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I. OBIIIA XAPAKTEPUCTHUKA HA IMCEPTAIIMOHHUA TPY J{

AKTYaJIHOCT Ha mpolJiema

AJMTUBHOTO MPOU3BOJICTBO CITY>KH 3@ MMPOU3BOACTBOTO HA MPOTOTHUIIM U HA T'O-
TOBU u3Jenua. MeToabT eKCTpyAMBHOTO mocioiHo m3rpaxnane (Fused Layer
Manufacturing, FLM) ck3naBa 2'%-u3MepHU HUIIKK Ype3 OTJIaraHe Ha TepMoIniac-
TUYEH MaTepual, IpyU YHUETO CBbpP3BaHE U HATPyIIBaHE CE€ U3rpaxaa GU3NUecKu Je-
Tail. M3non3BaHuTe MalllMHUTE OOMKHOBEHO UMAT CaMo JIMHEWHU 3a/IBU’KBAHUS IO
ocute X, Y U Z, KOETO OrpaHnyaBa cTpaTeruuTe 3a GopMHUpaHe Ha CI0EBE, Ch3aBa
aHU30TPOMNHUS U CTHIAJIOBUIHU TOBBPXHOCTH.

BB3MoskeH MmoJIxo/ 3a yChbBBPIICHCTBAHE HA aUTUBHOTO MPOU3BOJICTBO, Oa3H-
pano Ha upe3 FLM nponec, € u3non3BaHeTo Ha KHHEMAaTHKAaTa Ha IIECT-0CEB POOOT.
JIOTBbITHUTETHUTE POTAIIMOHHU CTETIEHN Ha CB00OAa Ha poOOTa MPaBsAT Bb3MOXKHO
HaKJIaHSHETO Ha J103aTa Ha €KCTpyJAepa CIpsIMO OCHOBATa, MO3BOJISBANKHU HU3LSIIO
TPUU3MEPEH MOJIX0J] KbM cTpaTteruure 3a ¢opmupane Ha cioese. [Ipemaxsa ce He-
00XOMMOCTTa OT MOJIbPXKAIIK CTPYKTYpU MPH M3TpakIaHe Ha JeTallim ¢ u3fa-
TUHU U C€ HaMaJIsiBa BPEMETO 3a U3TpaKIaHe, Ch3/1aBaT Ce YCIOBUS 3a TOBHUILIABAHE
KayeCTBOTO Ha MOBBPXHOCTHUTE M SIKOCTTA Ha JeTaitmute. OTBaps ce mbT 3a XUO-
PUAHO MIPOU3BOJCTBO, MPU KOETO JIeTailinTe Morat fa ObJaT U3rpajeHu IUPEKTHO
BBPXY ChIIECTBYBAIlM CTPYKTYpPH, HAIpUMEP NPHU Ch3JaBaHE HA CBbp3BAILU €Jie-
MEHTH.

He.]'l HA JTUCCPTANUOHHUA TPYA, OCHOBHH 3aJJa4Y1 1 ME€TO/IM 32 U3CJICIBAHE

Ilenta Ha AUCEPTAITMOHHUS TPY/I € 0d ce Cb30ade cucmema 3a eKCmpyoOusHo noc-
JIOUHO uzepaxcoawne ¢ 6-oces uHoycmpuaier pobom, 0a ce u3Ccieosa GIUIHUEMO HA
OONbIHUMENHUMe CMeneHu Ha c80000a 8bpXy CEOUCMBEAMA HA NPOU3BEOeHUme
npoOHU Mmena u 0a ce NowyYU ONMUMAaileH Habop om pabomuu napamempu 3a npo-
U3800CMBOMO HA OeMAlIU ¢ MAKCUMAIHA IKOCH HA ONBH.

3a U3ITBJIHECHUETO Ha Ta3u eI CC€ IMMOCTAaBAT CE€ CJICAHUTC 3ada4H.

* Jla ce u3BbpIIAT NPEIBAPUTEIHA U3CIICABAHUS C KOHBEHIIMOHAJICH 2)2-N3Me-
PEH IPUHTEP U J1a C€ YCTAHOBAT ONTUMAITHUTE TTapaMeTPH Ha U3XOIHUS TIPO-
IIEC 32 EKCTPYAMBHO IMOCJIOWHO U3TPaXkIaHe;

» Jla ce pa3paboTu cucTeMa 3a €KCTPYAMBHO MOCIOWHO U3TPaK/IaHe, BKIIOY-
Bara 6-oceB nnayctpuaieH pooor (ARMS) u no3BossiBaia AMPEKTHOTO U3-
rpakJiaHe Ha CBbP3BAIlM JETANIH ,,HA MICTO;

 Jla ce pa3zpabotsat meToauku: 3a pabora ¢ ARMS; 3a uzpaboTBane Ha mpoOHH
TeJa ¢ MoAXosmIa popmMa; 3a U3MUTBAHE HA MPOOHUTE TeJia Ha OITBH;

+ Jla ce mpoBeaaT eKCIepuMEHTATHN U3CIIEIBAHUS 32 YCTAHOBSBAHE BIMSTHUETO
Ha MapaMeTpuTe Ha mpoueca npu usnoisBaHe Ha ARMS Bbpxy sikocTTa Ha
OITBH U Ja C€ MPEJI0OkKAT ONITUMAITHA Ha0OpH OT MapaMeTpH;

 Jla ce cp3majie YMCIICH MOJICIT ¢ KpaliH! €JIEMEHTH 3a IPOTHO3UPAaHE Ha STKOC-
THO-e(hOPMaIlMOHHOTO MOBEJACHUE MPU ON'BH Ha u3rpaaeHu ¢ FLM nporec
netaitni. MoaensT Aa ce anpodupa ¢ pe3yJaTaTH OT eKCIIEPUMEHTHTE.
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Hay4yHa HoBOCT

[IpoekTupana u u3paboTeHa € poOOTU3UpPaHA CUCTEMA 3a AIUTUBHO TPOU3BOJIC-
TBO Ha JIETalJIM IOCPEJCTBOM E€KCTPYJIMBHO MOCIONHO H3rpaxaaHe. PazpaboreHu
ca METOJIUKHU 3a paboTa ChC CHCTEMara, 3a MoJdydaBaHe U M3MHUTBAHE HA MPOOHU
tena. OnpenesieHn ca ONTUMAJIHUTE CTOMHOCTM HAa MapaMmeTpuTe Ha Ipoleca, OT
IJIeJIHAa TOYKa Ha SIKOCTHO-Ie()OpMAIlMOHHUTE CBOMCTBA HA MOJYYEHUTE ACTANIIH.

HpaRanecKa NMPUWJI0KUMOCT

Cw3nagenara poOOTH3UpPaHa CUCTEMA, 3a€THO pa3pabOTEHUTE METOUKH 3a pa-
00Ta C Hed U NPEJJIOKEHUTE ONTHUMAIHA CTOMHOCTH HA OCHOBHUTE NIapaMeTpU Ha
poleca, MOe YCIEHIHO J1a M3M0J3Ba 32 MPOU3BOACTBOTO HA JETAMIIN ChC CIOKHA
dbopma, KakTO U B XMOPUHU MPOU3BOJICTBA — 33 IPUHTHPAHE HA CBBP3BALIM €JIe-
MCHTH ,,Ha MSCTO"".

EKCHCpI/IMGHTaHHO C II0JIY4YCHa Oorarta I/IH(i)OpMaLII/IfI 3a HKOCTHO-I[G(I)OpMaIII/IOH-
HHUTE CBOMCTBA Ha IIIIPHUIBAHU U IIOCJIOMHO HU3rpaacHu HpO6HI/I TCJIa, KAKTO U Ha
HU3XOOHUS MAaTCpUual — (1)I/IJIaM€HT. M3non3Banu ca p33H006p33HI/I KOM6I/IHaIII/II/I oT
[mapaMCTpu Ha FLM Imponeca, MpujaoKCHN Ha ABa BUJAd CUCTCMH 3a U3IPAXKIAHC —
KOHBCHIIMOHAJIHA U p06OTI/I3I/IpaHa.

Cob3na7ieH € 4ucjaeH Mojiell 3a SIKOCTHO-Je(POpMAIIMOHHU aHAIM3U Ha MPOOHU
Tesa, MPOU3BEJIEHN Ype3 aJUTUBHO MOCIONHO M3rpaXkJaHe, ¢ U3MO0JI3BAHE HA JaH-
HUTE OT €KCIIEPUMEHTAITHUTE U3CIICBAHMUS.

Anpobanus

Bcuuku excriepuMeHTH ca MPOBEACHH B JIA0OPATOPUUTE Ha YHUBEPCUTETA MO
puiIoKHU Hayku — Kaitzepcnayreps, ['epmanus, mpu cna3BaHe Ha CbOTBETHUTE
W3UCKBAHUS.

y6ankanuu

OCHOBHUTE MOCTHKEHHSI U PE3YJITaTU OT AUCEPTALMOHHUA TPYH ca MyOIuKy-
BaHM B 4 Opos HayuHu ctatud. Te ca qoknaasanu npe3 2021 r. Ha KOHPEpEeHITUUTE
TechSys, ICMERR u ICNME u ca npuetu 3a my0OavKyBaHe B MHICKCUPAHU B SCOPUS
u3nanus: AIP Conference Proceedings (SJR), International Journal of Mechanical
Engineering and Robotics Research (Q3, 2 6post) u Materials Science Forum (Q4).

CrtpykTypa 1 00eM HA IUCePTALHOHHMS TPYJ

JlucepTalluOHHUAT TPY/I € B 00eM OT 165 cTpaHuIY, KaTo BKJIFOYBA YBO/I, S5 IJ1aBU
3a pelraBaHe Ha (P OPMYJIMPaHUTE OCHOBHU 3aJ]a4M, CIUCHK HA OCHOBHUTE MTPUHOCH,
CIUCBHIM Ha U3MOJI3BaHATA JINTEpATypa U Ha MyOIMKaMUTE 1o auceprauusara. Lu-
TUpaHu ca o60mo 91 nurepaTypHU M3TOYHHUIM, BCUUKUTE Ha jJaTuHHUIA. Paborara
BKJtouBa 00110 119 durypu u 15 tabnuuu. Homepata na purypute u Tabnuuure B
aBTOopedepara ChbBIAAAT C TE3U B IUCEPTALUOHHUS TPY/I.
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Il. CBABPKAHUE HA TUCEPTAIIMOHHUA TPY |
I'JIABA 1. JUTEPATYPEH OB30P

1.1. CbuHOCT AIUTHBHOTO MPOU3BOJACTBO Ype3 eKCTPyApaHe

TepMUHBT ,,eKCTPYIUPAHE™ CE OTHACS JI0 MPOLECH, MPU KOUTO C€ MOJydyaBa MEK
HarpsT TepMmoruiacT. To3u MaTepuan npeMruHaBa Mpe3 eIHa WK MTOBeYe 103U U 10-
JydeHaTa HUIIKA C€ OTJiara BbpXy Ie4yaTHa Iioda. TOIIMHHATA EHEPrusl B MaTEpH-
ajia € JI0CTaThb4HA 3a CTOISIBAHE HAa OCHOBATAa, KOSATO Cliel OXJIaXKJaHe oOpa3yBa
TpaliHa Bpb3Ka ChC caeABalus cioi. KoHTypuTe ce n3rpaxaar ype3 IBUKEHUE HA
nro3ute B paBHuHA XY (2D). TpeToTo n3mMepeHue He ce U3M0I3Ba KaTo HEMPeKbCHATA
Z-KOOPJIMHATA, A CIIy>KM 32 OTMECTBAaHE Ha IjloyaTta npu (OpMUpaHE HA OTAEITHUTE
cioeBe. PeanrHo mporiechT MMa JIBE H3MEPEHUs U mojioBuHa (272D), makap ye 0OuK-
HOBeHO ce Hapuya 3D npuntupane. Gurypa 4 minoctpupa 6a3zosus FLM mporiec.
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®urypa 4. CxemaTnuHo npejacraBsHe Ha nponeca FLM.

ExcTpynupanuar Matepuall ce BTBbP/IsSBa MPU OXJIaXKJaHe, BCIEJICTBUE HA TOILJIO-
oOMeH ¢ OKoJiHaTa cpejna. 3aroBa npouechT FLM e moaxossin 3a Marepuaiu ¢ BU-
COKa TeMmIepaTypa Ha TONEHE W HHCKa TOIUIONMPOBOJHOCT, HAl-4€CTO BOCHIU U
nactMacu. JlobaBsHEeTO Ha BTOpa J[103a IMO3BOJISIBA U3TPaKAaHETO Ha XUOPUIHU JIe-
TalJIM C Pa3JIUYHU I[BETOBE WIH CIIeU(GUYHA MEXaHWYHH cBoicTBa. MHoro FLM
CHUCTEMH H3I0JI3BAT BTOpATA CHU /1034 3a U3rpaXkJaHe Ha ONMOPHU KOHCTPYKLHH OT
pa3lIMueH MaTepHall, KOraTo ToBa € He0OX0IMMO.

[TponiechT FLM € cBbp3aH ¢ penuiia orpaHuyYeHus U npeau3BukaTencTa. CTpyk-
TypH, KOUTO ca TO-(pUHU OT MUHUMAaIHATA MUPHUHA HA EKCTPYANPAHE, HE MOTaT Jia
ObJaT MPUHTHUPAHU B paBHUHATA XY. Pa3aenurenHaTa cnocoOHOCT MO OC Z € OTpaHHu-
YyeHa OT BUCOYMHATA Ha cJiosl. Thi KaTO HUIIIKUTE ca C KPhroBO CEYEHUE, HE MOTaT
Jla ce MoJIydaT OCTPH BIVIM B IPUHTUpaHU JneTait. [Ipenu3BukarTencTsa npeicTas-
JSIBaT CKOPOCTTA HAa MPUHTHUPAHE, KOSITO 3aBUCH OT CKOPOCTTA Ha ABUKEHUE HA JI0-
3aTa U OT AeOuTa Ha maTepuana, oOpa3yBaHETO Ha MYCTalll; U3KPUBSIBAHETO Ha



NPUHTUPAHUS JETAT; 3aMyllIBAHETO U M3HOCBAHETO Ha J[103aTa, aHU30TPONHUSITA B
MEXaHUYHHUTE CBOMCTBA, MOAbPKAIIUTE CTPYKTYPH U JP.

1.1.1. UudopmannoHeHn noTok Ha npoueca FLM

[TpTaT Ha MHOPMAIMATA OT UICSTA 0 IPUHTUPAHKS JICTAMI ¢ ToKa3aH Ha ¢ur. 6.
To#i BKITIOYBA BUpTyalHAa W peajHa 4yacT. BupTyamHata yact oOXBaila reHepupa-
HETO U BU3yanusupaHeto Ha uzaesta B CAD-cucrema, nmpeoOpa3yBaHETO Mpe3 yHH-
BepcaseH (aitmoB ¢popmar (STL), oOpaboTkara che codTyep 3a TeHEpUpaHe Ha CII0-
eBe, MoJIy4aBaHeTo Ha MammHeH G-kon. du3nueckarta 4acT BKIIOYBA MPUHTHpPA-
HeTo ¢ FLM npuHTep M ipeMaxBaHETO Ha MO IbPIKAIIIS MaTepUall.
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Pasmepu
A 4 T
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OpueHTHpaHEe B IPOCTPAHCTBOTO

v
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JuameTsp Ha 1r03aTa
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CBoiicTBa Ha JieTaiiia U mpoueca:
['pamaBocT HAa TOBLPXHUHUTE
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v
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v
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v
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®urypa 6. Unpopmannonen norok Ha nporeca FLM.

—

Peanno npoctpaHcTBO

B I'maBa 1 e HanpaBeH jaeTaiijieH nperjie Ha eleMeHTuTe Ha nporeca FLM:

o 1.1.2. Daiinos gpopmam STL — chIHOCT, MpeaUMCTBA U HepocTaThI. STL nipen-
CTaBJIsIBa YHUBEpCAJIEH, HO TPOCT MAaTEMAaTHUYECKH METO/I 32 ONMCBAaHE Ha CIIOKHH
TPUU3MEPHU JETAIN Ype3 TOBbPXHUHHU, ChCTABEHU OT TPUBI'BIHUIH;



1.1.3. Mawunen G-xo0 — nociieT0BaTENHOCT OT KOMAHIH, KOUTO C€ M3MbIHIBAT
OT MAIIMHUTE C U(POBO-IPOrPaMHO yIpPaBICHUE, BKIIOUNTEIHO 32 LIETUTE Ha
TPUU3MEPHOTO MPUHTUPAHE;

1.1.4. Cogpmyep 3a eenepupane na cioege — CbUTHOCT U BH3MOKHOCTH. ToBa €
OCHOBHHSAT coTyep 3a mporieca. Toil ch3gaBa cioeBeTe 3a MPUHTUPAHE U MOCTIe-
JIOBATETHOCTTA OT KOMaH/I1, KOUTO TPsIOBa 1a M3MIBIHH MPUHTHpAIIaTa MalllHa.
[To3BossABa pa3nuyHU OPUEHTALIMU Ha JIETaiilsia B MPOCTPAHCTBOTO, B ThPCEHE Ha
peleHre ¢ MUHUMaTHa HE00X0AUMOCT OT MOAAbPKAIIU CTPYKTYpU — ur. 8.

1 2000 4 [ 400
5 1750 ~ o
= 1500 A - 300§
= 1250 - =
s 1000 - - 200 £
Z 750 - e
2 500 - - 100 8
2 250 A 2
A 0 - -0 2
12 3 4 a
B JJogabprkaiiy cTpykTypu ™ BioskeH marepuan
Bl Bpeme 3a npuHTUpaHe

®urypa 8. BriiusHue Ha OpUEHTALUATA BHPXY MOAIbPKAIIUTE CTPYKTYpHU
(coOCTBEHO M3CIICIBaHE).

1.1.5. Hacmpoiixu npu cenepupanemo Ha cioege — 1o coTyepeH mbT MOraT Jia
ce HactpoiBaT Haja 100 mapameThbpa, OCHOBHUTE OT KOWUTO ca JajeHu Ha ¢wur. 9.
CTOMHOCTUTE HA TE3U MAPAMETPHU IO OTAECITHO U B ChbBKYITHOCT OKa3BaT T'OJIIMO
BIIUSTHUE BHPXY KAUECTBOTO HA U3TPAJCHUS JETAMI. 3a JOCTUTAHETO 10 ONTHMA-
JIeH Ha0op OT MapaMeTpy ca HeOOXOAUMHU MTPOIBIKUTEIIHU MPOYYBAHHUS, HATPYII-
BaHE Ha MPAKTUYECKU OMUT U MPOBEKIaHE HA MHOTO(PAKTOPHH €KCIIEPUMEHTH,
KaKBUTO Ca MPABEHU W B HACTOSIIIUS AMCEPTAIMOHEH Tpyld. OCHOBHHUTE HACT-
POVKH Ca aHAIM3UPAHU B JICTANIM U Ca UIOCTPUPAHU TEXHUTE BIusiHUA. Hampu-
Mep, Ha ¢ur. 10 ca noka3zanu e(eKTUTE Ha HAKOU OT HACTPOMKHUTE, CBBP3aHU C
TEOMETPHUSATA U CIIOEBETE, BBPXY CTPYKTypaTa Ha JeTailia.

1.2-1.3.2. CbhcTOosiHME HA M3CJIeABAHNSITA, CBbP3aHu ¢ mpoueca FLM

[Topanu MHOTOOOPA3UETO OT BH3MOKHOCTH, IIPEAJIaraHy OT HATMYHUTE HA Tazapa

coTyepHu U xapayepHu pemienus 3a FLM npunTupane, crangapTu3upateTo U oI-

TUMHU3UPAHETO Ha IPOoLECCa Ca 3aTpyAHCHH, a U3CJICABAHHATA Ca CBbP3aHH OCHOBHO

C AKOCTTa, rCOMCTpNIHATa TOYHOCT, KAYCCTBOTO HAa ITIOBBPXHHUHUTC, CTaOMJIHOCTTA

Ha nporieca u Ap. OcobeHO BHUMaHKE B JIMTEPATypHUS 0030p € OTACIICHO HA Bb3-

MOXHOCTUTE 3a peam3upane Ha MHorooceB FLM mporiec u Ha edexTute, KOUTO

JOIIBJIHUTCIIHUTC CTCIICHU Ha CBO6OI[a OKa3BaT BHPXY Ka4uCCTBOTO Ha IMPOU3BCIC-

HUTE AeTaiu. B pa3rieganure nutepaTypHy U3TOYHUIIM OOMKHOBEHO CE U3MOI3BAT



3aABWKBaHUs ¢ 4, 5 win (Haii-uecto) ¢ 6 crernenu cBo00/1a, KOUTO MOTaT Jia Ce ToC-
TUTHAT C yIoTpebdaTa Ha MHAYCTpUaIeH poOOT. Bh3MOKHOCTTA 103aTa J1a C€ BHKA
BBB BCUYKU HAMPABIICHUS MOXKE JIa JIOHECE MHOTO TIOJI3H, KaTO OOMKHOBEHO CE aK-
IIEHTUPA HA STUMUHUPAHETO Ha TIOIIBPIKAIUTE CTPYKTYPH U HA HAMAJICHOTO BpeMe
3a u3rpaxaane. V3110 Tpuu3MepHUT MOAX0]] MTO3BOJISABA J1a OTIarat HepaBHUHHU
CJI0€Be, C KOETO C€ HaMaJlABa CTHIANOBUIHUAT €(EKT U ce MoJo0psiBa Ka4eCTBOTO
Ha MOBBbPXHUHUTE. HenmpekbCcHATOTO OT/IaraHe Ha MOBBPXHOCTHUTE clloeBe (C Ha-
MaJjieH CThIAJOBUACH €(EeKT) MO3BOJSBAa ysSKYaBaHE W BKOpaBsSIBaHE Ha IisiaTa
CTPYKTYpa, KaTo B TUTEpaTypaTa ce crioMmeHaBa 3a 59% yBennuaBaHe Ha TPaHUIIATA
Ha mpoBiavyade u 9% yBenuyaBaHe Ha MOJYJIa Ha €TACTUYHOCT. Y sikuaBail ekt
ce TIOCTHTa U 4Ype3 MPOMSIHA Ha HAIIPABJICHUETO HA EKCTPYyAUpPaHE.

HacTpoiiku npu renepupaHeTo Ha cj10eBe

| I'eomerpust u cioeBe KonTtpo. Ha npoueca
[
B I I I I ] ]
HCOYHNHA -
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[ITBTHOCT Brim 104a underspeed Offset
- 3ambiaBaHe ‘|: I Solid infill Fi
Hlapka |H  Raft A Teomerpusi| H PHHTH- Hertical life| H >0 ™ H Firmware
paia riasa underspeed settings
["open u 10
JleH cioi Prime PaGoren Extra Default Machine
N - Horcrosmus| H 20 - restart - printing H geometry
pillar obem - definiti
HTepumerpu distance speed efinitions
Ooze Max Ckopoct Ckopoctn Script
| [TTpunoxpusane 1 shield | [1©verhang | oxnaxnam 1 ™2™ | [ changes
HAa TBJIHEeKA angle BEHTHJIATOP XYZ g
|| npuna exc- i Ckopoct Jlebut i Cxkopoct
TpyAUpaHe no Z mo Z

®urypa 9. Hactpoiiku B codTyepa 3a reHepupaHe Ha CIIOEBe.

®urypa 10. E¢pexrn ot napamerpu Ha nponeca FLM (cobcTBeHo n3ciensane):
(a) Anamersp Ha Ar03aTa M WHPHUHA Ha eKcTpyaupane; (b) Bucounna Ha cnos; (C) 3ambiBaxe;

(d) Llapku: opToroHanHa, Mpexxecrta, TPUbIbIIHA, 3Ur3aroo0pasHa, Obp3a MUYeIHA MUTA, IIbJIHA TYEITHA [THTa;

(e) MpunokpuBaHe Ha MBIHEXKA.

d)



1.3.4.-1.3.5. 'eomeTpuyHM napamMeTpu Ha podoTusnpanus FLM npouec

Ha ¢ur. 18 ca nokazaHu BeKTOpUTE, KOUTO ca BakKHH 3a nponeca FLM: nHopmainen
Ha IIeYaTHaTa Iy1049a BEKTop N, HOPMAJICH Ha clloeBeTe BeKTop b (mocoka Ha n3rpax-
JlaHE), OC Ha Jro3aTa €, rpaBuTanvoHeH BekTop g. [Ipu knacuueckus FLM mporec
BI'BJIBT € PABEH Ha HyJa, a BEKTOpUTE N, b 1 € ca ycrnopeaHu moMexIy cu U mep-
NEHIUKYJISIPHY Ha IeYaTHaTa Miova. 3aJBUKBAaHETO Ha Jro3aTa ¢ 6-0ceB poOOT Mo3-
BOJISIBA Jla CE peallu3upaTr pa3jIMyHK HalpaBiieHus Ha N, b u e, kaTo ce ynpasisBar
BIJIUTE O, B U V-
e 0 TO3BOJISIBA M3rpaxkaaHe 0e3 MOAAbpXKalld CTPYKTYpPU M TedaTaHE HU3BBHH
oOeMa Hajl MevaTHaTa IIova, Ype3 MPOMsIHA Ha ITOCOKaTa Ha u3rpaxaaHe b;
e [ MO3BOJISIBA HAKJIAHSIHE HA OCTA Ha JII03aTa € CIpsIMO BEKTOPA Ha CKOPOCTTA V.
[To To3u HaYMH ce BIKsAC HA HAITPEUYHOTO CEUEHUE HA eKCTPyANpaHaTa HUIIKA U
Ha CTPYKTypaTa Ha U3TPKIAHUS ICTalI.
e Y TO3BOJISIBA JUPEKTHO M3TPAKIAHE BHPXY CHIIECTBYBAIIN MOBBPXHOCTH C MPO-
W3BOJIHA OPUEHTAIUS B IPOCTPAHCTBOTO.

IleuaTHa mIoua

®urypa 18. ba3zosu reomeTpruHu napamerpu Ha npoueca FLM.

KuneMatnunute 0cobeHOCTH Ha poOOTa ChIO ca 00EKT u3cieaBane. B nurepary-
paTa e IOKa3aHo, 4e poOOTHUTE UMAT IMO-HUCKO YCKOPEHUE OT JINHEWHUTE 33]/IBUKBa-
HUS Ha KOHBeHIMOHaNHAa FLM cucrema, KO€TO MOXKE Ja NMOBJIMSIE Ha IMOJy4YeHaTa
CTPYKTypa U Ha AKocTTa. OCBEH TOBa, TOYHOCTTA HAa TPACKTOPUATA HA UHYCTpHUAI-
HHUS poOOT € MHOTO ITO-HUCKA OT Ta3W Ha TunuvHaTa 22D cucrema. ToBa Moxe na
MOBJIMSEC HA CBBP3BAHETO HA CJIOEBETE, OCOOCHO MPU MO-MaJKU JUAMETPU Ha JI0-
3aTa. 3aToBa € HE0OXOAUMO Ja Ce HaIpaBsIT U3MEPBAHUS HA JICUCTBUTEIHUTE pPa-
OOTHU JBMKEHUS U J]a Ce U3CJIe/IBa TSIXHOTO BIUSHHUE BbPXY SKOCTTA.

1.4. SIkocT HA OIBH HA CTPYKTYPH, moay4denu ype3 FLM npouec

[TyOnukanuuTe, MOCBETEHU Ha SKOCTTa Ha onbH Ha FLM 1 aHU30TpOINHUTE MaTe-
pHai, Cliopel OCHOBHUS CH MOAXO0/, ca 0000IICHH U pa3riielaHu B TPU TPYIIH:
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e Excnepumenmannu, 4aCTUYHO JONBIIHEHU C IUIAHUPAHU €KCIIEPUMEHTH, KOM-
MIOThPHA TOMOTpadus NI MUKPOCKOTICKU H300paXKeHNUS;

e Mooenupane c uucnenu memoou, ¢ IocieBaia Bepupukanus Ha pe3yaTaTUTE;

o Ananumuynu, N3MON3BAIIMU KIACHYECKUS MOIXO0/, P KOUTO HAIPEXKEHUSTA CE
IpecMsATaT Ype3 IUIOLITAa HA HAIPEYHOTO CEYEHUE.

Knacudeckure ekcriepuMEHTaTHU METOAM C€ CpellaT YeCTO B ChbBPEMEHHHUTE M3C-
nenBanus. Te ca moaxonsiy 3a Bepudukaius, HO U3MCKBAT BHUMATEIHO TJIAHU-
paHe U MpoBeX1aHe Ha ekcriepuMeHTuTe. MetoasT Ha kpaitHuTe enement (MKE)
Ce M3MOJI3Ba 32 U3y4aBaHe U MPOTHO3MPAHE MMOBEJECHUETO MPU HATOBAapBaHE Ha Jie-
Taiu, npousBeieHu ¢ npoieca FLM, npu koeTo ce noiydaBa 100po ChOTBETCTBUE
C €KCTIIEpUMEHTAIHUTE pe3yATaTd. MeToAbT M3UCKBA TOJEMHU HM3YHUCIUTEIHHU pe-
CYpCH, KOUTO 3aBHCST OT I'bCTOTaTa Ha MpEXKaTa M CTHIIKATa NPU pelIaBaHe Ha 3a-
navara. Classical Laminate Theory (CLT) ce n3mom3Ba yecto Mpu M3CIICABAHE HA
MEXaHUYHUTE CBOWCTBA OPTOTPONHH KOMIIO3UTH, CHCTAaBEHH OT CIOEBE OT pas-
muaau Matepuainn. CLT Moxe na ce anantupa 3a CTpyKTypH, u3rpagesu upe3 FLM
METO]I, KOUTO CHIIO Ca Ha CJIOEBE, HO TOBA MOpaXKa MPEIU3BUKATEICTBA, CBBP3aHU
C B3aMMOJICHCTBHETO Mex 1y oTaenuute cioeBe. MeroasT Unit Cell, u3nonssan B
W3UHCIUTEIHATAa MUKPOMEXaHUKa, ChILIO MOXe J1a ce npuroau 3a FLM ctpykrypu.
3a menta eIMHUYHUTE KIETKU TPSOBa Cce M3MOJ3BAT 3a MPEXBBPIISTHE HA MEXaHUY-
HUTE CBOMCTBA Ha MaTepuaja OT MUKPO KbM MaKpO HHMBO. T0O3H MOAXO0I MOXKE /a
CTIECTH M3YMCIIUTEITHU PECYPCH U J1a TTO3BOJIM U3CIIEABAHETO HA CIIOKHU JACTAUIIHN U
KOHCTPYKITUH, HO MPaKTHYECKaTa peain3alus € CJI0KHA U U3UCKBA pa3pabOTBAHETO
Ha crneruanu3upad codpryep. [Ipu knacuueckusi aHAIUTUYEH TOX0]T HOPMATHOTO
HaIPEeXKXEHHE Ce MPEeCcMATa, KaTo CUJaTa Ce pa3/iesid Ha IJIOIITa, BEPXY KOSATO Jeic-
TBa. AKO JICMICTBUTEIIHATA TIJIOI Ha HanpeyHoTo ceyeHue Ha FLM ctpykryparta ce
OTIpEJIeITH MPABUITHO, CE MOTy4YaBaT OJIM3KH 10 €KCIIEPUMEHTATHUTE PE3yITaTH.

B HacTosimara qucepranus ca U3Ioia3BaHU OCHOBHO KJIACHUUYECKU EKCIIEPUMEHTAIHU
METOJIM, YaCTUYHO NOAKpeneHu ¢ mianupanu ekcnepuMenTu. MKE e n3non3san 3a
CUMYJIUPAHE Ha U3MMUTBAHETO HA OITbH, KAaTO € M3rPaJicH TPUU3MEPEH MOJIEI Ha IUC-
KpEeTHAaTa reOMEeTpHUs Ha MPUHTHUPAHATA CTPYKTypaTa v ca U3MO0JI3BAHU €KCTIEPUMEH-
TQJIHO TTOJIYYEHUTE CBOKMCTBA HA MaTepUaa.

1.5. lea u 3agaun

[en nuceprauusaTa € 1a ce u3ciie[Ba Kak JOMbJIHUTEITHUTE CTENIEHU Ha CBOOO/1a Ha
WHyCTpUaIHUS poOOT (bIJu a, f 1y oT Pur. 18) u kKuHEeMaTHUKaTa Ha poOOTa BIUSAT
BBpXY SKOCTTA Ha MPOOHU Tena, npousBeaeHu upe3 FLM nporec, u aa ce npeo-
XKaT ONTUMAaJIHU HAbopu OT pabOTHHU mapaMeTpu. 3a MOCTUTAaHETO Ha Ta3M LIeJ ca
(dopMyIIMpaHu CIEIHUTE 3aJauu:
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1. V3BbpIiiBaHe Ha MbPBOHAYAIHU MpoyuBaHus ¢ 0a30B PLA koHCymMaTHUB M KOH-
BeHI[MOHaseH 272D npunrep:

a) ITpoBepka Ha MOBTOPSIEMOCTTA IIPH HACTPOWKH 10 IMOApa3OnpaHe;

b) Omnpenensine Ha onTHUMaTHK apamMeTpu Ha Hadanaus FLM mporiec;

c) IMTomydaBaHe Ha pehepeHTHH MEXaHHYHU CBOWCTBA.

2. Pa3zpaboTBaHe M BbBEXKIaHE B €KCIUIOATALMS HA POOOTU3HpaHa CUCTEMA 3a aJlH-
TUBHO Tipon3BoIcTBO (ARMS), 3a n3rpaxxane Ha CBbpP3BAIIH JETANIH ,,HA MSICTO.

3. Pa3zpaboTtBane Ha metoauku 3a pabora ¢ FLM npuntep u ¢ ARMS, kakto u 3a
U3MUTBAHE HAa OI'BbH, BKJI. Ch3aBaHE Ha MOAXO/AIIa TeOMETPHsI Ha IPOOHUTE Tela.

4. ExcriepuMeHTaIHU U3CJIe/IBaHUs 3a MOJIy4yaBaHE Ha ONTHUMAJIHU IO OTHOIICHUE
Ha SIKOCTTa HaOOpH OT pabOTHU NapaMeTpH, CIe/ YCTAHOBSABAHE HA €EKTUTE OT:
a) HakioH Ha u3rpakaaHus CIIOM — br'blI 0
b) Haxon Ha mr03aTta — brbi f3;
C) HakioH Ha meyaTHaTa 1mjio4ya — brbil ),
d) Tounoct Ha TpackTopusaTa pu ARMS u 2%4D cucrtema,;
e) BiusHHETO Ha MPUIIOKPUBAHETO HA ITBJIHEkKA U IcOnTa.

5. Cp31aBaHe HA YHCIICH MOJIEII C KpailHU €JIEMEHTH 32 MPOTHO3MPaHE Ha SIKOCTHO-
nedopMalMoHHOTO MoBeAeHUE TTpu onbH Ha FLM 00pa3iu u Bepuduimpane c mo-
JyYEHUTE €KCIIEPUMEHTATIHU PE3YITATH.

I'JIABA 2. U3CJIEABAHUSA C KOHBEHIIUOHAJIEH 22D [IPUHTEP

2.1.-2.4. OnTumu3upane napamMerpure Ha npoimeca FLM 3a nocTurane makcu-
MAaJIHA SIKOCT HA U3TPaJeHuTe CTPYKTYPH

[Ipenu pa3zpaborBanero Ha ARMS e HeoOxoaumo aa ce HaTpymna coiauaHa uHdop-
Malys 1 OnuT 3a o0muTe napameTpu Ha niporieca FLM. 3aToBa e mpoBeeH miaHu-
paH eKCTIIepUMEHT 3a HaMHUpaHe Ha ONTUMaJIeH Habop oT mapameTpu Ha 272D FLM
mpolieca, ¢ KOUTO ce TIoJydyaBa MaKCHMaJlHa SKOCT Ha U3TPAJCHUTE CTPYKTYPH.

Usnomseanuar codryep 3a renepupane Ha cioese Simplify3D® nossonssa Hact-
poiiBane Ha okojio 100 mapamerspa. [Ipu mranupaneTo Ha eKCepuMeHTa TpsOBa
J1a ce 3aJI0’KM MUHUMAJIEH, HO 1I0CTaTh4yeH Opoil mpoOHU Tela, KOUTO Aa Ce MPOou3-
BeJIaT M U3MUTAT. 3a 1eyTa TpsiOBa Ja ce OnpeeisT OHE3U MapaMeTpH, KOUTO BIIU-
ST HA-MHOTO BBPXY SKOCTTa U Jia ce neduHupat Texaurte noiuu (L) u ropau (H)
rpanuiy. Pezynratute oT Ta3u cenekuus ca nokasaHu B Tadiuma 1.
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Taoauua 1. [Tapamerpu Ha niporteca FLM, BkiIFOUeHH B TUTAaHUPAHUS €KCIIEPUMEHT.

Ne [Tapametsp Osnauenue |Jlosna rpanuna (L) |Topua rpanuna (H)
1 | lnameThbp Ha ar03aTa dn 0,3 mm 0,5 mm
2 |MHOXHTE Ha IUaMEThpPa We 0,9 x dn 1,1 x dn
3 |Bucounna Ha cios h 0,1 mm 0,3mm
4 |ILnbTHOCT Ha 3aITbJIBAHE I 50% 90%
5 |IIpunokpuBaHe Ha BJIHEKA O 15% 35%
6 |CKOpOCT Ha IPUHTHPAHE v 1000 mm/min 3000 mm/min
7 | Temneparypa Ha eKCTpyAUpaHe Te 200 °C 220 °C
8 | Temneparypa Ha mio4yara Ts 70 °C 90 °C
9 |ITocoka Ha TOPEH U JIOJICH CIIOM Op 0° 90°
10 | IlTapka p# 1- OpTor0Haﬂ§a; 2 — Mpexecra,
3 — Tpubrsnna,; 4 — IIb1Ha MUeaHA TMTA

[IpoOuute Tena ca uzrpagenu c npunrep RF2000, ¢ur. 27. 3xonuuar marepua e
dbunament Verbatim© PLA, 2,85 mm. M3nuTBaHeTo Ha OITBH € MIPOBEACHO C Ma-
mmHa ZWIick 1475, mpu craifHa TeMIiepatypa, ¢hC CKOPOCT Ha jaedopmupaHe
1 mm/min B enactrynaTa u 20 mm/min — B mactuyHaTa obact. [IpoOHOTO Ts10
choTBeTCcTBa Ha ctaHaapT 1SO 527-1A. M3nonsBanu ca caMo JaHHUTE OT MPOOHU
Tesa, pa3pyIIniig ce B MepHaTa JbJKIHA. 3a IMJIaHUPaHe Ha eKCIIEPUMEHTA € U3IO0J-
3BaH cTaTMCTUUECKUAT copryep Minitab®.

®urypa 27. [TocranoBka Ha ekcriepumenta: a) Renkforce RF 2000 u kommioThp che codryepa
Simplify3D®; b) Tect Ha onbH ¢ Zwick 1475; ) Pazmepu Ha npoOHoTO TSm0 (1S527-13).

C mapamertpu 1-9 ot tabnuna 1 e mmanupan qpoOeH (HaKTOpEeH EKCIEPUMEHT C pe-
somtorust 1V u nBe pakTopHU HUBA, KOWTO M3UCKBa 64 komOuHanuu. OT BCsiKa KOM-
OuHaius ca u3padboreHu 1o 3 npoOHU Tena. 3a OTYMTAHE Ha JAECeTHs apaMeThbp ca
n00aBeHM OIlle YSTUPH KOMOWHAIMH (110 €Ha 3a BCSAKA OT YETHUPHUTE IIAPKU, ChC
cpeaHo (paKTOPHO HUBO), KaTO OT BCsKa ca m3paboTreHu mo 6 nmpoOHU Tena. Taka
oOmusT Opol MPOU3BEICHN M M3NMUTAaHU Ha ON'BH MPOOHU Tea ¢ 216, ¢ 68 komOu-
HaIMu OT mapaMmeTpu. [Ipu Bceku TecT e 3amucaHa KpuBaTa Ha AedopMHUpaHe U ca
OTUYETEHH SKOCTTA HAa OMIBH Oy M MOYJIBT Ha eacTUYHOCT E. Pe3ynraTure ca moka-
3aHu Ha ¢ur. 28.
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®urypa 28. ExcriepuMeHTalIHU pe3yTaTu 3a om U E, moapeneHu no sikocrra Ha OI'BH oM.

Bnusnauero Ha mapkara (mapametsp 10) e nageno B tabnuia 3 u ¢ur. 30. [lpu ,, Tpu-
BI'BIHA CE MOJIyyaBa Hal-BHCOKa SIKOCT — CPEIHO ¢ OkoJio 3,5 MPa Hax npyrute
BujioBe. Haii-manko eextuBeH e BUABT ,,Mpexa‘“, koito uma 10,68 % mo-Hucka
AKOCT, HO MOYTH CBIIOTO TETJIO U BPEME 3a IeUar KaTo ,,TpubrbiHa’. Hall-nKoHO-
MMYHA € IIapKaTa ,,[T4eJIHa MUTA", C Hall-HUCKO TETJIO U BpEME 3a U3TPaAKIaHE.

Tabnuua 3. BriusiHue Ha mapkara BbpXy &35 1
E, om, TETJIOTO U BPEMETO 32 M3rPaKIaHe = 30 1 g
(cpemHu CTOWHOCTH, CIIPSIMO ,, TPHBI'BIHA") g gg : / //
Lllapka Oproro- | Mpe- | Tpub- | [Tuenna E 15 - j/ TpubrbiIHa
HajgHa | JKecTa | TI'biHA IATa 2 104 & g/{pTeC;zgé{:;IHa

E, MPa 1650 | 1800 | 2060 | 1740 | 5 5 - L bewecta
om, MPa 270 | 275 | 310 | 279 | T O L
om, % 11,97 |-10,68| 0,00 | 1045 0 05 1 15 2 25 3
Terzo, % 479 | 1,63 | 000 | 10,40 YABIKCHHE &, %
BpewMe 3a H3r- 333 0.00 0.00 500 ®urypa 30. Kpusu Ha nedopmupane
paxnane, % ’ ' ' ’ IIpY PA3JIMYECHUTE MIAPKH.

BnusgHuero Ha JeBeTTe mapamerbpa OT Tabnuia 1 BbpXy SIKOCTTa € MOKa3aHO Ha
¢ur. 32. JluameTbpbT HA Ar03aTa, BACOUMHATA HA CJIOsI, IPOLIEHTA Ha 3allbJIBAHE U
OpHUEHTAUMATa HA TOPHUS U JOJIHUS CJIOM BIMSAT HAW-CUIIHO BBPXY sKOCTTa. OT
BTOPOCTENEHHO 3HAYEHHUE € MPUIIOKPUBAHETO HA IIBJIHEXKA, MTOCIEABAHO OT TEMIIE-
paTypuTe Ha IJ104YaTa v Ha eKCTpyAupanus Matepran. CKOpOCTTa U MHOKUTENAT Ha
JMaMEThpa Ha JIF03aTa MPAKTUYECKU HE BIUSAAT BbPXY SKOCTTA.

B mucepranmsta € U3cienBaHO CHIIO M BIUSHHETO Ha 1BeTa Ha (umamenTa (Oso1
WIN YepeH), KaKTO M Ha BPEMETO Ha MPECTOl Ha (HUIIaMEeHTa cjell Pa3oNnaKkoBaHe
(1 men wm 30 gHK) BHPXY SKOCTTA HA U3TPAJICHUTE MPOOHU Tella. Y CTAHOBEHO €, Ue
Te3M JBa (pakTopa oka3zBaT MAJKO BIMSHHE, KOETO MOXKE Jia ce IpeHeOperHe.
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®urypa 32. BiusiHre Ha OTJCIHUATE TapaMeTPH BBPXY oM.

Upes nuHeliHa perpecus M Ha 0a3a Ha MOKa3aHUTE PE3YNTATH, CTATUCTHYCCKUST
coTyep reHepupa CICAHOTO ypaBHEHHE 3a TIPOTHO3UPAHE SKOCTTA Ha OIBH:

om = 34,926 — 1922 Dy + 140,3 Wg + 0,00852V — 4530y — 0,73 | + 0,242 Tg — 0,256 Te —1,894 O,
+0,1406 Op— 32,3 dn W + 0,00708 dy V + 2358 dn hy — 0,1376 diy | +0,242 dy Tg + 1,011 dy Te
—1,298dn O +0,0516 dn Op — 0,00766 We V — 47 We hy — 0,1704 We | — 0,134 WE Tg

— 0,442 Wg Tg + 0,797 We O, — 0,1417 We Op — 0,00724 v h; — 0,000018 v | + 0,00001 V Tg
—0,000005 V Tg — 0,000051 vV O, + 0,000013 V Op —0,5006 hy | — 0,017 h; Tg + 0,458 h; Te
+0,001603 | Tg + 0,005124 | Tg + 0,00466 | O; — 0,000993 | O — 0,00249 Tg Tg + 0,00296 Tg O,
+0,000256 Tg Op + 0,006 Te O; — 0,000378 Tg Okp.

[Tpu pemaBaneTo Ha TOBa ypaBHEHUE B IPAHULINTE, 3aJI0KEHU B Tabiuua 1, e moiy-
YeH ONTHUMAIHUAT HAOOp OT mapameTpu Ha nporieca FLM, nanen B tabnuma 4. C
T€3U MapamMeTPU MOJETBT MPEICKa3Ba SKOCT Ha ObH 52,93 + 2,26 MPa npu 95%
noBepuTenieH uHTepBal. [Ipm TakmBa mapameTpu 0sixa M3paOOTEHHM U WM3MHUTAHU
3 6post mpoOHU Tena. [lomydyenara sKoCT Ha OITBH € ¢ 6,9% To-roysiMa OT Hai-BUCO-
KaTa CTOWHOCT, TIOJTy4eHa 1pu rianupanus excrepument (the best of DoE). Pe3yn-
TaTUTE ca NoKa3aHu B Tabiuia S5 u Ha ¢wur. 35.

Ta6suua 4. OnrrManes Habop OT apaMeTPH. 60

[
[a W
do, mm | We - |hi, mm| 1, % |O), % 50 1 = /
S ~
0,5 1,1 0.3 90 35 2
v, mm/min|Te, °C| Ts, °C |Op, °| P# 40 1 8 /
1000 | 220 | 70 | o | 3 w0l B
|8 ——— Optimizied
Tabamua S. Pesynrar oT onTuMu3zanusta : P
= J ee--- Best of DoE
(Aom, mean cripsimo the best of DoE) 20 A é* — . — Worst of DoE
oM | oM, | owm, om, | dowm, 10 - .- T
Pesynrar min, | mid, | max, | mean, | mean, i
MPa | MPa | MPa | MPa | % 0 adl | | ym’fmeHHIe & % |
Best of DoE 448 |1 49,4 | 49,5 | 47,9 - 0 0,5 1 15 2 2,5

Onrtumanen Habop | 49,9 (51,2 | 52,4 | 51,2 | 6,9 | ®urypa 35. Kpusa Ha gepopmupane

IIporuoza ¢ 95% 506752 93!55.19/52 93| 105 MIpH Hall-100pus, HA-TTOMUs U

JIOBEP. UHTEPBAI ONTUMATTHUS HA0Op OT MapaMeTpH.
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2.5. CBoiicTBa HA U3XOHUS MATEPHAJ M HA IINPULIBAHU MPOOHM TeJia

W3mom3BaHusT B HAaCTOSIIATa JUCepTaIs u3xoaeH marepuan ¢ PLA (ot anrmmiic-
koto polylactic acid, momumieyna KuceanHa, MOIMIAKTHA) — TEPMOILIACTHYEH I10-
auecTep BbB ¢opmara Ha HUMIKA (puaamMeHT) ¢ guamersp 1,75 mm wmm 2,85 mm.
XapakTepusupa ce ¢ BUCOKH SKOCT Ha OITbH M MOJIYJ Ha €IaCTHYHOCT, JIECEH € 32
npepaboTKa Mmopajar HUCKATa CH TeMIlepaTypa Ha BCTHKIISIBAHE, MPOU3BEKIA CE OT
BBH300HOBSIEMH U3TOYHUITU U € Oropasrpaanm. [1o cierudukaiivs u3XoqHusIT MaTe-
pHUa UMa CIICTHUTE CBOMCTBA!

e JSIxocT Ha ombH: om = 63 MPa;

e VYiabipKeHue A0 paspyimiaBaHe: € = 4%;

e Koedunuent Ha IToacon v = 0,36;

e [lnpTHOCT: p = 1,24 g/cm’;

e Temmeparypa Ha BcThKIsiBaHe: Tg = 58 °C;

e Temmeparypa Ha Torene: Ty = 168 °C.

[IspBOHAUATHO ca HAMMPABEHU IO TPU TecTa Ha onbH ¢ D1,75 u ¥2,85, Henocpec-
TBEHO CJIe]l pazornakoBane u ciienl 120 meHa npectoi B paboTHOTO nmomMerieHue. 13-
non3Bana e m3nutaTenHa Mamuaa MFC T500, mepua nemxuna 150 mm u 1Ba Bua
3axBaTu — MeTaIHU U 1iactMacoBu (PLA). O0uusar 6poit HanpaBeHU TeCTOBE € 24.

M3nuraTenHaTa MallliHa U HIKOH OT IOJTYYCHUTE KPUBHU Ha JeopMUpaHe ca ToKa-
3aHu Ha ¢ur. 36. YcTaHoBeHa € cpefHa SKOCT Ha onbH 49,4 MPa (ipu ckopocT Ha
nepopmupare 20 mm/min) u cpenen Moy Ha enactuaHoct 2240 MPa (tipu cko-
poct 1 mm/min). BpemeTo Ha mpecToii ciiea pa3olakoBaHe HE BJIHMSC ChIICCTBEHO
Ha CBOMCTBaTa Ha Marepuaia. J[uaMmeTbpbT Ha (UIAMEHTA U MaTepUATBT Ha 3aXBa-
TUTE 00aue BIMAAT Ha MOBEJACHUETO HA MaTepHalia B IjacTHYHATa 00JacT, KaTo ¢
yBeIMYaBaHEe Ha JUaMEThpa W M3IOJ3BaHE HA MO-MEKH 3aXBaTH YABDKCHHUETO JI0
paspyliiaBaHe HapacTBa.

s 55 —=%x

S 50 - ~

§45 1 S,

2 40 - i

E3s4 e

%30 A ’

=254 ¥y ____.

5 ?1,75mm, 3axBatu ot PLA

g 20 -

5 15 - — 1,75mm, MeTaHu 3aXBaTU

&104 / e 2,85 mm, 3axBatu ot PLA

= 8 1 —(J2,85 mm, MeTaIHu 3aXBaTU
0 1 2 3 4 5 6 7

b) Vawmxenne g, %

®durypa 36. a) Msnursarenna mamuaa MFC T500; 6) Kpusu Ha nedopmupaHe Ha (GHUIAMEHT.
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3a J1a ce yCTaHOBST CBOMCTBAaTa Ha MaTepuaia ciell popMoBaHe IPU BUCOKA TEMIIE-
paTypa, ca u3paboTeHu U u3nuTanu 27 Opos ctanaapTHu npobOuu tena (1SO 527) ¢
mmpun-mammaa Arbug 320 C, ¢wur. 37, or 6s1 ¢unament Verbatim© PLA,
”2,85 mm. IToseue ot 80 % 0T 0Opa3IuTe Ce pa3pymrxa gajied OT 3aKPbIICHUETO,
KOETO JI0Ka3Ba, ue hopmarta Ha poOHO Tsu10 ISO 527 tun 1A e moaxomsiia 3a u3-
NIMTBAaHE Ha XOMOreHeH noaumep PLA.

:z‘z::z?;::%t‘!&‘

|
i
‘:33:3 ‘E&

(b)

®urypa 37. Ulnpunsanu npobHu Tena: (a) mammHa; (D) npenu u3nuTBane; (C) Ciiea U3MUTBAHE.

[Tpu u3nuTBaHEe Ha MIMPHUIIBAHUTE MPOOHM Teja ¢ MaruHa ZWIicK 1475 ce momyuu
Moy Ha enactuaHocT 3120 MPa, ¢ 28% mo-royisiMm oT TO3W Ha U3XOAHUS (puta-
MeHT. Twit kato npu tecroBete ¢ MFC T500 He Gerie n3nona3BaH eKCTEH30METDHP,
BB3HUKHAXa CBMHEHHMS 3a CHIECTBEHA TPEITKa MPU OTYMTAHE HA HAJThKHATA JIe-
dopmanus. 3aToBa TECTOBETE Ha OIbH Ha (uiaMeHTa Os1Xa MOBTOPEHH C TECTOBA
MmarimHa MESSPHYIK®, ipu MepHaTa abJpkuHa 450 mm, ¢ e ce HaMajM Jelia Ha
rpemkara ot aedopmaruu B 3axBatute — ¢ur. 38. [TomydeHaTa npu To3u eKCrepu-
MeHT ctoiHOoCT Ha E e 2680 MPa. 3a na ce enumMuHupa HAITBJIHO TPEIIKATa OT Jie-
dbopmupane B 3axBatute, Oerie J00aBeH JIa3epeH eKCTEH30METhP U MPOBEJICHU HOBU
30 Tecra (o 15 ¢ @1,75 u ¥2,85, 3axsatu ot PLA). [1pu Te3u TecToBe E nMa cpejHa
croitrocT 3130 MPa (@1,75) u 3000 MPa (2,85), T.e. KOJIKOTO Ha HMINPHUIIBAHUTE
npoOHU Tena. B 3akmoueHune, yCTaHOBEHO €, Ue JIGCHETO 0] HAJIATaHe HE TIPOMEHS
SKOCTHO-1e(OPMAIIMOHHUTE CBOMCTBA HA U3XOIHUS MaTepual.

o 55

=01 o

S 45 :

g 40 A

S 35 -

g 30 A

5 25 - AR ?1,75 mm, Oe3 eKCT.

z 20 - "~ ——@1,75mm, 1a3epeH eKcT.

E 51 £ e 72,85 mm, 0e3 eKCT.

2 10 1 — (32,85mm, y1a3epeH eKcT.

= g _[ | ]_IHHpI/IHBaIHO np061|{o A0

0 1 2 3 4 5

) b) Vieinkenue g, %

durypa 38. a) Usnurtearenna mammaa MESSPHYSIK® ¢ nasepen ekcTeH30MeThD;
b) KpuBu Ha neopmupane Ha U3XOIHHUS MATEPUAI U HA IINPHUIIBAHO MIPOOHO TSLIO.
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I'JIABA 3. PABPABOTBAHE HA FLM CUCTEMA C UHAYCTPHUAJIEH
POBOT

3.1. BbBeaeHnue

ITonacTosiieMm Ha masapa He ce npemiara FLM cucreMa, KOSTO J1a NpuTeXaBa U
II'BJIHOLIEHHO J1a U3II0JI3Ba MHOXKECTBO CTENEHU Ha CBOOOAA. 3aTOBa € B3E€TO pellle-
HUE J1a ce ch3naje coO0cTBeHa poOOTH3MpPaHa CUCTEMA 3a aUTUBHO MPOU3BOJICTBO
(ARMS). C Hes mbpBOHAYAITHO IIE CE MTPOU3BEKIAT MPOOHHU TeJIa, KOUTO IIIE CE U3-
NUTBAT U CPABHABAT U3IPAJCHUTE MO KOHBEHIIMOHAIHA 22D FLM TexHomorus. 3a
LIeJITA [IE Ce U3I0I3BAT PE3YNTATUTE, ITOJIyYCHH U NIPEICTAaBEHU B IJIaBa 2.

Hacrosimara pucepranus € 4acT OT MO-TOJIsIMA LEN — U3TPAKIAHE HA CBBP3BAIIH
JIeTalin ,,Ha MACTO®. 3a MOCTUTAHETO M, IBPBO Ca OMPEACICHN U3UCKBAHUSITA KbM
tectoBaTa cuctema. Cies ToBa ca popMyIupaHu 6 pa3InyHy CTPATErHH 3a U3TPaXK-
JlaHe Ha CBBbp3BalM jaeraimm. Onucana € cb3azeHara poooTu3upaHa cucTema, Ja-
JICHU ca MEXaHU3MUTE 32 KOHTPOJI U YIIPABJICHUE HAa OT/ICIIHA paOOTHU IMapaMeTpH.
['maBaTa 3aBBbpIIBA C ONKMCAHUE Ha MTPOOJIEMHUTE, Bh3HUKHAIM NP BHBEXK/IaHE B €K-
cIIoaTalys Ha poOOTU3MpaHaTa CUCTEMA U TEXHUTE PEIICHUS.

3.2.-3.3. TouHOCT ¥ U3NCKBAHMS KbM pa3padoTBaHaTa poOOTH3MPAHA cHCTeMA

OTaenHuTe MOKA3aTeNM HA TOYHOCTTA M METOAUTE 32 TAXHOTO OMPE/IEIsTHE ca CTaH-
naptuszupanu B 1ISO 9283 u moapobHO aHanmu3upanu B gucepTanusara. Ch3naaeHara
ARMS cpabpxa 6-oceB pobor KUKA KR-16-2 cbe crieHuTe MoKazaTenu:

e TouHocT Ha TTONOKEeHHETO: £0,7 mm,

e [loBTapsiemMoct Ha nosoxkeHuero: £0,05 mm;

e TouHnoct Ha TpaekTopusra: £0,9 mm 3a juHeiHN ABYKEHUS pu 1 M/s;

e [loBTapsieMocT Ha TpaekTopusra: £0,2 mm mpu JuHeiHa ckopocT 1 m/s.

KbM pazpaborBanata ARMS ce mocTaBsT cieIHUTE N3UCKBAHUSA:
e Jla m3rpaxkna neraiinu upes nporec FLM u punament PLA,
e Jla e cmocoOHa ga u3rpaxaa CBbpP3BaIlU €IEMEHTH ,,Ha MICTO®.

3.4. XapayepHa peaju3anus

HoBopaszpaboreHata poboTu3npana cuctemMa, OTroBapsiia Ha TOCTABEHUTE U3UCK-
BaHWUs, € npeacTaBeHa Ha Qurypu 45 u 46. OCHOBHUST €JIEMEHT € WHIyCTpUajeH
po6otr KUKA KR-16-2 c¢we copryep KRC4. TlocpeacTBom crienaieH npexoHuK,
usrpajaex upe3 FLM mporec, kbM poboTa ca MOHTUPAHH HarpeBaTesl U eKCTPyAep
E3D-Online Ltd. Titan Aero Kit (¢ur. 48). HarpeBarennusr 010k € npepaboTeH, 3a
na usnons3ea ase (BMecto enna) 30 W narpesarennu kancyinu ¢ PID-konTpon.
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®urypa 45. ARMS no Bpeme Ha pabota: a) O61r Bu; b) Usrpaxnane Ha aeraiin npu y = 180°

®urypa 46. Cxema Ha ARMS: A1-A6 — ocu Ha poboTa; 1 — mevarHa 1ioua; 2 — eKCTpyaep;
3 — MpexoIHUK; 4 — palualiHi BEHTUJIATOPH C BB3IyXOIPOBOJIH; 5 — TOpHA BUJIKA;
6 — TpuTOUYKOBA OIOpa; 7 — JOTHA BIIIKA; 8 — Makapa ¢ puimamMeHT; 9 — KOHTPOJICH OJIOK.

2 i
@ s— *
®durypa 48. Excrpyaep: a) Cxema Ha habpudeH ekcTpyaep: 1 — TOIUIMHHA CITUpaYKa,

2 — HarpeBareJieH 0J10K; 3 — /1103a; 4 — HarpeBaTesHa Karcyia; 5 — repmucrop; b) cHuMka Ha
peanu3upaHus eKCTpyiep ¢ Moau(UIIMpaH HarpeBaTeIeH OJI0K U CIICIHANICH TPEXOIHHUK.

[ToxazaHnaTa cucTema BKIIIOUBA CIIELMATHO TPOEKTUpaHa U M3paboTeHa alyMUHUEBA
croiika. CToikaTa MO3BOJIIBA BEPTUKAITHO MPEMECTBAHE U PETyJIHUpaHe oT =5 mm.
Brpanenara B Hes TpUTOYKOBA OIoOpa ¢ MPYKUHU €PEKTUBHO HAMaJsiBa BUOpaIy-
UTE, KOUTO ce MOoJTydaBat mpu paboTa OT KOHTAKTa Ha Jf03aTa ¢ YaCTUYHO Pa3ToIie-
Hust Matepual. [[noyara e opopmeHa Taka, 4e ga MO3BOJISBA U3TPaXKIaHe Ha TPOOHU
Tena ¢ HEOOXOAUMHUTE pa3MepH BbB BCUUKH HampaBlieHUs (OTrope, OTAO0IY U OTCT-
panu). B Hes ca Brpanenu 4 Opost 40 W narpeBarennu kancynu ¢ PID-konTpon,
KOUTO MOAABpIKAT TeMneparypa 65 °C.
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3.5. CodryepHa peanuzanus

[TotoxbT OoT 1anHu B ARMS, oT unesita no pusznueckara yact, € mokasas Ha ur. 50.
[IspBUTE CTHIIKH ca MOAOOHHU Ha 2Y2D-TEeXHOIOTUATA, 10 TCHEPUPAHETO Ha MAIIIMH-
Hust G-koj1. Criielr TOBa, IOHEXKE TO3H KO HE CE MOIbPKa OT YIPABICHUETO Ha PO-
oota, ¢ HeoOxomuMo G-koabT aa ce mpeBene Ha esnka KUKA Robot Language
(KRL). HeobOxoapma € u mpoBepKa 3a KOJU3WMHW. 3a IenTa ¢ u30paH codpryepbT
RoboDK®, koiito npenocrass oduaiin cpena 3a cumynanuu ¢ podoru (ROSE).

Cnen xkato RoboDK® renepupa KRL-koxa ¢ momornra Ha MOAU(GUIKMPaH MOCTIPO-
necop (PP), Toit ce u3npaiia KbM BhTpEIIHATA TAMET HA YNPABICHUETO HA poOoTa
(KRC4). KRC4 ynpapinsiBa ABUKEHUSTA IO OTJIETHUTE OCH, 32 Ja CE UBIBIHAT KO-
manaute oT KRL-konma — 3a mpomeca FLM toBa ca npeaumuo nuneiinu (LIN) nBu-
xenusa. Komanaure, cBbp3aHu ¢ eKkcTpyaupanero, ce usnpamart npe3 EtherCAT
Shield kbM MuKpokoHTpoJsiep Arduino, KOINTO ynpaBiigBa IpaiiBepa Ha CTHIKOBHS
JIBUTATEJl HAa MakapaTa ¢ (uiamMeHTa U TOIUIMHHUTE €JIIEMEHTH Ha EKCTpyJepa.
BTopu MUKpOKOHTpOJIEp, KOMTO HE € MoKa3aH Ha ¢ur. 50, KOHTpoIHpa TEMIIEpaTy-
paTa Ha nedarHara rioda HezaBucuMo ot KRL-kona.

o [lo3umus Ha BbpXa Ha Jro3ara Ha nosumus
o [To3uuus Ha neyaTHaTa ImIo4a ;
® OrpaHUUYCHHS: CKOPOCT U yCKOPEHHE
: CZPD HHqupMauugp yCKop RoboDK - :;;HLepHpaHe Ha | | KUKA KRC4 | » Komammi LIN
-xox ot PP yIpaBIcHHE Ha poboTa

® Anpoxcumarus
e Hakuon Ha mro3ata f f |
L]

Haxson Ha miowara y G-kon \—VKOMaHuH 3a eKCTpyaupaHe —P| Etl;le;(H:aAT
o CKOpPOCT U YCKOPEHHE Ha KMHEMa- . +

THHATA CUCTEMA o CKOpOCT Ha BEHTUJIATOPU -
e I'open 1 nojieH ciok e Temneparypa Ha eKCTpyiepa Arduino
o 3amrbiBaHe Tenepupane o Pexrpakims MHKPO-
* Tpaexropus 156 OIS o CKOPOCT Ha EKCTPYIUpPaHe KOHTPOTCP
o JlnameTsp Ha J103aTa 27D nojxon
o Jluamersp Ha punamenra A + + A
® BucounHa Ha cliost Excnoprt: Harpesatennu Tepmuctop CTBhIKOB
® HakJioH Ha c11os a STbeaﬁH SITeMEHTH MOTOp

—
Flsrerm e st Cb31aBaHe Ha reo- ‘ | ‘ Excrpyzep
: metpusi B CAD |

®durypa 50. [Totok ot nanHM Ha podoTu3upanata cucrema ARMS.

B aucepranusTa ca pasrienany moapoOHO CIeTHUTE acTIeKTH Ha copTyepHarTa pea-
U3
e Oco6enoctu mipu nipeBosa oT G-koa kbM KRL, ¢ akiieHT BbpXy HauYMHUTE 32
MOCTUTAHE HA KEJTAHUTE TPACKTOPHUH YPE3 allpOKCUMAIINS;
e Koopaunatau cuctemu (00mio 5 Ha Opoit), Heooxoaumu Ha ROSE 3a no3u-
[IUOHHUPaHE B TPUU3MEPHOTO MPOCTPAHCTBO;
e Vmpapnenue Ha priaute a, f U y B ROSE, 3a mocturane Ha »xenanure pe3yJi-
TaTH MPH U3IOJI3BaHE Ha 6 CTENEHU Ha CBOOOIA.
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3.6. Pe3yararu u auckycust

C HoBOCBH3aieHaTa poboTru3upana cucrema ARMS, cien eran Ha BHUMATEHO Ka-
auOpupaHe v HacTpoiiBaHe, Osxa yCIEIIHO U3rPaJieH! Pa3HOOOpa3HH ICTANIIH U Ch-
enuHeHUS — ¢ur. 56. llenra 6eme ga ce m3nura ARMS mo oTHoOmeHne cTabwii-
HOCTTa Ha MpoIleca U TOYHOCTTAa Ha pa3MEpUTE MPH U3rpaxkaaHe Ha JETalIu ¢ pas-
JUYHA TojieMuHa — ¢ur. 56 a) u b). durypa 56 c¢) u d) mokasBa mpoiieca Ha OTHeYaT-
BaHE Ha CBBP3BAIIl JCTANN ,,HA MACTO, KAKBOTO € OCHOBHOTO IpeIHA3HAYCHUE Ha
ARMS. TecroBere npeMuHaxa ycnenrto. bemie norBbp/ieHa GyHKIIMOHAITHOCTTA HA
Ch3/aJIcHaTa CHCTEMa, KOETO JaJe OCHOBaHWE 3a MO-HATATHITHHU W3CICABAHUS U
pa3paboTKu, CBHP3aHU C BIUSHUETO Ha POTAIIMOHHUTE CTETIEHU HA CBOOOJa BHPXY
SIKOCTTa, TBBPIOCTTA U TOYHOCTTA HA pa3MEpHUTE.

®urypa 56. [leraiinu, npoussenaenu ¢ ARMS:
a) paketeH kopmyc ¢ BucounHa 1000 mm; b) 360H0 komeno ¢ @115 mm;
B, I') 3rpaxkiane Ha cBbp3Ball I€TalI ,,Ha MACTO* (M3IJIe] OTTOpE U OTJOMIY).

I'JIABA 4. BIUAHUE HA TEXHOJIOTUATA U TAPAMETPUTE HA
IHPOLHECA BBPXY AKOCTTA

4.1. BoBeaenue

Tpute OCHOBHU HampaBJIeHUs Ha BCSKa CTPYKTypa, usrpageHa upe3 FLM mporec,
OT 3HAYCHUE 3a SIKOCTHUTE CBOMCTBA U 3a aHU30TPOITHOTO MOBECHNUE, Ca:

e 110 mocoka Ha Humkute (Strand direction, SD);

e wuntepdelic HuIKa-aumka (Strand-strand, SS);

e wuHTepdetic croit-cioit (layer-layer, LL) — durypu 57 u 63.

HakJIoHBT Ha €104 CIpsIMO HANpPaBIEHUETO Ha HOPMAITHOTO HANpPEKEHUE o ce Je-
¢dbuHUpa ¢ 1Ba Bruja: o — cupsiMo SD B paBHUHATA XZ U 0 — CIPSAMO SS B paBHUHATA
Xy. IIpu usrpaxxaane ¢ ARMS xenmaHusiT HAKJIOH Ha CJIOS C€ peanr3upa ¢ yIrpaiie-
HUE Ha BIIIUTE . U y, IOKa3aHu Ha ¢ur. 18.
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B rnaBa 4 BIMSHHUETO Ha POTAIMOHHUTE CTEIICHU HAa CBOOOAA (BIJIH 0, f M J) BPXY
CBOMCTBaTa Ha U3TPAJCHUTE CTPYKTYPH € U3CJICIBAHO B CIICAHUTE HAIIPABIICHHUS:
e «o.SD,SS, SL, a=20° a=45° ax=20° —c aro3u @1 mm n @2 mm;
e 1:SD,SS, SL, a=20° a=45°, — ¢ mro3a O1 mm,
revaTrHaTa rioya ce Haksans Ha 90° u Ha 180° cnipsiMo ocu x 1 y;
e $.SD,SS, SL, p=80°4=90° 4 =100° - c gro3a @1 mm,
HAKJIOHBT Ha J[103aTa € B paBHUHA XZ, cripsiMo HamnpasiieHue SD.

)/K\ oL = 0(0=90°)

y X
o(ox) o(a)
Ox
Oy ‘4 op = 0(a=0°)
®urypa 57. OcHOBHU HaNpaBJICHUS B ®urypa 63. Bux npoOHO Ts10 criopen
CTPYKTypa, u3rpajgeHa upes npoieca FLM. opueHTtanuaTa Ha cioeetre: SD, SSu LL.

EnHoBpeMeHHO C a, f 1 Y € U3CleIBaHO BIUSIHUETO U Ha JpYyTU (GaKTOpHU, KaTo 1eOUT
Ha MaTepHalia, IPUIOKPUBAHE Ha ITbJIHEXa, TOYHOCT Ha TpaeKTopusTa. | maBara 3a-
BBpIIIBA C MOJIy4aBaHE Ha ONTUMAaJEH Ha0Op OT MmapaMeTpH Ha Ipoleca 3a MOCTH-
raHe Ha MaKCHMaJHa SKOCT Ha mpoOHuTe Tena, m3rpagean ¢ ARMS.

4.2.-4.5. U3cnenBaHusi, CBbpP3aHU ¢ T€OMETPHUSATA HA MPOOHOTO THAJIO

M3nuTBaHETO Ha OIBbH € Ba)KEH METO/I 3a ONpE/IeNITHE HAa MEXaHUYHUTE CBOMCTBA U
3a OIIEHKa Ha KaueCTBOTO HA M3MOJ3BaHaTa TexHoyorus. KauecTBoTo Ha 3axBaiiane
u opmaTa Ha MPOOHOTO TSJIO Ca MHOTO BaXKHU 3a MPOBEXKIAHETO HA YCIICIIEH EKC-
MEPUMEHT U 3a MOJYy4YaBaHETO Ha ITbJIHA KpuBa Ha nedopmupane. [IpodiemuTte cbe
3aXBalllaHeTO WK ¢ popMaTa Ha MPOOHOTO TATIO0 OOMKHOBEHO BOJISIT JI0 MPEKIACBPE-
MEHHO pa3pylllaBaHE U3BbH MEpPHATa IbKMHA, KOETO KOMIIPOMETHUpA pe3yJiTara.
®dopmata [SO 527-2 tun 1A He e moaxozsiia 3a mpoOHM Tena, mpousBeaenu ¢ FLM
npotiec. [IbpBo, mopaau reoMeTpUYHU OrPAHUYCHUS, CBBP3aHU C TMaMeThpa Ha JI0-
3ata. BTopo, 3a1110T0 HEXOMOT'€HHOCTTa U aHU30TPONUATA, TPUIUHEHU OT aJUTHUB-
HUSI TIPOIIEC, OBUIIIABAT YYBCTBUTEIHOCTTA KbM KOHIIEHTpAIIUs HA HAMPEIKCHUSATA
Y BOJAT J10 pa3pyllaBaHe W3BbH MEpHaTa IbKUHA — (ur. 59,

®urypa 59. Henmpuemnupo paspyiiaBane Ha CTaHIAPTHU MPOOHM Tena, mpousBeaeHu ¢ ARMS.
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Cnen 3anpiOoueH aHanu3 Oerie mocTurHata gopmarta, mokasana Ha ¢ur. 62 — ¢ ro-
JIEMU paJdyCu Ha KPUBUHA M TO-TOJIIMA 00IIa JBJDKWHA, HO ChC 3ala3eHa MEpHa
nbikrHa oT 80 mm. HoMuHanHOTO HanpeyHo cedyeHue € yBeaudeHo oT 10xX4 mm
Ha 12%6 mm. To MoXxe Ja ce u3rpaam ¢ U1 Opoil HHUINKK HE3aBHCHMO J1a JIU CE
M3M0JI3Ba J103a ¢ JuaMeTbp | mm wuim 2 mm.

Hogarta ¢opma 6emre uzcnensana ekcnepumenTanHo (30 mpoOHU Tena, moKa3aHu Ha
¢ur. 64) u yucneno (pur. 66). IloBeaeHunero npu paspyuiaBaHe 3aBUCH CHUIHO OT
KOMOWHAIMATa pabOTHH MapaMeTpy Ha Mpolieca, HO KaTo ISUI0 € 3aJ0BOJIMTENHA,
nopajay KoeTo Tazu ¢popma e U3Moa3BaHa Py BCHUKHU CIICABAINN H3CIICABAHMUS.

®urypa 62. Moaudunupano npobHo Ts10, B CpaBHEHUE cbC cTaHaapTHaTa popma ISO 527-1A.

il

SD 15% 10 SD 50% 10 SS D SS LL

a) c)
®durypa 64. Mscro Ha pa3pylIaBaHe Ha IPOOHHU Tela, MPOU3BEACHHU ¢ ro3a Y1 mm:
a) C enna crena, b) Usrpagenu 6e3 creHu, camo ¢ mbiHex, C) C ppe3oBaH KOHTYP.

Type: Equivalent (von-Mises) Stress
Unit: Pa
Max: 3,3641e6
Min: 79770
0% 3,3641e6
3eb
2,7e6
2,4e6
15% 2,1e6
1,8e6
1.5e6
1.2e6
30% 9e5
6e5
3e5

a) b) = ° :
®urypa 66. Konnenrpaius Ha Hallpe)KEHUATA!
a) BrusiHue Ha NPUITOKPHBAHETO HA ITBJIHEkKA BBPXY MACTOTO HA CEUYCHUETO C MAaKCHMalIHa
KOHLICHTPALIUs Ha HanpekeHusTa; D) AHamM3 ¢ KpailHH EJIEMEHTH.
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4.6. MeToanku 3a NPOM3BOICTBO M M3NMTBAHE HA IPOOHU TeJa

CeriacHo ykazanusTa, najaenu B cragaaptu ISO 527, ISO/ASTM 52900 u 52903,
ca pa3pabOTeHU JBE METOJIMKH, OIMMCAHU MTOAPOOHO B JUCEpTaIUsTA!

e MeTtoauka 3a u3rpaxkiane Ha npoOHu Tena cbe cuctemu 22D u ARMS;

e MeToMKa 3a U3MUTBAHE HA MMPOOHM Tejla Ha OITHH.

4.7. BiusiHAe HA OPHEHTANMATA Ha CJ10s1 (BI'bJI &) BBPXY SIKOCTTA

ExcriepumeHTsT BKITIOuBa 2 Buaa cuctemu (22D m ARMS), nBa pasmepa mro3u
(91 mm u @2 mm), mect pa3IMyHu opreHTaIuu (pur. 68) U TpU pa3IUIHHA TOBTO-
peHUs 3a BCSIKa KOMOHMHAITHS, 00110 2X2X6X%3=72 Opos mpoOHHU Tena. YacT oT pe-
3yATaTUTE, IPECMETHATH C HOMUHATHOTO HAIPEYHO CeUeHue, ca najaeau Ha dur. 70.

a=90°—LL

ox =20°— SD

durypa 68. [IpoOHH Tena 3a U3CieBaHe BIMSHUETO Ha o (ITOKa3aHUTE Tena ca 0e3 CTEHH).

70 60
s 65 .
S 60 N
- 50 | .
) 55 o™
o 50 ",;"' 45 —®
g 45 & 40 o
5 40 "/’ = 35 .
AR LA
= 30 {/,"' A %" 30 :
° 25 4’,"' ...... S-S o1 - -- S-S 2 = Ny L
E | £ - sDbol  f¥ - SD 02 .
a 15 ==e=enq)() ] ===-020 02 20 : @, 12,5/AR
5] ads5 01 045 2 15 | mm| D [MS
T 1g —LLol — LLO2 s 1<
aXx 01 oXx @2 10
0 2@
0 05115 2 25 3 0051 15 2 25 3

Vaemxkenune ¢, %

®urypa 70. Kpusu Ha negopmupane Ha MaTepuana
Ha npoOHHM Teuna, npousseneHu ¢ ARMS.
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®urypa 71. Kopurupana

*
SIKOCT Ha OITBbH OM .



B 3aBucumMocT oT Habopa mapameTpu Ha mpoleca, ce HalJIJaBa OTKIOHEHUE B
JEHUCTBUTETHATA ILIOI HA HAIIPEYHOTO CEYEHHE, KOETO C€ OTpa3saBa Ha AEHCTBUTEN-
HaTa CTOMHOCT HAa HOPMaJHUTE HAIMpEKEHUs. 3aToBa € MpecMeTHaTa KOpUrhpaHa
SIKOCT Ha OIBH Oy, ¢ AelicTBurennara mionl — ¢ur. 71. [Ipu ARMS ce noiyqasar
MO-TOJIEMHU OTKJIOHEHUS OTKOJIKOTO ipH 2'2D. [Ipu HacTpoiiBaHe Ha cucTeMaTa TOBa
Ce KOpUTHpa C yBeJIUYaBaHE IMPUIIOKPUBAHETO Ha ITBJIHEXKA, KOETO yBeIWYaBa
skocTTa B HanpaiieHus:t SS u LL. B aucepranusara ca HanmpaBeHU NOJIPOOHU H3C-
JIeIBAHUS U aHAJIM3U Ha Te3U e(PEeKTH.

[IpomsiHaTa Ha BI'bJ ¢ MO3BOJISIBA U3TPAXKIAHE O€3 MOAIBPKALIU CTPYKTYPH, KOETO
€ €IHO OT OCHOBHHTE npeaumcTBa Ha ARMS, a HanpaBeHuTe B Ta3u CEKIUS U3C-
JenBaHUS JaBaT JA00pa mpeacTaBa Kak TOBa C€ OTpa3siBa Ha SIKOCTHUTE CBOMCTBA.
[TopappxamuTe CTPYKTYpH IpU Kilacudeckara 22D TexHonorus cb3aaBaT NOBBP-
XHOCTHH J1e(PeKTH, KOETO 3HAYMTEIHO HaMalsiBa oy . KaTo 110, Ipy U3ciIeABaHu-
ATa, CBbP3aHu C BI'bI a, TexHonorustTa ARMS ce nipeacrasst mo-nodpe ot 2Y2D.

3a mo-HaTaTBITHUTE M3CJICABAHUS € M3MoI3BaHa a103a ¥1 mm, ThH KaTo ¢ Hesd ce
MoJyyaBa Ha/I-100pa MOBTapsIeMOCT Ha Pe3yJITaTUTE.

4.8. BinsiHHe HA HAKJIOHA HA MEeYaTHATA IJ1049a (bI'bJI ¥) BBPXY SIKOCTTA

[Ipu ToBa M3CeABaHE Ca U3MOJI3BAHM CHIIUTE KOMOWHAILIMK OT NTapaMeTpH, KakTo B
npenxoaHus pasaen 4.7, ¢ u3kimoueHne Ha ax=20°, kato mro3ata € @1 mm. [leuar-
HaTa mio4a ce HakiaHsg Ha 90° crnpsmo ocu X U Y, kakto U Ha 180° (u3rpaxknane
otrope Hazony). [Lnanupanute komOMHaIIMK ca mokazaHu Ha ¢wur. 77. Ekciepumen-
THT BKIIFOUBA 5 OPUEHTAIIMU HA TPOOHOTO TsJ10, 3 OpUEHTAIMH Ha TIeYaTHaTa IJ1049a
(Tpu cToiiHOCTH Ha )), 2 cuctemu (272D u ARMS) u 3 exzeMIuisipa OT BCsika KOMOU-
Harus, 0010 5x3x2x3=90 6p. npoOHu Tena. Pesynaratute ca cpaBHEHH C TE€3H, T0-
kazanu Ha ¢wur. 71, kpaero y=0°.

3a paznmuka ot ARMS, koiiTo jecHO u3rpaxza JAeTaisii Mpu pa3IndHA HAKIOHU Ha
nevyaTHaTa miova (¢ur.45), nznonssanusr 22D Creality© Ender 5+ FLM mpunTep
€ TIpeHa3HavYeH caMo 3a paboTa ¢ Xopu3oHTaHA 1iova (y=0°). 3a n1a Moxe na pa-
o6otu npu y=90° u y=180°, npuHTEpHT Oelie yChbBBHPIICHCTBAH, KaTo upe3 FLM
Oerre JOMBIHUTETHO U3TPaJicHa OPUTUHAIIHA CTOMKA — ¢ur. 76.

S%ide]

i3y L) ad : . -
®urypa 76. 2'-2D usrpaxaane Ha npo6Ho Ts0 LL cnen 3aBbpTane Ha uenus npuHTep Ha y=90°:
a) okoJ10 oc X (morues oTcTpanu) b) okoio oc Y (morsen otrope).
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a)
®urypa 77. [Ipobuu Tena 3a U3caeIBaHe HA BIMAHKETO Ha y: a) 2%4D; b) ARMS.
Ha ¢ur. 78 e mokasana 1ojyueHara KOPUTMpaHa SKOCT Ha OIbH oy . KaTo usno, oy’
HC € YYBCTBUTC/IHA KbM IIPOMSIHATA Ha HAKJIOHA Ha II€YaTHATa I1j104a Y.
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®urypa 78. SIKoCT Ha OITBH B 3aBUCUMOCT OT HaKJIOHA HA MeyaTHara rio4a (br'bl j).

4.9 BiausiHue HA 1e0UTA M MPUNOKPUBAHETO HA MbJIHEKA BHPXY SIKOCTTA

Y cTaHOBEHOTO OTKJIOHEHHUE B IUIONITA HA HAMpeyHOTO ceueHue A, koero mpu LL
noctura +70% (¢ur. 80), e HamaneHo upe3 pekanubpupane Ha ARMS, ¢ npomsna
Ha je0uTa U nmpunokpuBaHeTo Ha eaHEka O). Te3u nBa mapameTbpa 06aue BIUSIAT
CBILECTBEHO Ha SKOCTTA. 3a Jla Ce M3CJIe[[Ba TOBA BIUSHUE, € IPOBEICH EKCIepu-
MEHT ¢ 2 ctoitHocTu Ha aeouta (98% u 100%) u 11 crorinoctu Ha O; (o1 0% A0
70%) mpu y=0°. Msrpagenn u u3nuranu ca oomo 39 Op. mpodOuu tena SS u 6 Op.
npo6nu Tena LL. Yact oT monydyenure pe3ynaraT ca nokazanu Ha gur. 84 u 87.

Crnen pexanubpupane Ha 22D- u ARMS-cucremara, oTkiionenuero B A Gere Ha-
MajieHo ¢ 10 30%. U3rpanenu u uznutanu 0sixa HoBU 30 Op. mpoOHU Tela 3a u3c-
JenBaHe BAMsiHUETO HA BI'bJ y (5 koMOMHaIMKM X 2 cucteMu X 3 ek3emiuisipa). Pe-
3yJITaTUTE ca nmokazaHu Ha ¢urypu 80, 82 u §3.
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®urypu 84 u 87. EQextu oT npomsiHaTa Ha JeOUTa U Ha IPUIIOKPUBAHETO HA IIbJIHEkKA
BBPXY HAIPEYHOTO CEYEHME U BHPXY KpUBaTa Ha jeopMUpaHe.
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®urypa 80. Otknonenuss Purypa 82. Kpusu Ha nepopmupane Purypa 83. Sxoct Ha onbH
IIPU HaIIPEYHOTO CEUEHHUE. cnen pekanudpupane (ARMS). Ipey U cllef] KaTuopHupaHe.

[ToBTOpHOTO KaNMOpUpaHe U yEAHAKBSIBAHETO Ha AeOMTAa W MPUIOKPUBAHETO Ha
nbeiaHexka mpu ARMS u 274D cucremute npaBu pe3yiTaTuTe 1mMo-a00pe CpaBHUMHU.
[Tpu npo6nuTe Tena LL ARMS naBa Haii-rosisiMmo otkioHnenue B A: +42,74 %.

[IpomsiHaTa Ha 1eOuTa BiIMsie CHIIECTBEHO BHPXY skocTTa. Hamanenue ot camo 2%
noHmxkasa oy ¢ Haj 14 MPa npu SS u ¢ okono 10 MPa npu LL. Ipunokpusanero
Ha ITbIIHEKA npu SS 00pasuu npomers oy ot 31,86 MPa nipu 10=0% 10 47,29 MPa
pu 10=40%. YBenuuaBaneto Ha lo Hax 40% Boau /10 ToJIeMU OTKJIOHEHUS Ha Har-
PEYHOTO CEUCHHE, KOETO U3KPUBSIBA PE3YJITATUTE 32 KOPUTUPAHATA SIKOCT.

4.10. BiusiHMe HAa HAKJIOHA HA 1103aTa (bI'bJ f) BbPXY AKOCTTA

[Tpu ToBa M3cneaBaHe ca u3noia3Banu Tpu opueHtauuu (SD, SS u LL), Tpu croii-
Hocth Ha f (80°, 90° m 100°) m aBe cucremu (22D m ARMS) — ¢ur. 89.
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[TpousBeaeHu ca 1o 3 ek3eMIuIsipa OT BCEKU BUJI, T.€. 3X3X%2x3=27 O6p. npoOHU Tena.
BnusinueTo Ha HakJIOHA Ha Jlf03aTa BHPXY IMpolieca Ha eKCTPYIUpaHe € MOKa3aHo Ha
dur. 90. ITpu S <90° croneHuaT maTepuai ce u30yTBa Mpea ar03aTa, JOKATO MPU
S > 90° ce Bnaum cien Hest. [Ipu 22D texnonorusita Bunaru S = 90°.

®urypa 89. [Inan Ha exciepumenta.  Purypa 90. Haknon Ha arozata: a) f < 90°; > 90°.

3a na ce uzbernar konusuute npu padora Ha ARMS, ce Hanloxu f1a ce mpoexTupa u
n3pabOTH HOB MPEXOJHUK MEXIy poOOTa U EeKCTpyAepa, KOMTO J1a OCUTYPH ChOC-
HOCT Ha Jl103aTa Ha eKcTpyaepa ¢ (iaHena Ha podota — ¢ur. 91. HoBuAr neraiin e
usrpajes upe3 FLM, oT ¢puaMeHT ¢ BIIIEpOIHN BIaKHA 3a MO-TOJIsIMa KOpaBHHA.

durypa 91. IIpexoanuk Ha ekcTpyaepa: a) [IbpBoHavaneH au3aiia; b) Hos qu3zaiin.
3a ma ce u30iMpa BIUSHUETO €UHCTBEHO HA M3CIeABaHUs mapaMmeTsp () u 1a ce
SIMMHUHUPAT OTKJIOHCHUSTA B HAIPEYHOTO CEUEHHUE, TbPBOHAYAIIHO C€ M3TPAKIAT
osoxoBe ¢ pazmepu 300x30x6 MM, OT KOUTO BIOCIEACTBHE c€ Ppe30BaT NPOOHUTE
tena (dur. 64 (¢)). Uznomsean e CNC mammuen neatsp Hedelius T8 3200.

[TomydyeHaTa sIKOCT Ha OITBH € TIOKa3aHa Ha purypu 93 u 94. YcraHossBa ce, ye:
e Skocrtra mpu opueHTanmss SD He ce MOBIMsABA OT HAKJIOHA HA Jf03aTa, Thil
KaTo 3aBUCH MPEIMMHO OT IIJIOIITa Ha HAIIPEUYHOTO CEUCHHUE,
e JSlxocTTa mpu OpHeHTauus SS ce BiHMse MHOTO OT f5, Thi KaTo ce MpOMEHs
CEUYEHUETO Ha HUIIKUTE U CUJIaTa, C KOSATO CTOMMJIKATA CE MPUTUCKA KbM BeUe
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usrpagenus marepuai. [lpu f > 90°, cronunkara yrnpaxHsBa mo-Majika cuja
U SIKOCTTa HaMaJIsiBa, a pu f < 90° skocTTa ce yBennyana.

e Edexrbt npu opuentanus LL e mogoden na to3u npu SS. [Ipu S = 80° npo-
HECHT Ha U3rPaXJTaHe € HECTAOMIICH U SKOCTTa € He3aJOBOJIUTEIHA.

C ¢dpezoBanuTe MpoOHU TeNa MOTaT Ja CE OIEHAT BIMSHHATA HA KHHEMaTHUYHATA
TOYHOCT Y Ha BBHHIIIHUTE CJIOEBE BbPXY SIKOCTTA. [l0-HHCKaTa TOUHOCT Ha TPACKTO-
pusita npu ARMS BromiaBa cBbp3BaHETO HAa HUIIKUTE U cioeBete. [Ipu SS, f = 90°
¥ PaBHU JPYTH YCJIOBHS oy Hamanssa oT 38,59 MPa mpu 2%D no 20,55 MPa 3a
ARMS. Ilpu LL croiiHoctute ca chorBeTHO 38,78 MPa u 34,3 MPa. Ilpu u3nons-
BaHe Ha 22D cucrema, HaMMYKUETO HA €THOCIIOMHA CTEHA YBEINYaBa IKOCTTA C HaJ
10 MPa 3a SS u ¢ okono 4 MPa3a LL.

555 © :g | T Y T IR 80 L-L
— ARMS, dpesa 100° & o E SN\ T _
— ARMS 4.\ S-S = 45 # P, IR B90L-L
A— 25D, dpesa gpo " R e LL N ===-IR 100 L-L
®-25D s 1 z “iHe0 2 40 - |
O | g S 35 - :
6o i TG T ‘. 5
T | NP 2 30 -
P13 vl ¢ L ’ T 8 25
=% [ ! i = ]
;: jg l ' - _= i : ! g 20 4 F7 e IR B80 SD
e -5! ; g | 5o, | e IR B80 S-S
CELRH B % § I b, EB 1 ——mrsoosp
10| = S 10 —— IR 90 S-S
0 L | s s 5 - - - IRB100 SD
3 fRe o g - P - --- IR 8100 S-S
S-S ""“utl,_i"sos ® O T T T T T T 1 I T T T 1
L-L 005115225335 005115 2

VYabmxenune g, %
durypa 93. Skoct Ha onrbH B 3aBU- Durypa 94. Kpusu Ha nepopmupane 3a pas-
CHUMOCT OT HaKJIOHA Ha Jifo3aTa fj. an4yHU croiHocTh Ha ff (ARMS).

4.11. Bausinve HA OTKJIOHEHHUSTA B TPAEKTOPHUSITA BbPXY SIKOCTTA

TouHocTTa M MoBTOpsieMocTTa Ha Tpackropusra (Accuracy of trajectory AT* u Re-
peatability of trajectory RT*) ca oT mbpBOCTCIICHHO 3HAYEHHE 3a KaYSCTBOTO Ha
BPB3KUTE MEXAY OTIACITHUTE HUIIIKKA M MOTAT Jia MPUIMHSAT pa3caosiBaHe HA CTPYK-
Typarta, KOraTo c€ M3MO0JI3BaT OTHOCUTEIHO MAJIKU JUAMETPU Ha Jifo3aTta. 3a jJa ce
u3cienBa Toa BiausiHue, AT* u RT* ca u3Mepenu ¢ moMoniTa Ha ONTHYHA CUCTEMA
3a peructpupane Ha npemectBanus u aepopmanuu VIC-3D 9, paboreria Ha npuH-
IIMI1a Ha CpaBHsABaHe Ha AuruTaaHu n3oopaxenus (Digital Image Corelation, DIC),
¢ur. 99. HanpaBeHa e cblnocTaBka MEXIy TOYHOCTTA, MOCTUTHATA OT CUCTEMHTE
2,5D u ARMS, u kopurupasara sKOCT Ha OITbH 0)/ Ha M3rPAJEHUTE C TAX MPOOHU
tena — ¢urypu 106 u 107. YcranoBeHo e, ue HapacTBaHeTo Ha AT* 110 CTOMHOCT
0,2 mm namanssa ¢ 18 MPa o), npu opuentanus SS, ¢ 5 MPa npu opuenranus LL
¥ Ha IIPaKTHKA HE OKa3Ba BJIMSHUE BEPXY 0y IIpu opueHTamus SD.
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0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,025 0,030 0,035 0,040 0,045 0,050
L = . RT* mm RT*, mm
®durypa 99. ®urypa 106. Bausaue Ha ®urypa 107. Biusaue Ha
* *
W3mepBane Ha AT* u RT™*. RT* Bopxy om mpu SS. AT* u RT* Bbpxy om 1tipu LL.

4.13. OnrumaJjieH Ha0Op OT MapaMeTpHu

Ha 6a3a npoBefieHUTE eKCIEPUMEHTH U HATPYIIAHUS OIUT € MPEJII0KEH ONTUMAJICH
HaOop oT pabotau napameTpu pu FLM nporiec ¢ uznonzsane Ha ARMS — tabiuiia
14. Toit e 3a o6mIa ynorpeda u € MOAXOMAI MPU U3pabOTBaHEe HA CBHP3BAIlU Jle-
TAWIN ,,Ha MACTO™. [JOITBITHUTETHO MOTAT Ja CE€ HANPABAT CIEAHUTE MPETOPHKHU:

Tbit kato npoOHUTE Tena ¢ opueHTalus SD umart Haill-rossiMa KOCT U ca Haii-
c;1a00 YyBCTBUTEIHU KbM U3MEHEHUSTA B APYTH MapamMeTpu Ha Ipoiieca, ce
MpernopbuBa JeTAHINTE Ja Ce U3pab0TBAT ¢ TaKaBa OPUEHTAIIMS HA HUIIIKUTE,
Ye OCHOBHOTO HATOBapBaHe Ja € 1o HanpasjieHue Ha Humkurte (SD);
HakmonsT Ha mro3ata TpsiOBa nma e £=90°. Jlopn Mamku OTKIOHEHHUS B TO3HU
BI'bJI UMAT HETaTUBEH €(DeKT BbPXY SIKOCTTA IpH opueHTaruu SS u LL;
HamansiBaneTo Ha OTHOLIEHUETO {4 MEXK]y BUCOUMHATA HA CJIOS U IIMPUHATA
Ha EKCTPYIMPaHE yBeJINYyaBa IKOCTTa, 32 CMETKA HAa BPEMETO 3a U3TPaXKIaHe;
Haii-ronsiMa SIKOCT ce MocTura rnpu TpUbI'bliHA IIAPKA U IPU MAKCUMAITHO 3a-
mbiaBaHe |;

3a 1a ce HaMalld HETaTUBHOTO BIIMSHUE HAa OTKJIOHEHUATA B TPACKTOPHSTA
BBPXY SIKOCTTA, CE MPENOPHUBA J1a C€ U3IO0I3BA [}03a O-TOJISIM THAMETHP;
HakyionbT Ha neyaTHaTa 1J104a y He BIIUsE Ha SIKOCTTa, KOETO MO3BOJIsABA MPU
u3non3ane Ha ARMS na ce u3BbpIBa U3rpakaane npu MPOU3BOJIHA CTOM-
HOCT Ha .

Ta6auna 14. Onrumanen Habop oT mapameTpu npu padota ¢ ARMS.

Opuenrans | B, | u, I, | O, |RT*|AT* | Te, | Te, | dn,
cipsiMo ToBapa| ° - % % | mm| mm| °C | °C °

[Tapka | mm

SD, o=0° 90 |mwmcko |Bucoko| 15 |0,05|0,05| 220 | 70 |0...180|TpubrenHa| > 1
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I'JIABA 5. YUCJIEHO MOJEJIUPAHE
5.1.-5.3. OcoGenocTu HAa MOJIeJINTE, Pe3YJITATH U AHAJIU3U

B rnaBara ca onucanu ch3JaJ€HUTE YUCICHU MOJIENH 3a WU3CJIE/IBAHE HA SIKOCTHO-
nehopMallMOHHOTO TIOBEICHHE HAa MPOOHM Tella MpU ONbH — T€OMETpHsi, MaTepH-
aJIHM CBOMCTBA, HAYAJIHU W TPAaHUYHM YCIIOBHUS, MPEKa OT KpalHU eJIeMEHTH U JIp.
Msnonssan e codpryepaust naker ANSYS® Workbench™. Monenupanu ca nsa Buna
CTPYKTYpH — ITbTHA CTPYKTYypa, KaKBaTO C€ MOJy4yaBa MMpH LINPUIIBAHE HA TUIACT-
macH (¢ur. 116) u FLM ctpykrypa ¢ opuenrauus SD (¢ur. 118). Enacto-mumactuy-
HOTO IOBEJICHWE Ha MaTepHalla € MOJEIUPAHO MOCPEACTBOM MYJITUIMHENHO U30T-
POIMHO ysiKYaBaHe, KaTo ca M3MOJ3BaHU COOCTBEHU €KCIIepUMEHTanHu aaHHH. [1o-
Jy4eHUTE KpUBU Ha JedopMHUpaHe TIPU OMbH Ca CPABHEHU C PEATHU €KCIIEPUMEH-
TaJHU pe3yaTaTH OT npeaxoaaute raasu (purypu 115 u 119). Ilocturnaro e 1o0po
CHBIAJCHUE MEXKITY CUMYJIUPAHUTE U €KCIIEPUMEHTATHUTE PE3yJITaTH.

[IpenoxxeHuTe MOJICIIM MOTaT YCIICITHO Ja Ce U3MOJI3BaT 3a CUMYJIMpaHe Ha MeXa-
HUYHOTO noBeaeHue Ha FLM cTpykTypu, Makap 4de TO3H MOAX0] ©Ma JIBa HEJA0CTa-
ThKa: MHOTO TOJIIM OpOi Ha KpallHUTE €IeMEHTH 3apajyl CIOXKHATa CTPYKTypa U
Heooxoaumoct B CAD-mozena ga ce 3amokat TeOMETPUIHATE HETOYHOCTH, KOUTO
ce ToJTy4yaBaT MpU U3rpakJiaHe Ha CTPYKTypara.

C: 1SO 527 Full A Displacement

Directional Deformation 2 :
Fixed Su rt
Type: Directional Deformation(Z Axis) . RO

Unit: mm

-0,068104 Min

®urypa 116. O6pa3yBane Ha muiika ®urypa 118. Monenupane Ha
B IINpHIIBaH o0Opasen npu £=2,5% FLM crpykrypa ¢ opueHTtanus SD.
5 |8 5 ]
45 - 2@ 45 1 Ea,
40 4 & 40 4 &
35 1 5 35 1 5
30 1 & 30 1 &
38 1 X €KCIIEPUMEHT gg 1 X EKCIIEPUMEHT
15 - % O MOZEIT IIIPHIL 15 - % ----- O momen SD
10 {7 10 {7
g ; Vaemxkenune ¢, % (5) ; Vawimkenue ¢, %
0,00 05% 1,0% 15% 20% 25% 30% 0,0% 05% 1,0% 15% 20% 25% 3,0%
®urypa 115. Kpusa na nepopmupane ®urypa 119. Kpusa Ha nepopmupane
Ha TUThTEH (IITPHUI[BaH) o0pa3ell. Ha FLM ctpykTtypa ¢ opuenrtanus SD.
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HAYYHO-ITPUJIOKHHU U ITPHUJIO’KHU ITPUHOCHU

HaCTOﬂHII/IHT AUCCPTAIMOHCH TPy € IOCBETCH HA U3CJICABAHC HA BIIMAHUCTO Ha

pPOTAIMOHHUTE CTETIEHU Ha CB00OAa HA 6-0CeB MHAYCTpUAJICH POOOT BBPXY SKOCTTA
Ha npoOHU Tena, usrpaaeHu upe3 FLM mporec. [IpoGHuTe Tena ca usrpaxiuanu c
JIBE pas3lIMYHU CUCTEMU: KOHBeHIMoHamHa 22D cuctema (3D-mpuntep) u ARMS
(cernanHO ch3aaeHa podoTH3MpanHa cucteMa). [lomydeHuTe pe3ynraTa UMaT Ha-
YUHO-TIPUJIOKEH XapaKTep U Morar ja 6b1at 0000IIeHH KaKToO Cle/Ba:

1.

2.

3.

PaspaboTeHa 1 BpBeJIeHa B €KCIUIOATaIus € poOOTH3UpaHa CUCTEMA 33 aIUNTHBHO
npou3BoacTBO (ARMS), 3a u3rpaxkaane Ha CBbp3BalllX ACTAWIIH ,,Ha MICTO".
Upes ynpaBlieHHE Ha HAKJIOHA Ha CJIOCBETE CHPSMO MeYaTHATA IJ109a (bI'bJI @), C
ARMS e peanusupano usrpaxaade 0e3 moaabpxaii cTpykrypu. Hapen ¢ Tex-
HOJIOTMYHUTE U UKOHOMHUYECKHUTE TMOJI3U, TaKa € yBEJIUYEeHA U SKOCTTa, Thil Ha-
MajsaBat AeeKTHTE, ThIDKAIIU CE Ha MOTbPKAIIUTE CTPYKTYPH.
Nzrpaxxmarnero ¢ ARMS Boam 10 yBeTu9aBaHe Ha SIKOCTTA HAITPEYHO HA HUIIIKUTE
MOpajI YBEIMYCHO MPUITOKPUBAHE HA ITBIHEXa. BbpTeIuBUTE ABMKEHUS HA PO-
00Ta IMpyY MOCTOSTHHA CKOPOCT Ha €KCTPYAMPaHE BOAT JI0 HAMAJIIBAHE CKOPOCTTA
Ha U3rpakJaHe, a OT TaM U JI0 YBEIUYCHO MTPUTIOKPUBAHE.

. EkcriepuMeHTaltHO € YCTaHOBEHO, Ye HAKJIAHSHETO Ha Jt03ata (bI'bJI ) HaMaJIsIBa

SKOCTTa Ha u3rpajgeHute cTpyktypu. Ilpm padora ¢ ARMS ocrta Ha aro3ara
TpsIOBa Ja ce MoIbpIKa MEePICHINKYIIsIpHA Ha eKCTpyAupaHaTa Humka ($=90°).

. EKCHepI/IMeHTaJIHO € YCTAaHOBCHO, UYC OTKIIOHCHHUATA B TPACKTOPUATA HaA p060Ta

OKa3BaT HEraTUBHO BIIMSIHUE BBPXY SIKOCTTA HA W3IPAACHUTE CTPYKTYpPH, ThU
KaToO HaMaJsiBaT KOHTAKTHUTE 00JIACTH MEXK/y HUIIIKUTE U CIIOCBETE.

. IIpennosxxenu ca oNnTUMaIHU HAOOPH OT IMapaMeTpH Ha paOOTHHS MPOIIEC 3a IBETE

H3II0JI3BaHHN CUCTEMHU, C ICJI U3I'PpaA)KIAHC HA CTPYKTYPH C MAKCHUMAJIHA SAKOCT.

. C’b?;):[aI[eHI/I Ca 4YHCJICHHU MOACIIN 3a U3CJICABAHC Ha HKOCTHO'I[Cq)OpMaHI/IOHHOTO

IMMOBCACHHUC IIPH OITbH HAa MIMMPHUIIBAHU X1 HA aIUTHUBHO U3IrpaJCcHA HpO6HI/I TCIIA.

CIIUCBK HA NTYBJIMKAIIMUTE 110 IMCEPTALIMOHHUSA TPY

1.

M. Schwicker, N. Nikolov, Fused-Layer Modeling: from idea to physical part,
“TechSys 20217, Plovdiv, Bulgaria, 27-29 May 2021, Accepted by AIP
Conference Proceedings, Indexed in Scopus (SJR)

M. Schwicker, N. Nikolov, Development of a Fused Deposition Modeling System
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SUMMARY

EFFECTS OF THE ROTATIONAL DEGREES OF FREEDOM OF A
SIX-AXIS ROBOT ON TENSILE STRENGTH OF TEST SPECIMENS
PRODUCED BY FUSED-LAYER MODELING

Maurice Patrick Schwicker
Technical University of Sofia, Faculty of Transport, Department of Mechanics

The aim of the dissertation is to examine, how the additional degrees of freedom
of an industrial robot and the robot kinematics affect the strength of FLM produced
specimens, and to create optimized parameter-sets for the robot operation.

Chapter I includes literature review and finishes with the aim and the major tasks
of the PhD-work.

Chapter Il is dedicated to studies on base material and a conventional 22D
printer. It starts with descriptions of all important process parameters and the test
bench used. Using partial factorial experimental design, 216 specimens in 68 com-
binations are produced and tested and the influence of ten selected parameters is
examined. Optimal parameters set for the 22D system is proposed. Further the
stress-strain curves and mechanical properties of the base filament material and in-
jection molded specimens are examined using over 50 additional tests.

Chapter 11 is devoted to the design, implementation, and usage of a FLM system
with an industrial robot (ARMS). A specially created system is described and tested,
which is one of the main contributions in the dissertation. The created ARMS is fully
operational and capable to create form-fitted joints.

Chapter IV is entitled "Influence of technology and process parameters on
strength”. It starts with development of new specimens’ geometry, which provides
specimens breakage inside the parallel length, followed by two methodologies — for
specimens manufacturing and for tensile testing. The chapter continues with exper-
imental studies on the following influences on strength: new degrees of freedom
(angles a, g, and y), flow rate, infill overlap, accuracy and repeatability of trajectory.
Over 500 specimens are produced and tested. The core result is that the created
ARMS allows producing parts without support structures, by changing angle a. This
gives technological and economic benefits and increases strength. The ability to tilt-
ing the nozzle (angle ) should not be used, because £=90° leads to maximum
strength. Changing the print bed orientation (angle y) has no effect on strength. Op-
timal process parameters set for building parts with maximum strength using ARMS
are given in the end of the chapter.

Chapter 5 is devoted to numerical modelling of elastic-plastic deformation and
tensile strength of SD and injection molded specimens using finite element method.
The obtained numerical results match well with the experimental data.

The dissertation ends with a brief description of the main results, a list of refer-
ences and a list of related scientific publications. On the topic of the dissertation the
doctoral student is a first author in four scientific publications.
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I. GENERAL CHARACTERISTICS OF THE DISSERTATION

Relevance of the problem

Additive manufacturing is used to produce prototypes and finished products. The
Fused-Layer Modeling (FLM) extrusion method creates 2%-dimensional strands by
depositing a thermoplastic material, the bonding and buildup which builds a physical
part. The machines used typically have only linear drives on the X, Y and Z axes,
which limits layer formation strategies, creates anisotropy and stepped surfaces.

A possible approach to improve Additive Manufacturing based on the FLM
process is to use the kinematics of a six-axis robot. The additional rotational degrees
of freedom of the robot make it possible to tilt the extruder nozzle relative to the
substrate, allowing a fully three-dimensional approach to layer formation strategies.
Eliminating the need for support structures when building parts with overhangs and
reducing build time, creating conditions for increased surface quality and part
strength. It opens the way for hybrid production, where parts can be built directly on
existing structures, for example when creating form-fitted joints.

Aim of the dissertation, main tasks, and research methods

The aim of this thesis is to design an extrusion layer-by-layer build system with
a 6-axis industrial robot, to investigate the influence of additional degrees of
freedom on the properties of the produced test specimens and to obtain an optimal
set of operating parameters to produce parts with maximum tensile strength.

In order to achieve this goal, the following tasks are set:

« Carry out preliminary studies with a conventional 2Y%2-dimensional printer and
establish the optimum output process parameters for Fused-Layer modeling;

« To develop an Fused-Layer modeling system incorporating a 6-axis industrial
robot (ARMS), allowing direct building of forms-fitted joints "on site";

» To develop methodologies: to work with ARMS; to produce specimens of
appropriate shape; to test the specimens in tension;

 Conduct experimental studies to establish the influence of process parameters
using ARMS on tensile strength and propose optimal parameter sets;

 To create a finite element numerical model for predicting the tensile strength
and deformational behavior of specimens built using the FLM process. To
validate the model with experimental results.



Scientific novelty

A robotic system for additive manufacturing of parts using Fused-Layer
modeling was designed and built. Methodologies for working with the system, and
for specimens tensile testing were developed. The optimum values of the process
parameters in terms of the strength and deformation properties of the obtained
specimens were determined.

Practical applicability

The created robotic system, together with the developed methodologies for its
operation and the proposed optimal values of the main process parameters, can be
successfully used to produce parts with complex shape, as well as in hybrid
production — for printing forms-fitted joints.

A wealth of information on the strength and deformation properties of the
injection-molded and FLM-produced specimens, as well as of the starting material
(filament), was experimentally obtained. A variety of FLM process parameter
combinations were used and applied to both conventional and robotic build systems.

A numerical model for strength-deformation analyses of FLM-produced
specimens was developed using the experimental data.

Approval

All experiments were performed in the laboratories of the University of Applied
Sciences — Kaiserslautern, Germany, in compliance with the relevant requirements.

Publications

The main achievements and results of the dissertation have been published in 4
scientific articles. They have been reported in 2021 at the TechSys, ICMERR and
ICNME conferences and accepted for publication in Scopus indexed journals: the
AIP Conference Proceedings (SJR), the International Journal of Mechanical
Engineering and Robotics Research (Q3, 2 issues) and the Materials Science Forum
(Q4).

Structure and scope of the dissertation

The dissertation is 165 pages in length and includes an introduction, 5 chapters
to address the main tasks formulated, a list of main contributions, lists of references
used and list of publications on the dissertation. A total of 91 sources are cited, all
in Latin. The work includes a total of 119 figures and 15 tables. The numbers of the
figures and tables in the abstract correspond to those in the thesis.



I1. CONTENTS OF THE THESIS
CHAPTER 1. LITERATURE REVIEW

1.1. Nature of additive manufacturing by extrusion

The term "extrusion" refers to processes that produce a soft heated thermoplastic.
This material is passed through one or more nozzles and the resulting filament is
deposited on a printing plate. The heat energy in the material is sufficient to melt the
substrate, which forms a permanent bond with the next layer after cooling. The
contours are built by moving the nozzles in the xy (2D) plane. The third dimension
IS not used as a continuous z-coordinate but serves to offset the plate as the individual
layers are formed. In reality, the process has two and a half dimensions (2%2D),
though it is commonly referred to 3D printing. Figure 4 illustrates the basic FLM
process.
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Figure 4. Schematic representation of the FLM process.

The extruded material hardens on cooling due to heat exchange with the
environment. The FLM process is therefore suitable for materials with a high
melting point and low thermal conductivity, most commonly waxes and plastics.
The addition of a second nozzle allows the construction of hybrid parts with different
colors or specific mechanical properties. Many FLM systems use their second nozzle
to build support structures from a different material when required.

The FLM process comes with a number of constraints and challenges. Structures
that are finer than the minimum extrusion width cannot be printed in the xy plane.
The z-axis resolution is limited by the layer height. Since the filaments are circular
in cross section, sharp corners cannot be obtained in the printed part. Challenges are
printing speed, which depends on nozzle movement speed and material flow rate;



whisker formation; distortion of the printed part; nozzle clogging and wear,
anisotropy in mechanical properties, support structures, etc.

1.1.1. FLM process information flow

The information path from the idea to the printed part is shown in Fig. 6. It includes
a virtual and a real part. The virtual part covers the generation and visualization of
the idea in a CAD system, the conversion through a universal file format (STL), the
processing with layer generation software, the obtaining of the machine G-code. The
physical part involves printing with an FLM printer and removing the support
material.
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v Geometry
Build CAD model <« Topology
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A\ 4 D " d
Generate STL model esired accuracy
7 Reasonable file size
Slicing software
§ Orient part in space
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Temperatures eign
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Dimensional accuracy
Quality control parameters
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& Remove support material

v
C Physical part )

Figure 6. FLM process information flow.

Chapter 1 provides a detailed overview of the elements of the FLM process:

e 1.1.2.STL file format - nature, advantages, and disadvantages. STL is a versatile
but simple mathematical method for describing complex three-dimensional
details by surfaces composed of triangles;
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e 1.1.3. Machine G-code — a sequence of commands that are executed by
numerically-controlled machines, including for the purpose of three-dimensional
printing;

e 1.1.4. Layer generation software — nature and capabilities. This is the basic
software for the process. It creates the layers to be printed and the sequence of
commands to be executed by the printing machine. It allows different part
orientations in space, in search of a solution with minimal need for support
structures - Fig. 8.
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s 750 1 % 3
g 500 A & L 100 ©
o] -]
g 2501 o
0 - -0
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= Support = Part & Build
structures, cm? material, cm? time, h
Figure 8. Influence of orientation on support structures
(own study).
e 1.15. Layer generation settings — over 100 parameters can be set

programmatically, the main ones are given in Fig. 9. The values of these
parameters individually and in aggregate have a major impact on the quality of
the built part. Finding an optimal set of parameters requires continuous research,
accumulation of practical experience, and conducting multi-factorial experiments,
which are also done in this dissertation. The main settings are analyzed in detail
and their influences are illustrated. For example, Fig. 10 shows the effects of some
geometry and layers related settings on the specimen’s structure.

1.2-1.3.2. Status of research related to the FLM process

Due to the variety of options offered by commercially available software and
hardware solutions for FLM printing, standardization and optimization of the
process are difficult, and research is mainly related to strength, geometric accuracy,
surface quality, process stability, etc. Particular attention in the literature review is
given to the feasibility of a multi-axis FLM process and the effects that additional
degrees of freedom have on the quality of the produced parts. In the reviewed
literature, drives with 4, 5 or (most commonly) 6 degrees of freedom are usually
used, which can be achieved with the use of an industrial robot. The ability for the
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nozzle to move in all directions can bring many benefits, with the elimination of
support structures and reduced build time usually emphasized. The fully three-
dimensional approach allows uneven layers to be deposited, thereby reducing
stepping effects and improving surface quality. Continuous deposition of the surface
layers (with reduced step effect) allows for strengthening and stiffening of the entire
structure, with a 59% increase in yield strength and 9% increase in modulus of

elasticity reported in the literature. A stiffening effect is also achieved by changing
the extrusion direction.
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Figure 9. Settings in the layer generation software.

NS

|

o
~

Figure 10. Effects of FLM process parameters (own study):
(a) Nozzle diameter and extrusion width; (b) Bed height; (c) Fill;
(d) Patterns: orthogonal, grid, triangular, zigzag, fast honeycomb, full honeycomb;
(e) Overlapping filling.



1.3.4.-1.3.5 Geometric parameters of the robotic FLM process

Figure 18 shows the vectors that are important for the FLM process: plate normal
vector n, layer normal vector b (build direction), nozzle axis e, gravity vector g. In
the classical FLM process, the angle y is equal to zero and the vectors n, b and e are
parallel to each other and perpendicular to the print bed. Driving the nozzle with a
6-axis robot allows to realize different directions of n, b, and e by controlling the
angles a, f and y:

e «a allows building without support structures and printing outside the volume
above the print bed by changing the build direction b;

o S allows tilting the nozzle axis e with respect to the velocity vector v. In this
way, the cross section of the extruded filament and the structure of the built-up
specimen are affected.

o v allows direct building on existing surfaces with arbitrary orientation in space.

Nozzle

Print bed

Figure 18. Basic geometrical parameters of the FLM process.

The kinematic features of the robot are also under investigation. It has been shown
in the literature that robots have lower acceleration than linear actuators of a
conventional FLM system, which can affect the resulting structure and the strength.
Furthermore, the trajectory accuracy of the industrial robot is much lower than that
of a typical 22D system. This can affect the bonding of the layers, especially at
smaller nozzle diameters. It is therefore necessary to make measurements of the
actual working motions and investigate their influence on the strength.

1.4. Tensile strength of structures obtained by FLM process

The publications dealing with the tensile strength of FLM and anisotropic materials,
according to their basic approach, are summarized and reviewed in three groups:



e Experimental, partially supplemented with planned experiments, computed
tomography, or microscopic imaging;

e Modelling with numerical methods, with subsequent verification of results;

e Analytical, using the classical approach where stresses are calculated by the
cross-sectional area.

Classical experimental methods are commonly found in modern studies. They are
suitable for verification but require careful planning and conduct of experiments.
The finite element method (FEM) is used to study and predict the loading behavior
of specimens produced with the FLM process, and good match with experimental
results is obtained. The method requires large computational resources that depend
on the mesh density and the problem-solving step. Classical Laminate Theory (CLT)
iIs commonly used in the study of mechanical properties of orthotropic composites
composed of layers of different materials. CLT can be adapted for structures built
by the FLM method, which are also in layers, but this poses challenges related to the
interaction between individual layers. The Unit Cell method used in computational
micromechanics can also be adapted to FLM structures. For this, unit cells should
be used to transfer the mechanical properties of the material from the micro to the
macro level. This approach can save computational resources and allow the study of
complex parts and structures, but the practical implementation is complex and
requires the development of specialized software. In the classical analytical
approach, the normal stress is calculated by dividing the force by the area over which
it acts. If the actual cross-sectional area of the FLM structure is correctly determined,
results close to experimental results are obtained.

In this thesis mainly classical experimental methods are used, partially supported by
planned experiments. FEM has been used to simulate the tensile test by building a
three-dimensional model of the printed discrete structure and using the
experimentally obtained material properties.

1.5. Aim and objectives

The aim of this dissertation is to investigate how the additional degrees of freedom
of the industrial robot (angles a, £ and y from Fig. 18) and the robot kinematics affect
the strength of specimens produced by the FLM process and to propose optimal sets
of operating parameters. To achieve this goal, the following tasks are formulated:
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1. Perform initial studies with a basic PLA filament and a conventional 22D printer:
a) Check repeatability at default settings;
b) Determination of the initial FLM process optimal parameters;
¢) Obtaining reference mechanical properties.

2. Development and commissioning of a Additive Robotic Manufacturing System
(ARMS) to build forms-fitted joints.

3. Development of methodologies for FLM printer and ARMS operation as well as
for tensile testing, including development of appropriate specimens’ geometry.

4. Experimental research to obtain strength-optimal operating parameters sets, after
establishing the effects of:

a) Slope of the built layer — angle «;

b) Nozzle tilt — angle f;

c) Printing plate tilt — angle y;

d) Trajectory accuracy for ARMS and 22D system;

e) Impact of infill overlap and flow rate.

5. Creation of a numerical finite element model to predict the tensile strength-
deformational behavior of FLM specimens and verification with the obtained
experimental results.

CHAPTER 2. RESEARCH WITH A CONVENTIONAL 2%:D PRINTER

2.1.-2.4. FLM process parameters optimization to maximize the strength of
built structures

Prior to the development of ARMS, it is necessary to accumulate a solid information
and experience of the general parameters of the FLM process. Therefore, a planned
experiment has been conducted to find the optimal parameters set of the 22D FLM
process which gives the maximum strength of the printed structures.

The layer generation software used, Simplify3D®, allows adjustment of about 100
parameters. When planning the experiment, a minimal, but sufficient number of
specimens should be produced and tested. For this purpose, those parameters that
affect the strength the most should be determined and their lower (L) and upper (H)
limits defined. The results of this selection are shown in Table 1.
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Table 1. FLM process parameters included in the planned experiment.

Ne Parameter Designation | Lower limit (L) | Upper limit (H)
1 |Nozzle diameter dn 0,3 mm 0,5mm
2 | Diameter multiplier WEe 0,9 x dn 1,1 x dn
3 | Layer height hi 0,1 mm 0,3 mm
4 |Infill density I 50% 90%
5 [Infill overlap o] 15% 35%
6 |Print speed Vv 1000 mm/min 3000 mm/min
7 | Extrusion temperature Te 200 °C 220 °C
8 |Print bed temperature Ts 70 °C 90 °C
9 | Top and bottom layer orientation Op 0° 90°
. 1 — Rectangular; 2 — Grid;
10| Infill pattern P# 3- Triang?JIar; 4 — Full Honeycomb

The specimens were built with an RF2000 printer, Fig. 27. The starting material is
Verbatim© PLA filament, @¥2,85 mm. Tensile testing was carried out with a Zwick
1475 machine, at room temperature, with a strain rate of 1 mm/min in the elastic
region and 20 mm/min in the plastic region. The specimen conforms to ISO 527-1A.
Only the data from specimens ruptured in the measured length were used. The
Minitab statistical software® was used to plan the experiment.

Figure 27. Experimental setup: a) Renkforce RF 2000 and computer with Simplify3D®
software; b) Tensile test with Zwick 1475; c) Dimensions of the specimen (1S527-1a).

With parameters 1-9 from Table 1, a fractional factorial experiment with resolution
IV and two factor levels was planned, requiring 64 combinations. From each
combination, 3 specimens were built. To account for the tenth parameter, four more
combinations (one for each of the four patterns, with an average factor level) were
added, and 6 specimens were built from each combination. Thus, the total number
of tensile test specimens produced and tested was 216, with 68 combinations of
parameters. For each test, the stress-strain curve was recorded, and the tensile
strength ow and the modulus of elasticity E were obtained. The results are shown in
Fig. 28.
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Figure 28. Experimental results for om and E arranged by tensile strength om.

The pattern influence (parameter 10) is given in Table 3 and Fig. 30. The "triangular”
type produces the highest strength — on average about 3,5 MPa above the other types.
The least effective type is the "grid", which has 10,68% lower strength but almost
the same weight and printing time as "triangular". The "honeycomb" pattern is the
most economical, with the lowest weight and build time.

Table 3. Pattern influence on s 39 7
E, om, weight and build time S 30 1
(average values, relative to "triangular") 5 ;g i
[<5]
- = Triangular
Rectan . Trian | Honey @ 15 I
Pattern qular Grid gular | comb T 10 giicélhmar
E, MPa 1650 | 1800 | 2060 | 1740 £ 5 — - - Honeycomb
om, MPa 270 | 275 | 310 | 279 < 0 0 05 1 1'5 2 2'5 3
om, % -11,97 | -10,68 | 0,00 | -10,45 ’ Strain. % ’
i 0, - - -
We.lght_, % 4,79 | -163 | 000 | -10,40 Figure 30. Deformation curves for the
Build time, % | -3,33 | 0,00 | 0,00 | -5,00

different patterns.

The influence of the nine parameters in Table 1 on the strength is shown in Fig. 32.
Nozzle diameter, layer height, infill density, and orientation of the top and bottom
layers affect the strength the most. Of secondary importance is the infill overlap,
followed by the temperatures of the plate and the extruding material. Nozzle speed
and diameter multiplier have almost no effect on strength.

The dissertation also includes research on the influence of the filament color (white
or black) as well as the filament unpacked time (1 day or 30 days) on the strength of
the built specimens. These two factors were found to have little influence that could
be ignored.
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By linear regression and based on the results shown, the statistical software
generates the following equation to predict the tensile strength:

om = 34,926 — 1922 Dy + 140,3 WE + 0,00852V — 4530 — 0,73 | + 0,242 Tg — 0,256 Tg —1,894 O,
+0,1406 Op— 32,3 dn W + 0,00708 dy Vv + 2358 dn hy — 0,1376 diy | +0,242 dy Tg + 1,011 dy Te
—1,298dn O +0,0516 dn Op — 0,00766 We V — 47 We hy — 0,1704 We | — 0,134 WE Tg

— 0,442 Wg Tg + 0,797 We O, — 0,1417 We Op — 0,00724 v h; — 0,000018 v | + 0,00001 V Tg
—0,000005 V Tg — 0,000051 vV O, + 0,000013 V Op —0,5006 hy | — 0,017 h; Tg + 0,458 h; Te
+0,001603 | Tg + 0,005124 | Tg + 0,00466 | O; — 0,000993 | O — 0,00249 Tg Tg + 0,00296 Tg O,
+0,000256 Tg Op + 0,006 Te O; — 0,000378 Tg Okp.

By solving this equation within the boundaries set in Table 1, the optimal set of FLM
process parameters given in Table 4 is obtained. With these parameters, the model
predicts a tensile strength of 52,93 + 2,26 MPa with a 95% confidence interval. With
such parameters, 3 specimens were bult and tested. The resulting tensile strength
was 6,9% greater than the highest value obtained in the planned experiment (the best
of DoE). The results are shown in Table 5 and Fig. 35.

Table 4. Optimal parameters set. 60 1
o
dn, mm | We, - |hi,mm| I, % O, % 50 4 = y
S .
0,5 1,1 | 03 | 90 | 35 2
[«5) v
v, mm/min|Te, °C| Ts, °C |Op, °| P# 4013 4
1000 | 220 | 70 | 0 | 3 20 | E
o S
Table 5: Optimization result = gpt'm'z'ed
----- est of DoE
(AoM, mean Versus the best of DoE). 20 A — . — Worst of DoE
oMmmin| oM, | oM | oM, | AdoM, 10 - ,.«"'—'
Result ) mid, | max, | mean, | mean, .7 .
MPa | MPa | MPa | MPa | % Al Elongation ¢, %
Best of DoE 44,8 1494 | 495|479 | - 0O 05 1 15 2 25
Optimal set 499 (51,2 |52,4|512 | 69 Figure 35. Stress-strain curves
i 0,
Fore_castW|_th 95% 50.67|52.93(55,19/52.93| 105 fo_r the best, worst and
confidence interval optimum parameters set.
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2.5 Properties of starting material and injection molded specimens

The starting material used in this thesis is PLA (from polylactic acid, polylactide) —
a thermoplastic polyester in the form of a filament with a diameter of 1,75 mm or
2,85 mm. It is characterized by high tensile strength and modulus, is easy to process
due to its low glass transition temperature, is produced from renewable sources and
IS biodegradable. According to the specification, the starting material has the
following properties:

e Tensile strength: om = 63 MPa;

e Elongation at break: ¢ = 4%j;

e Poisson's ratio v = 0,36;

e Density: p=1,24 g/cm?;

o Glass transition temperature: Tg = 58 °C;

e Melting point: Ty =168 °C.

Initially, three tensile tests with @1,75 and ©2,85 were performed immediately after
unpacking and after 120 days in the workroom. An MFC T500 testing machine was
used, measuring 150 mm in length and two types of grips — metal and plastic (PLA).
The total number of tests performed was 24.

The testing machine and some of the resulting stress-strain curves are shown in
Fig. 36. An average tensile strength of 49,4 MPa (at a strain rate of 20 mm/min) and
an average modulus of elasticity of 2240 MPa (at 1 mm/min) were found. The time
after unpacking does not significantly affect the material properties. However, the
diameter of the filament and the material of the grips affect the behavior of the
material in the plastic region — the elongation to failure increasing with the diameter
and the use of softer grips.

----- O1,75mm, PLA grips
—1,75mm, metal grips
------- 02,85 mm, PLA grips
> — (2,85 mm, metal grips

0 1 2 3 4 5 6 7
Elongation &, %

Normal stress o, MPa

w
o

I N N TR RN N N N TR R
X

Figure 36. a) MFC T500 testing machine; b) Filament stress-strain curves.
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To establish the material properties after high temperature molding, 27 standard

specimens (ISO 527) were produced with an Arbug 320 C injection molding

machine, Fig. 37, from white Verbatim© PLA filament, ©@2,85 mm, and tested. More

than 80 % of the specimens broke away from the roundness, proving that the 1SO

527 type 1A specimen shape is suitable for testing homogeneous PLA polymer.
sehhsazxages

)0

(a) (b) (©)

Figure 37. Injection moulded specimens: (a) machine; (b) before testing; (c) after testing.

.to#_ﬁ%

Testing the injection molded specimens with a Zwick 1475 machine gave a modulus
of elasticity of 3120 MPa, 28% greater than that of the starting filament. As no
extensometer was used in the MFC T500 tests, a significant error in the longitudinal
strain reading was suspected. Therefore, the tensile tests of the filament were
repeated with a MESSPHYIK® testing machine, at the measured length of 450 mm, to
reduce the proportion of error from deformation in the grips — Fig. 38. The value of
E obtained in this experiment was 2680 MPa. To eliminate the deformation error in
the grips, a laser extensometer was added, and 30 new tests were conducted (15 both
with @1,75 and ©2,85, PLA grips). In these tests, E had an average value of 3130
MPa (01,75) and 3000 MPa (02,85), i.e., the same as the injection molded
specimens. In conclusion, it was found that injection molding does not change the
strength-deformation properties of the starting material.

55 -
50 I g sk
S 45 1 AR
= 40 -
E 35 A
gy 4
@ 25 A o ——— ?1,75 mm, without ext.
g 20 1 —— 1,75mm, laser ext.
g 51 fF e ©2,85 mm, without ext.
10 - — (32,85mm, laser ext.
g i Injection moulded test body
0 1 2 3 4 5
) b) Elongation &, %

Figure 38. a) MESSPHYSIK® testing machine with laser extensometer;
b) Stress-strain curves of the starting material and the injection molded specimen.
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CHAPTER 3. DEVELOPMENT OF FLM SYSTEM WITH INDUSTRIAL
ROBOT

3.1. Introduction

There is currently no FLM system available on the market that has and fully exploits
multiple degrees of freedom. Therefore, the decision was made to create a
proprietary robotic additive manufacturing system (ARMS). This system will
initially be used to produce specimens, with aim to test and compare them with those
built using conventional 2%2D FLM technology. The results obtained and presented
in Chapter 2 will be used for this purpose.

This dissertation is part of a larger goal — building forms-fitted joints. To achieve it,
the requirements for the test system are first defined. Then, 6 different strategies for
building forms-fitted joints are formulated. The designed robotic system is described
and the mechanisms for control and management of individual operating parameters
are given. The chapter concludes with a description of the problems encountered in
commissioning the robotic system and their solutions.

3.2.-3.3. Accuracy and requirements for the developed robotic system

The individual accuracy metrics and their determination methods are standardized
in 1ISO 9283 and analyzed in detail in the thesis. The established ARMS contains a
6-axis KUKA KR-16-2 robot with the following metrics:

e Position accuracy: £0,7 mm;

e Position repeatability: +0,05 mm;

e Trajectory accuracy: 0,9 mm for linear movements at 1 m/s;

e Trajectory repeatability: £0,2 mm at 1 m/s linear velocity.

The following requirements are set for the ARMS under development:
e To build parts using FLM process and PLA filament;
e Be able to build forms-fitted joins.

3.4. Hardware implementation

The newly developed robotic system meets the given requirements and is presented
in Figures 45 and 46. The main element is a KUKA KR-16-2 industrial robot with
KRC4 software. A heater and an extruder E3D-Online Ltd. Titan Aero Kit (Fig. 48)
were mounted to the robot by means of a special adapter built by FLM process. The
heater unit was redesigned to use two (instead of one) 30 W PID-controlled heater
capsules.
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Figure 46. ARMS scheme: A1-A6 — robot axes; 1- print bed; 2 — extruder; 3 — adapter;
4 — radial fans with air ducts; 5 — upper fork; 6 — three-point support; 7 — lower fork;
8 — spool with filament; 9 — control unit.

2 g
@ 33— ¥ :
Figure 48. Extruder: a) Factory extruder scheme: 1 — thermal brake; 2 — heating block;

3 —nozzle; 4 — heating capsule; 5 — thermistor; b) photo of the realized extruder
with modified heating block and special adapter.

The system shown includes a specially designed and fabricated aluminum stand. The
stand allows vertical movement and adjustment of +5 mm. The built-in three-point
support with springs effectively reduces the vibrations produced by the nozzle
contact with the partially melted material. The print bed is shaped to allow the
required dimensions specimens building in all directions (top, bottom and side). It
incorporates four 40 W PID-controlled heating capsules that maintain a temperature
of 65 °C.
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3.5 Software implementation

The data flow in ARMS, from the idea to the physical part, is shown in Fig. 50. The
first steps are similar to the 2'2D-technology, up to the generation of the machine G-
code. Then, because this code is not supported by the robot control, it is necessary
to translate the G-code into the KUKA Robot Language (KRL). A collision check is
also required. For this purpose, the software RoboDK®, which provides an offline
robot simulation environment (ROSE), was chosen.

After RoboDK® generates the KRL code using a modified postprocessor (PP), it is
sent to the robot's internal control memory (KRC4). KRC4 controls the movements
along the individual axes to execute the commands from the KRL-code — for the
FLM process these are mostly linear (LIN) movements. The commands related to
extrusion are sent via the EtherCAT Shield to an Arduino microcontroller, which
controls the stepper motor driver on the filament spool and the extruder's thermal
elements. A second microcontroller, not shown in Fig. 50, controls the print bed
temperature independently of the KRL code.

« TCP Is-Position
« Position print bed relative to base CS ; |
e Limit max speed and acceleration . . 2 )
¢ CAD data: ];xtruder, print bed RoboDK P (Jer‘leralmg KRL > KU]_(A l_(R("4 H» LIN commands
L code by PP control

¢ Approximation
* Nozzle angle f T l
. ot . 3

Print bed orientation } G-Code |_> Extrusion advance values —p Em;ruCS;AT
* Speed and acceleration of kinematic 'y +

system * Fan speed :
* Top and bottom layers « Temperature: heat block A].(.lfl_'m
= Tnfill Slicing pad « Retraction amount and speed _mlc‘lTl- )
¢ Outline on a 240D » Extrusion speed contoTer
» Nozzle diameter approach
» Filament diameter * + + A 4
® Layer height Exporting Heat Thermistor Stepper
* Layer angle o STL file elements driver

) 5 | | | § ]
) Developing feature- »| Extruder
Idea of part based CAD part

Figure 50. Data flow of the ARMS robotic system.

The following aspects of the software implementation are discussed in detail in this
dissertation:
e Features of translation from G-code to KRL, with emphasis on how to achieve
desired trajectories by approximation;
e Coordinate systems (5 in total) required by ROSE for positioning in three-
dimensional space;
e Control the angles «, g and y in ROSE to achieve the desired results using 6
degrees of freedom.
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3.6. Results and discussion

A variety of parts and joints were successfully built with the newly developed
ARMS robotic system after a careful calibration and set-up stage — Fig. 56. The aim
was to test the ARMS in terms of process stability and dimensional accuracy when
building parts of different sizes — Fig. 56 a) and b). Figure 56 ¢) and d) shows the
process of printing forms-fitted joints, which is the main purpose of ARMS. The
tests passed successfully. The functionality of the designed system was confirmed,
which provided the basis for further research and development related to the
influence of rotational degrees of freedom on strength, stiffness, and dimensional
accuracy.

(b)
Figure 56. Parts manufactured with ARMS:
(a) Rocket housing with a height of 1000 mm; (b) Gear with @115 mm;
¢, d) Construction of a form-fitted joint (top and bottom view).

CHAPTER 4. INFLUENCE OF TECHNOLOGY AND PROCESS
PARAMETERS ON STRENGTH

4.1. Introduction

The three main directions of any structure built by FLM process, relevant to the
strength properties and to the anisotropic behavior, are:

e Dy strand direction (SD);

e strand-strand (SS) interface;

e layer-layer (LL) interface — Figures 57 and 63.

The inclination of the layer with respect to the normal stress direction o is defined
by two angles: a with respect to SD in the xz plane and ax with respect to SS in the
xy plane. When building with ARMS, the desired layer inclination is realized by
controlling the angles a and y shown in Fig. 18.
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In Chapter 4, the influence of rotational degrees of freedom (angles «, # and y) on
the properties of the built structures is investigated in the following directions:
e o.SD,SS, SL, a=20° a=45° ax=20° — with nozzles @1 mm and @2 mm;
e 7:SD,SS, SL, a=20° a=45° — with nozzle @1 mm,
the printing plate is tilted 90° and 180° relative to x and y axes;
e p.SD,SS, SL, p=280° =90° 4= 100°— with nozzle @1 mm,
the nozzle tilt is in the xz plane, relative to the SD direction.

y X
o0 o(a)
Ox
Os.s L oy =0(a=0)
Figure 57. Main directions in Figure 63. Specimen type according to
structure built with the FLM process. the layers orientation: SD, SS and LL.

Along with «, 8, and y, the influence of other factors such as material flow rate, infill
overlap, and trajectory accuracy was also investigated. The chapter concludes with
the finding of an optimal set of process parameters to maximize the strength of the
specimens built with ARMS.

4.2.-4.5 Studies related to the geometry of the specimen

Tensile testing is an important method for determining the mechanical properties
and assessing the quality of the technology used. The quality of the grip and the
shape of the specimen are very important to conduct a successful experiment and to
obtain a complete stress-strain curve. Problems with either the grip or the shape of
the specimen usually result in premature failure beyond the measured length, which
compromises the result. The 1SO 527-2 Type 1A form is not suitable for specimens
produced with the FLM process. First, due to geometric constraints related to the
nozzle diameter. Second, because the inhomogeneity and anisotropy caused by the
additive process increase the sensitivity to stress concentration and lead to failure
beyond the measured length — Fig. 59.

Figure 59. Unacceptable failure of standard specimens produced with ARMS.
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After a thorough analysis, the shape shown in Fig. 62 was achieved, with large radii
of curvature and greater overall length, but with a retained gauge length of 80 mm.
The nominal cross section was increased from 10x4 mm to 12x6 mm. It can be
constructed with a whole number of threads whether a 1 mm or 2 mm diameter
nozzle is used.

The new shape was investigated experimentally (30 specimens shown in Fig. 64)
and numerically (Fig. 66). The fracture behavior depended strongly on the
combination of process operating parameters, but was generally satisfactory, which
is why this shape was used in all subsequent studies.

<
<

228 S S
M )
I U e .

Figure 62. Modified specimen shape, compared to the standard 1SO 527-1A form.

SD 15% 10 SD 50% 10 SS

a) C)
Figure 64. Fracture place of specimens produced with @1 mm nozzle:
(@) With one wall, (b) Built without walls, with infill only, (c) With milled contour.

o s

Type: Equivalent (von-Mises) Stress

Unit: Pa

Max: 3,3641e6

Min: 79770

0% 3,3641e6

3e6
2,7e6
24e6

15% 2,1e6
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30% 9e5
6e5
3e5

a) b) = °

Figure 66. Stress concentration: (a) Influence of infill overlap on the location of the section with
maximum stress concentration; (b) Finite element analysis.
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4.6. Methodologies for the production and testing of specimens

Following the guidelines given in standards 1SO 527, ISO/ASTM 52900 and 52903,
two methodologies have been developed and are described in detail in this thesis:

e Methodology for building specimens with 2%2D and ARMS systems;

e Methodology for tensile testing of specimens built.

4.7. Effect of layer orientation (angle ) on strength

The experiment included 2 types of systems (22D and ARMS), two nozzle sizes
(Y1 mm and @2 mm), six different orientations (Fig. 68) and three different
repetitions for each combination, for a total of 2x2x6x3=72 specimens. Some of the
results, calculated with the nominal cross section, are given in Fig. 70.

a=90°— LL

ox =20°— SD

H
o

::::::
o

Figure 68. Specimens for studying the influence of a (bodies shown are without walls).
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Figure 70. Stress-strain curves Figure 71. Corrected
of specimens produced with ARMS. tensile strength om .
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Depending on the process parameters set, a deviation in the actual cross-sectional
area is observed, which affects the actual value of the normal stresses. Therefore,
the corrected tensile strength o™, with the actual area is calculated — Fig. 71. Larger
deviations are obtained with ARMS than with 22D. When tuning the system, this is
corrected by increasing the infill overlap, which increases the strength in the SS and
LL directions. Detailed investigations and analyses of these effects are presented in
this dissertation.

Changing the angle a allows building without support structures, which is one of the
main advantages of ARMS, and the research done in this section gives a good idea
of how this affects the strength properties. Supporting structures in classical 2%2D
technology create surface defects, which significantly reduces ay". In general, in the
studies related to the angle a, the ARMS technology performs better than 2%2D.

A @1 mm nozzle was used for further investigations as it produced the best results
repeatability.

4.8. Effect of print bed inclination (angle y) on strength

In this study, the same parameter combinations were used as in the previous section
4.7, except ax =20°, with anozzle @1 mm. The printing plate is tilted 90° with respect
to the x and y axes, and 180° (top-down construction). The planned combinations
are shown in Fig. 77. The experiment includes 5 orientations of the printed
specimens, 3 orientations of the print bed (three values of y), 2 systems (2%:D and
ARMS) and 3 copies of each combination, in total 5x3x2x3=90 specimens. The
results are compared with those shown in Fig. 71, where y=0°,

In contrast to ARMS, which easily builds parts at different inclinations of the
printing bed (Fig. 45), the 2%4D Creality© Ender 5+ FLM printer used is designed
to work only with a horizontal plate (y=0°). To be able to work at y=90° and y=180°,
the printer was upgraded by additionally building an original stand via FLM —
Fig. 76.
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Figure 76. 24D building of LL specimen after rotating the whole printer by y=90°:
a) about x-axis (side view) b) about y-axis (top view).
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Figure 77. Specimens for studying the influence of y: a) 2!4D; b) ARMS.

Fig. 78 shows the resulting corrected tensile strength om™. In general, o™ is not
sensitive to the change of the print bed inclination y.
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Figure 78. Tensile strength versus tilt of the print bed (angle y).
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4.9 Flow rate and infill overlap influences on strength

The observed deviation in the cross-sectional area A, which reached +70% in LL
(Fig. 80), was reduced by recalibrating the ARMS, with a change in the flow rate
and the infill overlap O,. These two parameters significantly affect the strength. To
investigate this influence, an experiment with 2 flow rates (98% and 100%) and 11
O, values (from 0% to 70%) at y=0°. Overall, 39 pcs of SS and 6 pcs of LL specimens
were built. Some of the results obtained are shown in Figures 84 and 87.

After 2%4D- and ARMS-system recalibration, the deviation in A was reduced by up
to 30%. A new set of 30 specimens were built and tested to investigate the influence

of y angle (5 combinations x 2 systems X 3 specimens). The results are shown in
Figures 80, 82 and 83.
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Figures 84 and 87. Effects of changing the flow rate and the infill overlap
on the cross section and on the stress-strain curve.
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deviations. recalibration (ARMS). before and after calibration.

The recalibration and alignment of the flow rate and infill overlap for ARMS and
2%D systems makes the results more comparable. For the LL specimens, ARMS
gave the largest deviation in A: +42,74%.

Changing the flow rate significantly affects the strength. A decrease of only 2%
lowers oM™ by over 14 MPa for SS and by about 10 MPa for LL. The infill overlap
in SS specimens changes on” from 31,86 MPa at 1o =0% to 47,29 MPa at lo =40%.
Increasing lo above 40% leads to large cross-sectional deviations, which distorts the
results for the corrected strength.

4.10. Effect of nozzle tilt (angle £) on strength

Three orientations (SD, SS and LL), three £ values (80°, 90° and 100°) and two
systems (22D and ARMS) were used in this study — Fig. 89. Three specimens of
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each type were produced, i.e. 3 X 3 x 2 x 3 =27 specimens. The effect of nozzle tilt
on the extrusion process is shown in Fig. 90. At £ < 90° the molten material is pushed
in front of the nozzle, while at > 90° it is dragged behind it. In 2%4D technology,
S =90°.

B =100°

B=90°

Figure 89. Experiment plan. Figure 90. Nozzle tilt: a) 5 < 90°; > 90°.

To avoid collisions when operating the ARMS, it was necessary to design and
produce a new adapter between the robot and the extruder to ensure alignment of the
extruder nozzle with the robot flange - Fig. 91. The new part was built by FLM, from
carbon fiber filament for greater rigidity.

-~

a) Q’ b)

Figure 91. Extruder adapter: a) Original design; b) New design.

To isolate the influence of the parameter under study only (f) and to eliminate cross-
sectional variations, blocks of 300x30x6 mm are initially built from which the
specimens are subsequently milled (Fig. 64(c)). A Hedelius T8 3200 CNC
machining center was used.

The resulting tensile strength is shown in Figures 93 and 94. It is found that:
e The strength at orientation SD is not affected by the nozzle tilt, as it depends
mainly on the cross-sectional area;

e The strength at SS orientation is greatly affected by f, as the cross section of
the filaments and the force with which the melt is pressed against the already
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built material changes. At £ > 90°, the melt exerts less force and the strength
decreases, while at < 90° the strength increases.

e The effect in LL orientation is similar to that in SS. At = 80° the building
process is unstable, and the strength is insufficient.

With the milled specimens the effects of kinematic accuracy and outer layers on
strength can be evaluated. The lower trajectory accuracy in ARMS degrades the
bonding of the threads and layers. With SS, 8= 90°, and other conditions equal, om"
decreases from 38,59 MPa for 214D to 20,55 MPa for ARMS. For LL, the values are
38,78 MPa and 34,3 MPa, respectively. When using a 22D system, the presence of
a single-layer wall increases the strength by more than 10 MPa for SS and by about
4 MPa for LL.
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Figure 93. Tensile strength Figure 94. Stress-strain curves for
versus nozzle tilt g. different values of f (ARMS).

4.11. Effect of trajectory deviations on strength

Accuracy of trajectory AT* and Repeatability of trajectory RT* are paramount to
the quality of the connections between individual strands and can cause delamination
of the structure when relatively small nozzle diameters are used. To investigate this
influence, AT* and RT* were measured using a VIC-3D 9 optical displacement and
strain recording system operating on the principle of Digital Image Correlation
(DIC), Fig. 99. A comparison is made between the accuracy achieved by the 2,5D
and ARMS systems and the corrected tensile strength o), of the specimens built with
them, Figures 106 and 107. It was found that increasing AT* to a value of 0,2 mm
reduced o), by 18 MPa in SS orientation, by 5 MPa in LL orientation, and had
virtually no effect on o, in SD orientation.
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4.13. Optimal parameters set

Based on the experiments conducted and the experience gained, an optimal set of
operating parameters is proposed for the FLM process using ARMS — Table 14. It
is for general use and is suitable for building forms-fitted joints. Additionally, the
following recommendations can be made:

Since specimens with SD orientation have the highest strength and are least
sensitive to other process parameters changes, it is recommended that the parts
to be built with the orientation of the threads such that the main load is in the
direction of the threads (SD);

The nozzle tilt must be £=90°. Even small deviations in this angle have a
negative effect on the strength in SS and LL orientations;

Reducing the ratio u between the layer height and extrusion width increases
the strength, at the expense of build time;

The highest strength is achieved in a triangular pattern and at maximum infill
I;

To reduce the negative influence of trajectory deviations on strength, it is
recommended to use a larger nozzle diameter;

The inclination of the print bed y does not affect the strength, which allows
building to be performed at any value of y when using ARMS.

Table 14. Optimal set of parameters when working with ARMS.

towards the load| ° -l % | % |mm|mm]| °C | °C o mm

Orientation | B, | u, | I, | O, |[RT*|AT*, | Te, | Ts, | 7, Grid o

SD, a=0° 90 |Low|High| 15 |0,05|0,05| 220 | 70 |0..180|Triangular| >1
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CHAPTER 5. NUMERICAL MODELLING
5.1.-5.3. Model features, results, and analyses

The chapter describes the numerical models developed to investigate the tensile
strength and deformation behavior of specimens - geometry, material properties,
initial and boundary conditions, finite element mesh, etc. The software package
ANSYS® Workbench™ was used. Two types of structures were modeled, a dense
structure, such as that produced by plastic injection molding (Fig. 116), and an FLM
structure with SD orientation (Fig. 118). The elasto-plastic behavior of the material
was modelled by means of multilinear isotropic hardening using own experimental
data. The resulting tensile stress-strain curves are compared with real experimental
results from the previous chapters (Figs. 115 and 119). A good agreement between
the simulated and experimental results was achieved.

The proposed models can be successfully used to simulate the mechanical behavior
of FLM structures, although this approach has two disadvantages: a very large
number of finite elements due to the complex structure and the need to include in
the CAD model the geometric uncertainties that arise when building the structure.
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Figure 116. Neck formation Figure 118. Modelling of

in injection molded specimen at ¢=2,5% FLM structure with SD orientation.
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Figure 115. Stress-strain curve Figure 119. Stress-strain curve
of a solid (injection molded) specimen. of FLM structure with SD orientation.
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SCIENTIFIC AND APPLIED CONTRIBUTIONS

This dissertation is devoted to the study of the influence of rotational degrees of

freedom of a 6-axis industrial robot on the strength of specimens built by FLM
process. The specimens were built with two different systems: a conventional 22D
system (3D-printer) and ARMS (a specially built robotic system). The results
obtained are of scientific and applied nature and can be summarized as follows:

1.

2.

A robotic additive manufacturing system (ARMS) has been developed and put
into operation to build forms-fitted joins.
By controlling the inclination of the layers with respect to the print bed (angle a),
a build without support structures is realized with ARMS. Along with the
technological and economical benefits, the strength is thus increased as defects
due to the support structures are reduced.

. Building with ARMS results in an increase in strength across the strands due to

increased infill overlap. The rotational movements of the robot at constant
extrusion speed led to a decrease in build speed and hence increased overlap.

. It has been found experimentally that tilting of the nozzle (angle f) reduces the

strength of the built structures. When working with ARMS, the nozzle axis should
be kept perpendicular to the extruded filament (5=90°).

. It has been found experimentally that deviations in the robot trajectory negatively

affect the strength of the built structures as they reduce the contact areas between
the strands and layers.

. Optimal sets of workflow parameters are proposed for the two systems used to

build structures with maximum strength.
Numerical models have been developed to investigate the tensile strength and
deformation behavior of injection molded and additively built specimens.
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SUMMARY

EFFECTS OF THE ROTATIONAL DEGREES OF FREEDOM OF A
SIX-AXIS ROBOT ON TENSILE STRENGTH OF TEST SPECIMENS
PRODUCED BY FUSED-LAYER MODELING

Maurice Patrick Schwicker
Technical University of Sofia, Faculty of Transport, Department of Mechanics

The aim of the dissertation is to examine, how the additional degrees of freedom
of an industrial robot and the robot kinematics affect the strength of FLM produced
specimens, and to create optimized parameter-sets for the robot operation.

Chapter I includes literature review and finishes with the aim and the major tasks
of the PhD-work.

Chapter Il is dedicated to studies on base material and a conventional 22D
printer. It starts with descriptions of all important process parameters and the test
bench used. Using partial factorial experimental design, 216 specimens in 68 com-
binations are produced and tested and the influence of ten selected parameters is
examined. Optimal parameters set for the 2D system is proposed. Further the
stress-strain curves and mechanical properties of the base filament material and in-
jection molded specimens are examined using over 50 additional tests.

Chapter 11 is devoted to the design, implementation, and usage of a FLM system
with an industrial robot (ARMS). A specially created system is described and tested,
which is one of the main contributions in the dissertation. The created ARMS is fully
operational and capable to create form-fitted joints.

Chapter IV is entitled "Influence of technology and process parameters on
strength”. It starts with development of new specimens’ geometry, which provides
specimens breakage inside the parallel length, followed by two methodologies — for
specimens manufacturing and for tensile testing. The chapter continues with exper-
imental studies on the following influences on strength: new degrees of freedom
(angles a, g, and y), flow rate, infill overlap, accuracy and repeatability of trajectory.
Over 500 specimens are produced and tested. The core result is that the created
ARMS allows producing parts without support structures, by changing angle a. This
gives technological and economic benefits and increases strength. The ability to tilt-
ing the nozzle (angle ) should not be used, because £=90° leads to maximum
strength. Changing the print bed orientation (angle y) has no effect on strength. Op-
timal process parameters set for building parts with maximum strength using ARMS
are given in the end of the chapter.

Chapter 5 is devoted to numerical modelling of elastic-plastic deformation and
tensile strength of SD and injection molded specimens using finite element method.
The obtained numerical results match well with the experimental data.

The dissertation ends with a brief description of the main results, a list of refer-
ences and a list of related scientific publications. On the topic of the dissertation the
doctoral student is a first author in four scientific publications.
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