusing of nodes
and elements in other solutions.

The second major idea of the proposed method is that in the process of building and after
validating the virtual prototype, the VP is transformed from an abstract twin into an "individual twin"
of the physical object or into a digital twin for each produced physical product. A graphical
interpretation of this parallel flow of processes and subsequent transformation of VP into DT and its
"cloning" for each produced product is shown in Figure 8-1.

CONCLUSIONS

o A definition is suggested for the demarcation of the concepts of VP and DT is proposed;

e A new "LL" method is proposed, based on the evolutionary construction of the virtual
prototype and fragmentation of the physical prototypes in the process of product
development (PDP) and the process of development is executed in hybrid and in parallel
- the concept and architecture "Top to Bottom, the virtual prototype from bottom to top,
and the physical prototype - fragmented by levels;

e Inthe proposed "LL" method, the VP is built from the very beginning on the basis of its
overall architecture and is not being "built-in", but is "upgraded" throughout the process
of its evolution. Thus, the "LL" method allows the VP to be developed with upgrades in
the individual fractal structures and the individual stages, saving a great deal of time and
resources for an analogous growing complexity and volume of a physical prototype;

e The proposed innovative "LL" method allows individual elements of the system being
designed to be in a different stage of readiness and to develop at different speeds;

e The novelty of the proposed method is the principle of transformation - in the process of
construction the VP is "trained" from the tests carried out with physical prototype and
after its final validation the VP is transformed from an abstract "double” of the nominal
product into an "individualized twin" of a particular physical object or "digital twin" of
each individual product produced;

e The proposed methods of fractal design, modular construction and "WHITE / BLACK
BOX" have been implemented in the context of industrial projects and have shown good
results in terms of efficiency;

e The Industry 4.0 platform is an effective response to the changes in modern
technologies at a new quality and functional level, combining the real world of
production with the virtual world of information and communication technologies, where
traditional industrial processes are complemented, developed and optimized by
digitization and built-in intelligence.
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Figure 8-1: Combining the application of the VP as a "white box" and the PP as a "black box".

A new "LL" method for developing a new product with fragmentary FPs and upgrading RP to
transform into DB and multiplying it for each particular physical product is worked out.

9. APPROBATION OF THE APPLICABILITY OF VIRTUAL AND PHYSICAL PROTOTYPING IN
DEVELOPMENT OF NEW PRODUCTS.

9.3. DEVELOPMENT OF FAMILY IMPACT DRILLING HAND-HELD ELECTRIC INSTRUMENTS WITH
AN INNOVATIVE SHOCK SYSTEM WITH CONTROLLED RESONANCE THROUGH VIRTUAL AND
PHYSICAL PROTOTYPING

The project for the construction of the "Family of impact drilling hand-held electric
instruments with a controlled resonance impact system", with the working name SparkHAMMER,
aims to create an innovative family of high-performance hammer drills (also called punches) with an
innovative impact system based on the principle of controlled resonance.

Creating a virtual
model of a pneumatic-vacuum
resonance system

The pneumatic-vacuum
mechanism provides the drive
for the operation of the
instruments when operating in
an impact mode. The new
principle that is trying to find a
method for maintaining the work
in a near-resonance area. This

enables resonance to
significantly increase its . )
performance. Figure 9-22: Generation of Impact
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Figure 9-24: Structural construction of impact drilling machines

In order to create a virtual prototype, a three-dimensional output model of the system was
created. On its basis, a virtual computational model (Figure 3.1) was built by defining the necessary
data, some of which are iteratively tuned, which can be used to study the behavior of the system.
The principle scheme of the system is shown in Figure 9-30.
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Figure 9-31: Virtual Prototype rotation of the drive unit
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On the basis of the defined schematic diagram of the mechanism, a virtual model is
constructed, shown in Figure 9-31. This model is used to simulate the movement of solid objects,
without taking into account their own deformations, to determine the energy of impact.

9.3.6. Results of the performed simulations using the virtual model

Also required is the frequency reduction due to the unsustainable mode close to the optimal
revolutions for the resonance, due to the danger of crossing into the under resonance area where
there is a sharp drop in energy, see Figure 9-34.

The performed tests and the comparative results based on the prototypes of the respective
constructions show a good match with the simulations.

Virtual models can be a good basis for subsequent optimizations of both the designs
of the designed family of machines and the selection of the appropriate parameters for
obtaining optimal results.

9.3.13. Verification of the Virtual Prototype

The examined virtual prototype has also been extensively validated through partial physical
prototypes to determine additional values of some of the model parameters (friction, heat load) from
the working mode of the prototype. The physical prototype has been tested in real-life conditions
and the vibratory acceleration values in the handle have been measured in order to be compared
with the values determined by the computational model.

The other power tool of the middle class of the range is represented by the size of BP 540.
The stylistic design project and the realized functional physical prototype in an earlier (uncolored)
stage are shown on Figure 9-70. High performance is achieved (best worldwide performance)
compared to the leading global manufacturers such as Bosch, Hilti, Makita, see. Figure 9-71.

RESULTS:

¢ Innovative resonance shock mechanical/pneumatic vacuum system has been developed
through the VP methodology - a novelty on the global market;

e The optimal range of the family is defined as an area and is based on the different sizes
allowing for flexibility, maximum satisfaction of consumer needs and efficient
production;

e High performance is achieved (best global performance) as well as improved work
comfort (through reduced weight) and improved ergonomics for the operator and overall
worker’s fatigue reduction;

e Improved work comfort (through reduced weight) and improved ergonomics have been
achieved.

Figure 9-69: A stylistic and design project for a Figure 9-70: Fijnétiohél p‘hysical prottype of
BP540CE mid-level impact drilling machine. a mid-level impact drilling machine BP540CE
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Figure 9-71: Comparison of the BP400E machine with competing examples

9.5. APPROBATION OF A VIRTUAL PROTOTYPE FOR EXAMINING MULTIPHYSICS PROCESSES:
IMPROVEMENT OF THE OPERATING PARAMETERS OF A DESKTOP REFRIGERATOR’S

EVAPORATOR

Refrigerators for
household use have been an
important everyday appliance
for more than 100 years. The
evaporator is an important
component and very often it is
a determining factor for the
efficiency of the whole
system. The evaporator is a
device for absorbing heat from
the refrigeration space in the
refrigeration system by
evaporating the refrigerant.

The geometry is based
on the evaporator module for
a desktop refrigerator
(Liebherr KT1730 sample).
The evaporator coil is glued to
a thin aluminum plate. The
coil is produced from an
aluminum tube deformed to
an "elongated" cross-section.
Its curve is tailored to the
characteristics of the
refrigerator (inlet and outlet
positions).  The coil s
connected to a thin aluminum
plate with a high-quality
contact adhesive for good
thermal conductivity.

PROBLEM DESCRIPTION (EXISTING DESIGN)

5_M_1: MACRO GEOMETRY STUDY

|

¥
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S_X_2:VIRTUAL PROTOTYPES SIMULATION
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|
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Figure 9-82: Methodology for assessing variants
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CONCLUSIONS

A new design for
desktop refrigerators has
been developed based on
virtual prototypes. The main
results of the performed
analysis are:

e An opportunity is
demonstrated to
evaluate the design in
the early design phase.
This allows to reduce
the costs of product
development and time to
market while avoiding
constructive design
errors;
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e Reduction and even
removal of physical
tests and significant
reduction in time and
cost are achieved;

e Ability to evaluate the internal parameters of the studied design and clear understanding
of the ongoing processes. This is the specific advantage of the virtual prototyping over
the physical one.

efficiency in time. B 2520402
2480402

Figure 9-87: Final design of the construction

9.6. APPLICATION OF AN INNOVATIVE METHOD FOR THE TESTING OF MULTIPHYSICS
PROCESSES BY VIRTUAL PROTOTYPING - TESTING AND VALIDATION OF THE ACOUSTIC
PARAMETERS OF A RAILWAY WHEEL

9.6.1. Examining the acoustics of railway components

The evaluation of the acoustic parameters of the railway components are a mandatory
stage in the process of certification of a newly developed product and in particular of railway
wheels. The conventional assessment approach includes measurements and experiments on a
physical prototype. An alternative based on computer simulations is offered, which allows to
evaluate the construction at an early stage of product development and to check different variants.
Nevertheless, this approach does not give complete "inside" information about the noise generation
mechanism and requires a specialized tool.

9.6.4. Method for acoustic evaluation of railway wheels through virtual
prototypes

A new methodology was developed based on the assessment of acoustic behavior of
the tested railway wheel compared to a reference railway wheel using virtual prototyping
technologies. A basic parameter for this comparison is the sound pressure level (SPL) as defined
in (EN 13979-1: 2003 + Al: 2009 2009). The methodology is shown as a whole in Figure 9-88.

The methodology consists of the following stages:

e Sl: Final element analysis results: Determination of SPL at characteristic points for the
range 100Hz + 5000Hz, analyzed by 1/3 octave. Three separate load cases are considered,
according to the requirements of the standard and shown in Figure 9-90. They are labeled
Lpepi Where:

cp= 1, 2, 3 - designation of the examined load case (Figure 9-89);

p = A, B, C - microphone designation according to the diagram in Figure 9-90 (reference
number (EN 13979-1: 2003 + Al: 2009 2009));

i - is the group of 1/3 octave;
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Figure 9-88: Block diagram of the used methodology.

Contact filtration is calculated according to the REMINGTON formula:
1

2
1

T (2*xm*ax*f; 3
1+ I (e

H; = 20 * log

where:
a - the half of the contact area in the direction of rolling (in m) as defined for
the test wheel; V — rolling speed of the railway wheel (m/s); f; is the octave
frequency of the 1/3 octave.

39



VIRTUAL AND PHYSICAL PROTOTYPING -ABSTRACT
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Figure 9-89: Location of investigated Figure 9-90: Typical point locations for the acoustic

cases of contact between the rail and parameters of interest (microphones in Physical
the wheel. Prototype experiment).

e S3: Average SPL for each microphone: Calculation of mean SPL value for the three
positions of the contact points of the wheel:

1 LPwlpi Lszpi LPw3pi
Lpp; =10 * log 5* 10 10 410 10 410 10

Where:

Lewipi, Lewzpi, Lewapi @re the weighted average pressure levels (over microphones p = A, B, C)
calculated for the contact positions 60 (load 1), 70 (load 2) and 80 (load 3) mm from the
inner surface of the flange.

e S4: Total SPL: The resulting LPABC sound pressure level corresponds to the weighted
average of these three sound pressure levels given by the following formula:

Lpagci = 10 * log (0,4 *1010 40,210 10 40,410 10

e S5: Results Comparison and Final Project Assessment: The defined SPL over the
frequency range is compared to the reference values.

9.6.5. Practical application

The main part of the analysis is formed by FEA simulations (step 1 of the proposed
methodology). Multiple analyses are required (3 load cases, each with 18 octaves or a total of 54
analyses) and the results are summarized. This first step is described in detail below.

e S2: Virtual Prototype
A finite element model based on the geometry presented above is constructed. The

simulation model contains about 731,000 nodes and 842,000 elements and is shown in Figure 9-93
below.

A/ Wheel B/ Rail

Figure 9-93: A finite elements model used to conduct engineering analyses.

The wheel/rail system can be represented by two dynamic systems connected at a point
and under the influence of the relative displacement between them. This is a typical model for
vertical load. In this model, the wheel movement along the rail is ignored and replaced by a "moving
load", whereby a roughness strip acts upon both the wheel and the rail. Besides the vertical
direction, it is also very important to include the side load.

The simulation results of the 54 analyses are represented by SPL distributions for an
example frequency in load cases (100Hz). These distributions are represented in the plane of
symmetry, which is sufficiently representative for the current development stage.
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e S2&S3: Filtered results.
Mean SPL
The next stage is related to
the presentation of the further
processed results. The values
listed above are filtered through
the contact filter (REMINGTON),
the roughness level and the A-
average filter. These values are
then averaged (using the values
for each load case as described in
the Stage 3 methodology) for each

microphone.
e S4: Total determination
of SPL
Total octave SPL values
are calculated as described
above.
o Sb: Comparison of
results and construction
evaluation

The analyzes carried out
and the review of the results lead
to the following important
conclusions:

- The wheel in question shows
good correspondence with the
reference data reported in
(ACOUTRAIN 2012);

- The maximum total sound
pressure level (SPL) is 86.5dB
at 315Hz;

- The construction complies
with the criteria described in
EN 13979-1-2003 + A1-2009:

- The analyzed construction is

compared to the available
results in (ACOUTRAIN
2012). The results for the

sound pressure level for point
D are used (see Figure 9-99
B). The referent and new D-
point SPL designs are shown
in Figure 9-99.

- The study demonstrates the
possibility for assessing the
influence of the roughness of
the contact surfaces on the
acoustic  behavior of a
monoblock  railway  wheel
using virtual prototyping. A
new methodology for digital
acoustic certification has been
developed. The methodology
is approbated by a real
industrial project where the
results of the virtual
prototyping are compared with
the experimental results and
on this basis the requirements

A / Boundary Conditions

Figure 9-94:
common to all cases and loads.

90.00

Table 7-4: TSI+ roughness

Roughness dB{ref
Wavelength (cm) 8 1 jom)
634 211
504 19.1
40.0 1741
31.8 15.0
25.2 13.0
20.0 11.0
15.9 9.0
126 7.0
10.0 49
8.0 29
6.3 09
5.0 =141
4.0 -3.2
3.2 -5.0
25 -5.6
20 -6.2
16 -6.8
13 -74
1.0 -8.0
08 -8.6
08 -9.2
05 -9.8
04 -10.4
0.3 -11.0
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Figure 9-99: SPL for point D, dB.

of the European standard EN 13979-1 "Wheels and bogies - monoblock wheels" for the
certification of the newly designed railway system are sought for the railway wheel.
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CONCLUSIONS

e An approach for using a virtual prototype to assess the impact of design parameters
on acoustic performance has been proposed, and the effectiveness of this
assessment and review of ongoing physical processes using a virtual prototype in
the early design stage has been demonstrated.

e Practically proven through a TUV certification research approach based on virtual
prototyping technology and the requirements of industry standards for certification
of the acoustic behavior of railway wheels through a reference physical test sample.

e The methodology is approbated by a real industrial project where the results of the
virtual prototyping are compared with the experimental results and on this basis it is
sought to comply with the requirements of the European standard EN 13979-1.

e The presented research is an essential step in the development of a new common
methodology based on virtual prototyping technologies and the requirements of
industrial standards for certifying the acoustic behavior of the railway wheels.

9.7. DEVELOPMENT OF COMPLEX PRODUCT - FAMILY OF FORKLIFTS THROUGH THE
TECHNOLOGIES OF VIRTUAL PROTOTYPING

The purpose of the example is to demonstrate the application of the various components of
virtual engineering, particularly the virtual and physical prototypes in the individual stages illustrated
by an example of the industrial practice of the authors - the development of a complex product - a
range of forklifts — electric and ICE forklifts.

This applicability is illustrated in Figure 9-101. The overall design of the product was
accomplished using virtual prototypes by conceiving and structuring the product family. Based on a
concept created by a virtual prototype, a modular architecture has been developed to build various
configurations of the range of forklifts. The presence of the virtual prototype allows not only the
visualization of different product variants (different combinations of lifting capacity, drive type,
different types of masts) but also their validation in the early stages of design.

10 groups of forklift masts (lifting capacity and versions with pneumatic or bandage tires)
and 5 groups of masts for the forklifts - a grand total of 15 mast groups were developed. Each
group consists of three sub-groups - a three-tiered mast, two-tier with a driven carriage and a two-
tiered carriage-free, where the variants become 45. Each subset of the above is executed in 6
variants depending on the presence of additional attachments or the presence of lateral carriage
and forks, which increases the final number of mast versions of 270.

Having a built-in engineering network allows you to work in a team that includes groups
located in remote geographic areas. For example, conceptual and constructive development has
been carried out by a team within the European Union (Bulgaria and the United Kingdom) while
production is organized in a Far East country.

The purpose of the development is to build and validate a concept based on a modular
principle, using a grouping of its components into modules that can be treated as logical units. This
concept allows for further shaping of the family order in which the different members have the same
modules.

An important division which determines the amount of variance is the machine's capacity.
This division determines the total number of machines projected to a total of 43. This variation is
also increased with the inclusion of various component options on the machine itself, as shown
below, with machine variants are exceeding 1000. This large number of variants (product portfolio)
is not a goal in itself but a real necessity dictated by the market.
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* Context driven Design -

* Prototype Configuration Virtual Product
e ,High-end" Visualization e

* Virtual Validation : .

* Feedback und

Optimization

Engineering
Network

eIterative Work Tasks

*CAX eWorkflow & Workload
*PLM 3 Management
*VR/AR

eQuality Gates
eDeliverables & Progress
Management

Best Practices i

*Web Portals
s Telecommunication

Services
v

Information and ==
Communication Product Creation

Technologies Process

Figure 9-101: Product Lifecycle of a family of forklift trucks using virtual engineering approaches.
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Figure 9-102: Application in the development of family of forklift trucks
9.7.1. Variant design of the product’s architecture

Information management of such a number of variants would be very difficult if virtual
engineering technologies are not used. On the one hand, the need for high cost-effectiveness of
the products requires a high degree of unification and modular design between the different
options, on the other hand, service and logistics related to a large number of variants would require
a considerable resource if this is not the case. In any situation, the validation of the development
without the use of a virtual prototype will be associated with a large expense of time and money
without direct returns.
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9.7.3. Structuring. Example “Front Axle”

A/ Single speed variant, 55kW

B/ Two speed variant, 75kW

Figure 9-104: Structure of a subassembly “Front Axle”

Structuring a product is
inherently a transient process
between the developed concept and
the creation of the particular
assembly. Virtual prototypes of this
transmission component are shown
in Figure 9-104.

The division into two groups is
structured in several separate
versions according to the capacity
and type of the machine in which the
component is incorporated.

CONCLUSIONS

eThe proposed modular
approach to building a family of
forklift trucks is approbated by
demonstrating the composition
and maintenance of a
significant variation covering
over 200 individual machine
variants to better meet
customer needs and to achieve
practically personalization
through compositions of
available modules.

| Moo A
\Pneumatic ) ' Solid

Tyres __ 2 Twres __

Poapmatic Tyres
Figure 9-103: Structure of a family of forklift trucks

e For each composition a 3D individual VP is generated — a base for digital twin.
¢ An innovative architecture for the world market has been developed - for all sizes in the
family of 1.6 to 5.5 tons the same modular cab is used (unlike machines with different

sizes, the driver is similar).

e Maintaining a large number of variants (hundreds of variants and implementations) is
possible with the use of PLM systems, etc., which are basic elements of the INDUSTRY
4.0 concept given that the large number of client compositions requires the application of

a “digital twin”

e Another aspect of the demonstrated development is the relatively short term of its
creation (under 3 years) with few directly involved with these specialists (5-7 experts). For
comparison, the leading company TOYOTA FORKLIFTS has used a team of more than 50
specialists for a similar project over 3 years (according to an interview conducted by the
author at CeMAT 2010, Hannover, DE).
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e Last but not least, the physical
distance between the engineering
development team (Bulgaria, Lab CAD /
CAM / CAE in the industry, TU-Sofia),
marketing and management team (UK)
and production team (Taiwan) has to
be mentioned. This is only possible
with the use of modern technologies
from the virtual prototyping
methodology. This technology and the
approaches to modular building lead to
a greatly reduced time to market and
individualization of the product on the
one hand, and on the other - lowers the
total cost of developing it.

Figure 9-109: Physical prototypes of the product
and serial production

10. ANALYSIS OF THE APPLICABILITY OF VIRTUAL TECHNOLOGIES AND PHYSICAL
MATERIALIZATION OF IMPLANTS IN THE FIELD OF MEDICINE
10.1. STUDY OF METHODS FOR CREATING OF PERSONALIZED IMPLANTS BY USING THE
MEANS OF VIRTUAL AND PHYSICAL PROTOTYPING

10.1.1. Taking of imprint / Direct Scanning
These processes are known under the generic name Reverse engineering RE - Figure 10-

2. This technology has many applications, including documenting or restoring artifacts, verifying the
shape and geometry of RP parts, creating medical applications, and more.

PARAMETERIZATION
DIGITIZATION TRIANGULATION - SURFACE
DATA SoLip OF THE MODEL AND

OF PHYSICAL FACET REPRODUCTION
PREPARATION MODELING CREATION OF

BJECT REPRESENTATION ING NURB:!
o > - 0 o8 it FEATURES

Figure 10-2: Reverse engineering process
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During the process of RE, a Point Cloud is collected using contact or hon-contact scanning
of the surface of the physical model, which after filtration and processing is reduced to a network of
triangles. Unfortunately, they are not directly usable in the CAD environment. It is necessary to
perform a process in which this set of points merged into a network becomes NURBS surfaces and
features which are usable in CAD systems. This process is called reconstruction and follows the
sequence shown in Figure 10-2, which resembles to that used to return the geometry from FEM
optimization back to the CAD environment, see above.

10.1.3. Modeling of the implants
In the thus obtained by the import solid model of the scanned element, a solid 3D model of

the respective tooth (for crown), bridge, etc. is constructed as a reverse impression. Conversion
from surface to solid model can also be done directly in CAD software.

=ceramill mind

=

Figure 10-9: Processed objects

In this step the final result is achieved (bridge, jaw, crown, facet, etc.).
10.2. TECHNOLOGY METHODS FOR MANUFACTURING OF IMPLANTS

The fully finished detail has to be produced. The following 4 production methods are known:
Through direct metal manufacturing.

Through removing material.

Throuah buildina a moldina tool usina AM technoloaies and with subsequent casting.
Through Investment Casting using AM technologies for the model.

10.2.1. Computer Aided Manufacturing

The virtual 3D shape of the implant (crown, bridge, jaw, facet, ...), has to be produced in a
physical form and to be placed in the patient’s body.

Figure 10-11: Manufacturing of an implant. Figure 10-12: Multifunctional machining center
for producing implants of hard and ultra-hard
materials.

CAM software, starting from the geometry of the 3D model, creates an output blank (workpiece)
- automatically or manually, and then sets:
e Tools, parameters, feeds and speeds;
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e The type of processing (Figure 10-11), depending on the technological capabilities of the
software and the CNC machining center (Figure 10-12) — 3- or 5-axis one;

e Appropriate manufacturing strategies are selected
depending on the options available in the software and
according to the geometric elements of the workpiece;

e The instrument path is created with the corresponding
feeds and speeds;

e Precise virtual analysis of the cutting process to avoid
losses due to problems with the CAM programs,
collision detection and post-processing are carried out.
The post-processing transforms the outgoing code from
the software to CNC G-code for 3- or 5-axis machining
center.

Thus, new technologies, strongly influenced by the
world of machine building, are increasingly entering dental
production, leading to higher quality, time saved, and Figure 10-13: Virtual appearance of

satisfied patients. _ the implant after "virtual"
10.2.2. Casting manufacturing (process simulation).

INVESTMENT CASTING

Process outputs are based on models made using special plastics using Rapid Prototyping,
for example jet fusion. The processes are used to make highly accurate models of wax-like
polymer. The casting process on fused models is developed in a conventional approach: The
model is put into the casting form as core. After burning, the
set pattern melts and releases a cavity of the same shape. .
The melt is then poured into the mold wherein the material /N
fills the cavity and the required implant form is obtained. \&\)

BUILDING A MOLDING TOOL USING AM TECHNOLOGIES
AND SUBSEQUENT CASTING

With this method, a negative for the desired implant is
created, so that it can subsequently be molded in this
negative shape, the shrinkage of materials should be
considered. The negative image of the desired implant is .
divided into two main parts so that it can be opened after ~Figure 10-14: CAD model of an
molding. For forming of the implant a special tool called a implant
mold is used. The mold consists of two major half-shapes.

The obtained castings can have very thin walls - from 0.3 to 0.5 mm. The allowances for machining
are minimal - 0.2-0.7 mm, and often the castings have a very smooth surface, which does not
require machining.

DIRECT METAL MANUFACTURING OF THE IMPLANT (SLM — SELECTIVE LASER MELTING)

This is one of the latest technologies and is the first rapid prototyping method in which metal
powder between 10 and 45 um is used as raw material and the final result is solid detail. An
important advantage is the lack of organic components. This is a test example for producing a
number of dental crowns through additive manufacturing. The machine is SLM 125HL model shown
in Figure 10-17. The equipment is housed in the laboratory "CAD / CAM / CAE in Industry" at the
Faculty of Industrial Technology of Technical University of Sofia.

Figure 10-17: General view of the machine
SLM definitely exceeds the familiar work methods, because:
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* No tools are used;

» Achieved production quality is good;

* Many different metals and alloys, such as alloy steels, cobalt-chromium alloys, Inconel 625
and 718 and titanium alloys Ti6AIV4, can be used as raw material;

* The final metal product is also the final product ready for direct use;

» A complex assembled unit can be built with impressive accuracy.
The technology, due to the listed properties, is a progressive choice for building metal

implants.

CONCLUSIONS

e The capabilities of the most common bone and dental implantation technologies have
been analyzed. All of them have advantages and disadvantages, depending on the
geometry and structure of the implant. For example, personalized spinal implants are
preferably structured in fractal grids, which could be produced only using the SLM
technique.

e The main drawbacks of 3D printing technology are related to the difficult and time-
consuming engineering and manufacturing process, the variety of bio-printing materials
is limited, the cost of implants and some limitations of the currently available 3D
printers. We are currently seeing a continuous improvement in all the above-mentioned
aspects.

e The use of SLM production technology is relatively expensive and has limited material
strength. It is recommended to use the technology to produce implants with optimal
geometry so as to reduce the percentage of powder used. The technology has its
advantages in personalized implantation when geometry is very complex and cannot be
produced by other methods or when lattice fractal structures are required.

e AM molds being a good solution, considering the cost and time of production of the
casting mold. They require manual post processing.

e HSM has superiority over SLM technology and AM shapes in terms of material accuracy
and strength due to the lack of thermal processes. This method also provides shortest
overall time for implant production in relatively simple forms and when high strength of
the product is required. The low efficiency of the material (less than 30%) can be noted
as aflaw in the process.
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10.4. RECONSTRUCTION FROM TOMOGRAPHIC IMAGES AND MANUFACTURING OF
SUBPERIOSTEAL IMPLANTS USING ADDITIVE TECHNOLOGY

10.4.1. Introduction

In our time, the restoration of partially or completely lost teeth is done massively by placing
dental implants and subsequent semi-rigid or fixed prosthesis.

Structure of  Subperiosteal
implants

Subperiosteal implants are one of
the first implants in the new history of
implantology. (Figure 10-28).

Figure 10-28: Three-area subperiosteal implant of
Linkow. (Linkow & Chercheve, 1970)

10.4.3. Technological stages in the creation of Subperiosteal implants

CREATION OF TOMOGRAPHIC IMAGES

Based on the experiments conducted at Faculty of Industrial Technology in Technical
University of Sofia, with the help of a tomograph, a precise 3D computer model of the jaw was
created and it was produced as a physical prototype of polymer (ABS) using a prototyping machine
available in the faculty, as shown in Figure 10-17.

The technology also allows at virtual level, based on the geometry of the jaw that comes
from the tomography scanner, to accurately model a virtual Subperiosteal implant in CAD software,
the model of which is visualized in Figure 10-48.

10.4.6. Research for optimizing the load on the chewing process on the bone using
VP

For a more even distribution of the load in the chewing process (about 600 N), it is
advisable to set a gap between the head-bearing rib and the bone. The strength and susceptibility
of the implant has been investigated by a VP that allows optimization of the implant structure and
geometry as well as the contact distribution of the bone surface load. Below is a virtual prototype of
the implant in order to find an optimal shape of the implant to load the bone evenly.

The obtained results show that the load is more favorably distributed over a larger area in
the presence of such minimal clearance. It should be borne in mind that when pressure increases
with the gap between the Sl and the bone, dissolution of the implant bracket is obtained, which is
undesirable

T e

Figure 10-40: Stress distribution field of SI, MPa  Figure 10-41: Stress distribution field of the
bone, MPa

It is clear that the load is exerted to the head and that the pressure is transmitted directly to
the bone. The rest of the Sl is barely stressed.
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Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
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Figure 10-45: Stress distribution field of the bone, MPa
A manufactured Subperiosteal implant can be seen in the picture below, Figure 10-46.

Figure 10-46: Picture of a physically manufactured subperiosteal implant located on a prototype of
the mandibular jaw also created by additive FDM technology - ABS material.

Figure 10-46 also shows the final result of a demonstration of the entire structure, together
with the teeth attached to the implant, and as a whole with the prototyped mandibular bone. Thus,
with the help of the prototyped mandibular jaw, the surgeon can be assured that the elements,
including the fastening screws and their placement in the bone, are positioned so that the surgery
can be very accurately planned before the actual surgical intervention is started.

Manual Sareical
Surgery for Manual Construction of a Investment desminiand Lyl
taking a modeling of wax implant ot 8 operation for

footprint gypsum bone fitting placement

Scanning 3D 3D construction i
S e Reconstruction of the implant MM physica Surgical

«MRI scan eDirect and 3D print of Og;tir:iz;atic(;n mantifactune operation for
sCombmer the bone arihe 1oa Test on the placement

Figure 10-48: Implant prepared using the classic method (above) and with digital technology
(below) — The number of surgeon interventions is decreased through the new approach
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CONCLUSIONS

A new method for manufacturing of implants based on computer tomography, 3D
reconstruction, is proposed and validated. For the creation of 3D model of the studied
jaw area, the Subperiosteal implant is modeled virtually, and a personal Subperiosteal
implant is produced using additive manufacturing.

The Subperiosteal implant is structurally optimized with the aid of a VP for optimal
distribution of the chewing load on the jaw and to provide optimal implant stiffness.
Using a 3D print prototype mandibular jaw allows the surgeon to perform a very precise
planning of the surgery before starting the actual surgical intervention.

The proposed innovative method creates patient comfort and saves health care
resources because only one surgical intervention associated with implant placement
(rather than two with the conventional technology) is performed with this method, which
saves considerable time for the patient.

10.5. STUDY OF METHODS FOR 3D RECONSTRUCTION AND MODELING ON THE BASIS OF
TOMOGRAPHIC DATA FOR THE DEVELOPMENT OF PERSONALIZED CRANIUM IMPLANTS BY
USING VIRTUAL AND PHYSICAL PROTOTYPES

Reconstruction of the facial-cranial part is an extraordinary challenge even for the most

experienced surgeons. Some of the most important factors contributing to the complexity are the
anatomy and the presence of vital structures near the affected part, the uniqueness of each defect
and the chances of infection. The proposed innovative workflow process for CAD / CAM
manufactured implants is shown in Figure 10-49 and is briefly described below.

The specific task is that besides the virtual preparation - reconstruction of the cranial area of

CT scan images, two-step prototyping is applied.

The following sections highlight the advantages of 3D modeling and manufacturing of

cranioplasty implants.

For the DESIGN PHASE

design Of CT scan data 3D Design 3D Printing

personalized facial-
cranial implants, it is

necessary to
integrate the
adjacent anatomical
structures.

saves a lot of time
because it eliminates
the
reverse engineering,
i.e. converting patient
data into a 3D model
in
(Figure 10-50).

in the preparation of
the
involves creating the
contour of the cranial

The software

first step of

CNC Milling NC Verification

Q FINAL IMPLANT Q

NC Programing

®:

CAD format

The first step

3D model

~v A

Titaniumimplant POM prototype Virtual model

plane around the  Fjgure 10-49: Innovative method for designing and manufacturing CAD /
traumatized region. CAM manufactured implants.

51



VIRTUAL AND PHYSICAL PROTOTYPING -ABSTRACT

The next step in creating
the implant is to use a healthy
skull geometry by building a
mirror image. After the actual
mirror model is manually aligned,
the implant is created with the
help of the already created
curvature around the trauma. This
ensures a similar geometry
between the healthy and
damaged part of the skull and
good transition around the
implant (Figure 10-51). With the
creation of a prototype using 3D
printing the implant can be
physically examined and
discussed with the doctors
responsible for the surgery. The
shape and dimensions, as well as
the fit of the implant, are
considered.

The implant shown in
Figure 10-52 is manufactured
using Stratasys FDM
Dimension Elite, available in
lab. "CAD / CAM / CAE in the
Industry”. The DMG
Ultrasonic 20 5-axis
machining center is used for
the physical manufacturing by
removing material. This
machine is also available in
lab. “CAD / CAM / CAE in
Industry” in the Technical
University of Sofia.

Special tools are
selected for upcoming
implant manufacturing. After
selecting the workpiece, the
material and the tools
needed to process it, the
next step in creating the
CNC program can be
started.

Figure 10-50: Importing tomographic data into the Mimics
software

Figure 10-57: The two Figure 10-55: Digital twin of DMG Ultrasonic 20 Machining center

parts of the implant in its
final form

Work environment and simulation of the machining process
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One of the features of the software is that it allows the implementation of the work
environment for the particular machine and in particular its digital twin (DT). In this case, this is the
DMG Ultrasonic 20 machining center, its work environment and the simulation process shown in
Figure 10-55.

The results of the surgery are shown in Figure 10-58. They demonstrate how advances in
medicine and engineering have enabled the creation of spare parts for the human body with
increased accuracy despite complex geometric shapes. The images show the coincidence of
contours of the implant and skull surfaces. The patient shows rapid recovery after surgery and good
adoption of the implant.

Figure 10-58: CT scan of the patient two weeks after the surgery

CONCLUSIONS

¢ An innovative methodology for manufacturing of personalized facial-cranial implants is
developed and tested in clinical conditions. It is based on tomography imaging and bone
reconstruction with three-dimensional modeling of the missing part (using a mirror
transformation from the existing bone section on the other half), prototyping of a "
sample for testing" and effective planning of the operation.

e The results of the implant operation demonstrate good coincidence between the contour
of the implant and skull surfaces. The patient shows rapid recovery after surgery and
good adoption of the implant.

10.6. METHODOLOGY FOR MANUFACTURING OF PERSONALIZED IMPLANTS FOR
CRANIOPLASTY BASED RAPID TOOLING

With the experience gained in cranial implants, we have been given the opportunity to work
on the hardest case for the neurosurgery in hospital for active treatment and emergency medicine
"N. |. Pirogov". The patient was diagnosed with fibrous dysplasia (FD). To rescue the optic nerve,
neurosurgeons remove much of the affected bones. Cranioplasty is required in the treatment of the
patient.

To achieve the goal, the most advanced technologies based on 3D bio-modeling will be
used. In the first phase the patient's tomography data is used for 3D reconstruction of the affected
area. After a number of steps, only the important skeletal bone structures shown in the following
figure are isolated (Figure 10-59). Figure 10-59 also shows the condition of the skull after surgery.
One of the main problems in reconstruction of the bone is the lack of any model of the defect which
would guide the engineer. The only option is to make a mirror image of the left part of the skull,
which, as explained above in the text, is not completely symmetrical with the right. The overall
forming process also includes the use of tools for the so called direct modeling of complex
surfaces. A mirror image of the skull is created (characteristic anatomical points are used).
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Implant modeling is then
proceeded. The process is in
agreement with the physician's team,
who defines the surrounding contour
requirements so as to be able to
manipulate the implant during the
operation and to prevent it from
affecting the nerves when it is
inserted. The final shape of the
implant is presented in Figure 10-63.

Due to the above-mentioned
limitations regarding the choice of
implant material Rapid Tooling
technologies are most suitable for
manufacturing of the part.

The final step in the process
of manufacturing of the implant is to
inject the PMMA material into the pre-
coated instrument produced by
additive technology. The shape of the  Figure 10-59: Isolated bone structures of the skull
implant is complicated because it has
been designed for aesthetic and functional considerations rather than technological ones, so that
the mold should be elastic or partially destroyed to remove the finished piece.

CONCLUSIONS

e A special method for implementing a hybrid approach for implant manufacturing has
been developed. Rapid tooling techniques with additive technology (negative image
materialization) are used. The implant is molded into the tool until the polymer is
solidified. The proposed method for rapid physical and virtual prototyping allows to
design and manufacture life-saving implants that enable more successful
transplantations.

Figure 10-62: Iterative recovery Figure 10-63: Final shape of the
implant

With modern 3D modeling techniques, it is possible to create complex, personalized
products, following the unique developed methodology shown in Figure 10-68.
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Figure 10-68: Methodogy for manufacturing of personalized implants for craneoplasty based on
Rapid Tooling

CONCLUSIONS FROM CHAPTER 10

CAD / CAM technologies and additive manufacturing technologies (3D printing) are
increasingly applied in various fields of medicine - pre-operational virtual 3D
planning, preparation and simulation of the upcoming surgical procedure;
awareness and education of the patient; production of individual, custom implants
for cranial surgery (cranial defects), production of individual, custom implants for
spinal surgery (neoplastic lesions and traumatic injuries), etc., through
democratization of the personalized and individualized approach to the patient.

In all applications, the process can be described as similar and includes: patient
scanning, bone reconstruction, design, engineering and production with complete
control and monitoring of each step.

3D technologies have the potential to provide better planning, better results, shorter
working hours, less complications, reduced recovery and hospital stay and, as a
result, better patient care.
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GENERAL CONCLUSIONS

By fulfilling the dissertation goal and set of related tasks and the proposed

new paradigm for designing innovative products in a virtual environment, the
following main conclusions can be drawn from the achieved objectives and the
results of the research:

v

The thesis of the need for a new paradigm in the design process is announced.
Innovative strategies, methods and approaches have been developed, including
on a modular basis, to quickly specify and conceive of complex architectures of
innovative products with reduced time to market, fulfilling the dynamic
requirements of the clients in terms of functionality, customizing and last but not
least - the cost of ownership;

A Matrix Approach has been developed to efficiently distribution the needed
functions between the different systems (mechanical, electronic, sensorics and
software) in order to achieve low cost and optimum reliability in composing the
product architecture with maximum use of available commercial components;

An innovative strategy and a "fractal method"” for the compositional
development of new complex products and modular structures is proposed,
allowing the most accurate and adequate modeling and simulation of the
behavior at the earliest possible design stage as well as for the design variants
optimization;

Specific types of engineering analysis have been analyzed as a component of
the VP regarding applicability and efficiency of the simulations in the process of
developing new products;

The possibilities for evolution of the virtual prototype to the digital twin
technology were investigated, allowing the most accurate and adequate
modeling, simulation and study of the behavior in the operating conditions of the
“nominal” product developed and consequently each physical product and
during its operation period building cyber-physical systems;

The White and Black Box method has been developed, validated and tested
using three proposed “self-learning” based approaches through the fine tuning
of specific aspects of virtual prototype behavior through feedback from physical
prototyping test data. These approaches are tested in the industrial projects in
identifying and evaluating specific physical systems and/or process parameters
to achieve high levels of confidence in simulation results;

As a result of the proposed methods and approaches, a number of innovative
design solutions for industrial partners from Bulgaria and International
Companies have been developed and implemented under the supervising of the
author, with a number of new solutions patented (9 international patents) and
some of them have been launched to the world markets (for example, the
innovative impact quasi-resonance system for hammer systems is a world-wide
novel, honored with a number of awards);

A new "LL" method is proposed, based on the new paradigm of "fractal
structuring” of the design and prototyping process, instead of widely used, but
in many cases not effective "V/ W" models. The “LL” method provides an
opportunity for stepwise upgrading of VP during its creation and validation
through fragmentary PPs to dramatically reducing time for product development
and validation at the various stages of the projects, providing the most effective
balance with physical prototyping. The approaches are demonstrated by their
application in industrial projects;

The specific requirements, the working methods and the specifics approaches of
the creation and production processes in the sphere of healthcare and
implantology have been analyzed. The great potential of virtual and additive

technologies has been proven to alter the paradigm in implantology, opening up
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possibilities for speeding up the processes, shortening the numbers or
complexity of surgical operations and the duration of surgical interventions;
Three practical methods for implementing the technologies of virtual prototyping
and rapid physical production in combination with medical knowledge for
personalization of cranial/spinal and dental implants with adequate definition of
the needed geometry were worked out and demonstrated. These methods
revolutionize the way of implantation in the patient by virtual or physical
prototyping of process elements, better planning of surgical operations and
achieving a precise and adapted way of aligning to the surrounding bone
system, including kinematics and bone loads capacity;

Developed and tested in clinical environment is an innovative methodology for
creation of personalized facial-cranial implants based on tomography imaging
and reconstruction of the bone system with 3D modeling of the “missing” bone
elements (using a mirror transformation from the existing elements of the cranial
symmetry to the other half), intermediate polymer RP samples for tailoring “in
patient” and effective planning of the surgical operation;

3D technologies have the potential to revolutionize healthcare industry
dramatically, providing better planning, better results, shorter surgical operation
time, less intervention complications, reduced recovery and hospital stay, and
as a result - better patient care.

57



VIRTUAL AND PHYSICAL PROTOTYPING -ABSTRACT

[lIl. CONTRIBUTIONS

A) SCIENTIFIC CONTRIBUTIONS

1. A new “fractal approach” has been proposed for composing complex systems
for rapid implementation of variant based development and modular re-use of the
components, aiming at a high degree of flexibility and efficiency of product and
process organization throughout the whole product life cycle.

2. A new principle and method of operation of pneumatic vacuum mechanisms for
impact systems operating in quasi-resonance mode with increased efficiency of the
impact energy was developed and tested. The proposed method and design solution
is protected by a Bulgarian and a worldwide Patents in co-authoring by author.

3. A new method called "WHITE/BLACK BOX" has been worked out to improve the
efficiency and effectiveness of the virtual prototype (VP), defined as a "white box",
through feedback from physical prototype(PP) test data (defined as black box
model) and organizing an internal VP simulation “micro” cycle for fine tuning and
calibration in the iterative connectivity and "self-learning” of the VP.

4. A new "LL" method has been proposed to develop new innovative products,
based on the evolution of the virtual prototype and fragmentation of physical
prototypes in which the development process goes in hybrid and parallel - the
concept and architecture "from top to down", the virtual prototype "from bottom -
up"”, and the physical prototype — just fragmentary- by levels.

B) SCIENTIFIC-APPLIED CONTRIBUTIONS

1. Based on the modified Quality Functional Matrix (QFD), an approach to
identifying user needs (using prototypes) and transforming them into
technical specifications is proposed.

2. A matrix method for family structure definition was worked out, based on the
minimal functional-value overlap between family members at the highest
possible level of unification.

3. A “matrix approach” to define the functional architecture of the product with
the distribution of the necessary functions between the main systems was
developed in three “steps” and in three sub-matrices.

4. Two new approaches (generative and comparative) are proposed for
successful reintegration into the product development process of the
resultant model after geometric optimization to the achievement of "live",
feature based geometry and model connectivity.
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10.

11.

A method for preliminary assessment of the confidence level of the results of
multi physical virtual prototype (VP) simulations was worked out by feedback
with measured parameters of physical tests on PP, and three possible
approaches were proposed for assessing the reliability of the results of virtual
prototypes - initial, intermediate and final.

A hybrid “analytical- simulation” approach for the design of the elastic clips
for plastic components assembly, allowing "self-learning” by integrating test
results using the WHITE/BLACK BOX method and the formation of a
knowledge-based expert system is proposed and tested.

A combined structural and parametric approach for optimization of the shape
and parameters of the elastic system by VP in a well-defined space of
constraints and rigid functional requirements with application of a heuristic
approach for creating variants of concepts and parametric optimization of
generations through virtual “design of experiment” is worked out.

An approach to evaluate the influence of the design parameters on the
acoustic performance of the railway wheel has been proposed and the
effectiveness of this assessment has been demonstrated using a virtual
prototype in the early design stage. The approach is proven by TUV
certification and the requirements of industry standards for the acoustic
emissions of railway wheels by reference to the physical test sample. This is a
remarkable step in a new common methodology development for acoustic
research, based on VP.

A new method of implant building based on computer tomography, 3D
reconstruction and creation of a 3D model of the affected area of the jaw,
virtual design and additive manufacturing of a physical personal
Subperiosteal implant was worked out and validated.

An innovative methodology for the creation of personalized facial-cranial
implants was developed and tested in clinical environment, based on
computer tomography imaging and reconstruction of the jaw bone system
with 3D modeling of the missing elements (using a mirror transformation from
the existing elements of the bone to the other half of the skull), intermediate
polymer RP samples for tailoring “in patient” and effective planning of the
surgical operation was implemented too.

A special method for applying an indirect approach to implant preparation has
been worked out, using technologies to rapid create a mold with additive
technology (negative image materialization) and physical formation the
prepared virtual implant into printed one-shot mold until implant hardening.

C) APPLIED CONTRIBUTIONS
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A multiphysical virtual prototype of a pneumatic-vacuum impact mechanism
has been developed and validated;

The general characteristics, the areas of effective application, as well as the
advantages and disadvantages of the additive technologies and methods have
been investigated. The important features of industrially recognized additive
methods have been evaluated in a tabular and easy to use form;

The combined ultrasonic/milling prototyping process has been identified as
effective in case of use of rigid and brittle materials, including non-metallic
materials such as glass, porcelain, glass fiber, zirconium dioxide and many
others;

Additive production and rapid prototyping technologies were evaluated using
a reference model, which was used to measure the accuracy of the process
and specific geometric elements;

The proposed methods of fractal design, modular composition,
"WHITE/BLACK BOX" and "LL" have been demonstrated in the industrial
projects and was shown good results in terms of effectiveness and efficiency
of the design process;

For the practical application of the developed combined structural and
parametric approach, a software tool was developed to support design
calculations at the development stage of elastic clips in case of “no initial
geometry” model. The product is implemented under the conditions of the
leading engineering company Visteon Bulgaria, significantly reducing the time
compared to creating a detailed VP;

The proposed modular approach to building a forklift family was tested into
industrial project, demonstrating the composition and support of a significant
variants, covering over 200 “tailor made” forklifts to more effectively meet
customer needs and to achieve practically product personalization using
design compositions by available modules. Each forklift assembly is
generated in a 3D individual VP-based “digital twin” provided by Virtual
Engineering and Industry 4.0 technologies;

The possibilities of the most common technologies for the cranial/spinal and
dental implants are analyzed. Their advantages and disadvantages in
manufacturing process was outlined, depending on the geometry and
structure of the implants geometry and materials. Areas of effective
application are outlined too;

. A very good distribution of the chewing loads on the jaw of the Subperiosteal

implant has been achieved, the structure of which has been optimized using
VP to ensure optimal implant stiffness;

10.The proposed indirect approach to rapid virtual building and physical implant

formation in a 3D printed mold allows rapid design and production of life-
saving implants that enable more successful transplants.
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V. Publications, Science Fields and Dissemination.

The main thesis research results are published into two Monographies:

e Todorov, G., K. Kamberov, Virtual Engineering. CAD/CAM/CAE&PLM Technologies,
ISBN 978-619-7171-15-0, Direct Services Ltd., 704 p. Sofia, 2015.

e Todorov, G., K. Kamberov, Engineering Analysis, ISBN978-619-7171-63-1, Direct Services
Ltd.,, 280 p., Sofia, 2018.

As in 30 publications:

A) SCOPUS

1. Todorov, G., Kamberov, K., Pantaleev, T., Kopralev, N., Elastic rail clip design development,
based on virtual prototyping, IOP Conference Series: Materials Science and Engineering,
393(1),012120, 2018

2. Todorov, G., Kamberov, K., Design concept evaluation of tooth implant-abutment interface
based on engineering analyses using virtual prototypes,2018, Journal of the Balkan Tribological
Association 24(3), pp. 521-530

3. Todorov, G., Sofronov, Y., Kyurkchiev, G., Benchmarking of different additive technologies as
rapid manufacturing techniques,2018 Journal of the Balkan Tribological Association, 24(3), pp.
477-483

4. Todorov, G., Kamberov, K., Kralov, I., Ignatov, I., Influence of the contact roughness upon
railway monoblock wheel acoustic behavior on virtual prototyping approach, 2017, AIP
Conference Proceedings

5. Todorov, G., Kamberov, K., Semkov, M., Thermal CFD study and improvement of table top
fridge evaporator by virtual prototyping, 2017 Case Studies in Thermal Engineering 10, pp.434-
442

6. Todorov, G., Todorov, T., Ivanov, l., Valtchev, S., Klaassens, B., Tuning techniques for kinetic
MEMS energy harvesters 2011INTELEC, International Telecommunications Energy
Conference (Proceedings), DOI: 10.1109/INTLEC.2011.6099874

B) Web of Science

1. Todorov, Georgi; Kamberov, Konstantin. Virtual Prototyping of Drop Test Using Explicit
Analysis, 43rd International Conference on Applications of Mathematics in Engineering and
Economics (AMEE) 2017 PROCEEDINGS OF THE 43RD INTERNATIONAL CONFERENCE
APPLICATIONS OF MATHEMATICS IN ENGINEERING AND ECONOMICS (AMEE'17) Book
Series: AIP Conference Proceedings Volume: 1910 Article Number: UNSP 020013 Published:
2017

2. Abadzhiev, Metodi; Todorov, Georgi; Kamberov, Konstantin, MANDIBULAR FLEXURE - A
REASON FOR CHRONIC PAIN SYNDROME IN EDENTULOUS PATIENT RESTORED WITH
FIXED ZRO (2) CONSTRUCTION OVER IMPLANTS, INSERTED IN NATURAL BONE AND
BONE GRAFT AREA. CASE REPORT. JOURNAL OF IMAB Volume: 23 Issue: 1 Published:
JAN-MAR 2017 Pages: 1432-1440

C) Journals and Conferences
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419;

2. Todorov. G., Dobrev, I., Kamberov, K., CFD and thermal analyses application at reflow oven
design improvements based on virtual prototyping techniques, Proceedings of International
Conference on Innovative Technologies, IN-TECH 2012, Rijeka, 26 - 28.

3. Todorov. G., K. Kamberov, Sv. Stoev, I. Savov Structural Analysis and Verification of Snap-
Fit Joints in Plastic Parts CONTECH '13, Istanbul, Turkey, 26th to 28th December 2013
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Patents, related to the Thesis
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VIRTUAL AND PHYSICAL PROTOTYPING -ABSTRACT

ANOTATION

The Doctoral Thesis is dedicated to the methods and approaches of virtual and
physical prototyping in the development of new products, enabling early testing of
conceptual solutions, functionality identification, detection of potential engineering
problems as well as rapid and adequate personalization of solutions, where the number of
constructive modifications and the number of prototypes and the associated new strategies
are substantially reduced.

The research covers the processes of development, identification and validation in
the creation of innovative products and solutions as well as processes, allowing a high
degree of personalization allowing to pursuit the need to reduce the process loop from the
idea to the market as much as possible and to achieve maximum efficiency and reverse of
investments. The focus of the study is on developing the strategies, methods and
approaches for the application of CAD/CAM/CAE technologies and particularly in the
development and testing of effective application of virtual and physical prototypes for
shortening the time, improving the quality and the environmental performance of the new
products’ development, design and personalization as well as the sustainability of the
organizational and process methods and tools to minimize the risk for errors and improve
the quality and efficiency of the innovations.

The work has developed a methodological sequence in conceiving and designing
complex industrial products and systems, including the medical implants’ creation. The
thesis defines the need for a new paradigm in the design process organization. Innovative
strategies, methods and approaches have been developed to quickly specify and conceive
the complex architectures of innovative products, including modular design principle in
fulfilling the dynamic demands of the customers for functionality, variance and last but not
least — the cost of ownership.

A matrix approach has been developed to efficiently divide & distribute the
functionality between mechanical, electronic, sensor and software systems to achieve low
cost and optimum reliability when composing the product structure with maximum use of
commercial components.

A new fractal method is proposed as well as an innovative "LL" method for virtual
and physical prototyping. A new “black/white” box method was worked out to validate
virtual prototypes. Industry held test cases have shown that FEM simulations achieve very
accurate estimates when optimizing the design combined with physical tests and feedback
allowing the virtual prototype to evolve into a “digital twin”.

The combination of virtual technologies and additive technologies is defined as a
promising tool for creating and manufacturing medical implants, including personalized
ones. The specific requirements, the working methods and the specifics of the creation and
production processes in the sphere of healthcare and implantology are analyzed. Three
practical methods of implementing the technologies of virtual prototyping and rapid physical
manufacturing in combination with medical knowledge for personalization of bone and
dental implants along with adequate definition of the geometry are proposed and realized.
These methods revolutionize the process of organizing the whole implants’ creation
process by virtual or physical prototyping of process elements, good planning of surgical
operations and achieving a precise and adapted to the surrounding bone system implants
as well as a way of joining with the inclusion of dynamic loads to bones.

As a result of the proposed methods and approaches, a number of innovative
design solutions for industrial partners have been developed and implemented into
industrial scenarios under the author’s supervision, with a number of new solutions being
patented (9 international patents). Some of the products have reached the world’s markets
(for an instance, the innovative hammer quasi-resonance system was recognized as a
world-wide innovation, honored with a number of awards).
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