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PaccmaTpuBaeTcsa 3agaya obecneyeHnst NPOYHOCTU U MUHUMAIbLHOW MacChl MPW KOHCTPYMPOBaHUK n3ae-
TVIA, NPOM3BOANMBIX C UCMOSIb30BaHNEM afANTUBHBIX TEXHONOMMIA. ABTOPbI UCCIEA0BaN BO3MOXHOCTb NpUMe-
HeHUs TOMoNorM4eckon onNTUMM3aLnn B cucTeMax aBTOMaTU3MPOBAHHOIO NPOEKTMPOBAHWS ANA CO34aHNsA on-
TUMU3UPOBAHHON MOZENU ¢ HEOBXOAUMON NPOYHOCTHIO NPU MUHMManbHOW Macce. B pamkax paboTbl npose-
[eHa Toronornyeckas ONTUMWU3aUMA KPOHLUTENHA, W3roToBMeHne ero obpasLoB MeTodaMu afavTUBHOTO
Npou3BoACTBa U NPOYHOCTHbIE UCTbITaHUs. NpoLiecc onpeaeneHnst onTUMarnbHbIX 3Ha4eHU i NPOBOANNCS C No-
MOLLbIO KOHEYHO-3NIEMEHTHOTO aHanm3a nocpencTBoM nporpammHoro obecneyveHns SolidWorks 1 ANSYS. Pe-
3ynbTaThl pacyeTa NokasblBaloT, YTO ONTUMU3NPOBAHHAs MOAEeNb coxpaHseT okono 20 % macckl UCXOAHON U
obnapaeT HeobxoaMMbIMU MeXaHNYeCcKMN XapakTepucTukamn. B 4acTHOCTM, M3BbITOYHBIN 3anac MPOYHOCTU
CHWDKeH B 2,5 pasa, YTo ABNnseTCs npuemnembIM A4St AaHHOro KpoHWwTenHa. Mocneayiowas Bepudukaums mo-
[Aeneli NpoBoANTCS Yepes UCMbITaHUS Ha paspyLLeHWe n3aenui, NPon3BeaeHHbIX No aAAUTUBHBLIM TEXHOMOTUSM
— MeTOZOM HannasneHnst HUTK 1 cTepeonuTorpaduen. [ins yyeta aHM3oTponuy Matepuana obina nsrotosrneHa
cepvisi 06pa3LIoB, OPMEHTUPOBAHHbLIX MO Pa3HbIMU Yrnamm K HanpasBneHUo NoCTpoeHus. McnbitaHus nposoaw-
UCb Ha UCMbITaTENbHOM CTEHAE AN OQHOBPEMEHHOro ABYXOCHOMO PacTshKeHWs, YTO COOTBETCTBYET MPOEeKT-
HbIM Harpy3kam Ha KPOHLUTEWH. YBenMyeHue pacTarvBaiowen Harpy3ku Ha obpasel OCcyLecTBAANOCh A0 ero
paspylueHus. B xoae paboTbl BbISSBNEHO HAaNW4ne aHM3oTponum MexaHN4YeCcknx CBOWCTB, a Takke nccneaoBaHbl
pe3ynbTaTbl ONTUMMU3ALMK B Pa3nNYHbIX NPOrpaMMHbIX NakeTax. PesynbTaTel IPOYHOCTHBIX UCTbITAHWI NO3BO-
nSAT caenatb ABa BbiBoga. Bo-nepBbix, B CBSA3M C aHM30TpONMUEN MaTepuana nNpOYHOCTHbIE CBONCTBA 3HAYM-
TeNbHO 3aBUCSAT OT OPMEHTaLUUN KPOHLUTENHA NpW agAUTUBHOM WU3rOTOBMEHUW. BO-BTOPbIX, KPOHLUTEH, ONTU-
MU3NPOBaHHbIA NMOCPEACTBOM NporpammMHoro naketa SolidWorks, B Lenom nokasan nyywuve npoYHOCTHble
CBOWCTBA ANSA pa3nnyHbIX OPYEHTaLMA NpY U3roToBneHun. Takke, YTO BNOJIHE OXugaemo, obpasLibl, Mony4veH-
Hble cTepeonuTorpadueit, nokasanu MeHbLLY aHM30Tponuto, Yem obpaasLibl, NoMyYeHHble METOAOM Hannasrne-
HUS HATW. B 3akntoyeHne 0oTMETUM, YTO NMPUMEHeHNe aaaNTUBHBIX TEXHOMOMMIA ANs CO34aHUS ONTYMU3VMPOBAH-
HbIX (hopM TpebyeT yyeTa TEXHOMOTMM NevaT 1 aHM3OTPONUM CBOMCTB, a Takke Bblbopa COOTBETCTBYHIOLLErO
nporpamMmmMHoro obecneyeHus.
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This article discusses the problem of ensuring strength and minimum mass in the design of
products manufactured using additive technologies. The authors investigated the possibility of us-
ing topological optimization in computer-aided design systems to create an optimized model with
the necessary strength at a minimum weight. As part of the work, the topological optimization of
the bracket, the production of its samples by additive manufacturing methods and strength tests
were carried out. The optimal values were found via finite element analysis using the SolidWorks
and ANSYS software. The calculation results show that the optimized model retains about 20 %
of the original mass and has the necessary mechanical characteristics. In particular, the excess
safety margin is reduced by 2.5 times, which is acceptable for this bracket. The subsequent verifi-
cation of the models is carried out through destruction tests of the products manufactured using
additive technologies, i.e. the method of filament deposition and stereolithography. To account for
the anisotropy of the material, a series of samples oriented at different angles to the direction of
construction was made. The tests were carried out on a test bench for simultaneous biaxial stretch-
ing, which corresponds to the design loads on the bracket. An increase in the tensile load on the
sample was carried out before its destruction. In the course of the work, the presence of anisotropy
of mechanical properties was revealed, and optimization results in various software packages were
studied. The results of strength tests allow us to draw two conclusions. Firstly, due to the anisotropy
of the material, the strength properties significantly depend on the orientation of the bracket during
additive manufacturing. Secondly, the bracket, optimized by means of the SolidWorks software
package, generally showed the best strength properties for various orientations during manufac-
turing. Also, which is quite expected, the samples obtained by stereolithography showed less ani-
sotropy than the samples obtained by the method of filament deposition. In conclusion, it is noted
that the use of additive technologies to create optimized forms requires considering printing tech-

nologies and anisotropy of properties, as well as the choice of appropriate software.

© PNRPU

BBepeHune

3amaua obecrmieueHUs] TPOYHOCTH W MHUHHUMAIBHOMN
MAacCChI ABJISICTCS OHHOﬂ W3 BOXXHEHIIUX U AKTYaJIbHBIX ITPO-
6J1eM IIpM KOHCTPYHUPOBAHUH CIOXKHBIX cucteM [1; 2]. [Ipak-
THYECKH B JI0OOH cdepe MpOMBINUIEHHOTO MPOW3BOJCTBA
CYIIECTBYET TEHJECHLMs MCIOJIb30BaHUsI Hauboiee CoBpe-
MEHHBIX M NPOTPECCHBHBIX METOOB U3TOTOBJICHUS Pa3iny-
HBIX W3JENUH, 9TO CBSI3aHO CO CTPEMIICHHEM HE TOJBKO IO-
BBICHTB HA/IC)KHOCTh U Ka4€CTBO M3TOTABIMBAEMON MIPOIYK-
UM, HO W CHHU3UTh €€ CTOMMOCTH U DPECypPCOEMKOCTb.
ANMTUBHBIE TEXHOJOTHH, B OTIMYHE OT TPAIHIMOHHBIX,
SIBJISIFOTCS] 9KOHOMHUYECKH BBITOJHBIME U pecypcodddexTrB-
HBIMH CIIOCOOaMH U3TOTOBJICHUS, TOCKOJIbKY IPEJICTABIISIOT
€000l MeTobl IPON3BO/ICTBA, OCHOBAHHBIE HA IO3TAITHOM
(hopMHUpOBaHUN H3ENHS IMyTEM MMOCIOWHOTO HapalldBaHHSI
MaTepuana Ha OCHOBY [3—5]. B ciydae xe TpaauliMOHHOTO
MIPOM3BO/ICTBA BO3HMKAET HEOOXOIMMOCThH JHOO B OTCeye-
HUU BCETO «JIUIITHET0Y» Y 3aTOTOBKH IS Oy IyIIero u3aeus,
€CJIN UCTIONB3yeTCst 00paboTKa pe3aHueM, JT1M00 B CO3IaHIH
(dbopM JUIst IMThS WM LITAMITOB JyIsl IitamiioBku [6—8]. [1pu
9TOM Ha JTaHHBIE CITOCOOBI HAKIIABIBAIOTCS CYIIECTBEHHEIE
OTPaHMYEHHUS HA CJIOXHOCTh T€OMETPHH JeTayieil, a Impo-
LIECCHI U3TOTOBJIEHUS IIPOUTPBLIBAIOT U B PECYPCOEMKOCTH, U
B TpyaoeMKOCTH. C IOMOLIbIO aJJIUTUBHBIX TEXHOJIOTHH

MOSIBIIICTCS BO3MOXKHOCTB U30aBUTHCS OT 3THUX HEJAOCTATKOB,
MOCKOJIbKY MaTepHai pacxoyercs 0ojiee painoHalbHO, HET
HEOOXOAMMOCTH B CO3JAHHUHU JIOTIOJHHUTENBHBIX (OpPM U
TaMIIOB U, 3a4aCTy10, OTCYTCTBYCT HeO6XOJIl/IMOCTI) B IIpO-
BefieHNH (PMHHUIIHOW 00paboTKM roToBoro m3penus. boiee
TOT0, TAKOH METOJ| MPOU3BOJICTBA MPAKTUUECKH HE OrPaHU-
YHBAETCS CIIOKHOCTHIO T€OMETPHU M3rOTABIMBAEMOI0 TeIa.
B ponu MaTepualna rieyaTi MOKET BBICTYIATh KaK METaJLIbI,
TaK ¥ HeMeTayuel [9—11].

[pu nevaTu mIacTUKOM HanboJee pacpoCTpaHeHbI [Be
TEXHOJIOTHH: TIOCJIOHOE HAIUIABJICHHUE TIACTMACCOBOM HUTH
(FDM) u crepeonurorpadus (SLA). Y 3TUX METOAHK €CTh
o01as 0coOOEHHOCTh, BHI3BAaHHASI TEM, YTO MPOIECC MMEeYaTH
OCYIIECTBIISICTCSl TTOCJIONHBIM HapalluBaHHEM M 3TO HEU3-
OC)KHO BBI3BIBACT AHHM30TPOIHI0O MEXAHWYECKHAX CBOMCTB
[12-18].

1. Bbibop mogenu ansa aHanusa, pacyeTr
MeXaHU4YeCKUX XapaKTepucTukK

B pamkax naHHOI pa®oThI MPOBOAMIACE TOMOJOIMYe-
cKas ornrtuMmm3anus KpoHmreitHa (puc. 1). Tononoruyeckas
ONTUMU3ALM JAET CyLIECTBEHHOE CHIYKEHUE MACCHI ITPH CO-
XpaHEHHUHU UM YMEPEHHOM CHI)KEHUH IPOYHOCTH U KECTKO-
CTH, YTO OCOOCHHO BaXXHO B aBUAI[MOHHOM TexHHKe [19-22].

17
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OO0pas3Isl KpoHIITEeHHA OBLTH N3TOTOBJICHEI IIOCPEACTBOM a/l-
IUTHBHBIX TexHosnoruii FDM u SLA ¢ ucnoyib30BaHUEM TO-
HOHOFH‘{CCKOﬁ OIITUMHU3AIIUU B CUCTEMAX aBTOMaTI/BI/IpOBaH-
Horo npoekrupoBanus (CAIIP) SolidWorks u ANSYS. Lle-
JIBIO MCCIICOBAHUS SIBJSUIOCH IPOBEACHUE CPAaBHUTEIBLHOIO
aHaJIM3a XapaKTEPUCTUK KaK MCXOJHON 3arOTOBKU U TOJY-
YCHHOW ONTHMHU3WPOBAHHON JETAallM, TaK M XapaKTEPUCTHK
ONTHUMU3UPOBAHHBIX JIETallCH, MOTYYEHHBIX B PACCMOTPEH-
ueix CAIIP.

S50 H
i j
[ S0 H
I I i H
L) L : :
Z 777
Puc. 1. Ucxonnas Mojenb KpOHIITEHHA U CXeMa CHUIIOBOTO
Harpy>xeHus

Fig. 1. Initial model of the bracket and force loading diagram

[locne coznaHusi KOHEYHO-3JIEMEHTHOM MOJENM U ycTa-
HOBKH IPAaHUYHBIX YCIIOBUH MOJTYyUEHO I10JIe HanpshkeHuit Gpox
Muzeca B KOHCTPYKIIMH UCXOJHOTO KPOHIITEHHA (pHcC. 2).

wvon Mises (N/m™2)
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4,368 +07
3,744 +07
L 3,121e+07
L 2,497e+07
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6,269 +06

3433e+04

Puc. 2. Ilosne HanpspKeHHU B KOHCTPYKIMHA UCXOAHOTO
KpoHIuTeiHa (MacmTad nedopmanuii 1:121,42)

Fig. 2. Stress field in the design of the original bracket
(deformation scale 1:121.42)

Pacyet McxoHOM KOHCTPYKIMHU B IPOrPAMMHOM ITaKeTe
SolidWorks mokaszan:

— k03¢ urment 3anaca mpoyHocTH m3nenus — 4,4;

— mpezen TeKydectr 1o Gor Musecy — 2,75-108 H/m?%;

18

— MaKCHMaJIbHOE
8,681-107% mm;

— nedopmanus — 1,751-107* mm.

CoBpeMeHHbIE CpPE/ICTBA HPOEKTHPOBAHMS ITTO3BOJISIOT
HE TOJIBKO TMPOBOJUTH UCCIEIOBAaHHUA M PAacudeThl Ha IMPOd-
HOCTB JIeTaliel pa3InyHON F€OMETPHUH, a TAKKe IPOrHO3UPO-
BaTh CTENEHb UX Je(OPMHUPOBAHUS, HO M COiepXkar B cede
MIPOTPaMMHBIE AJITOPUTMBI ONTHMH3aIMH. B WHKeHEepHOH
MIPAaKTHKE AJIS 3TUX IeJel MPUMEHSIOTCS TaKHUe MPOrpaMM-
Hble nponykTel, kKak ANSYS u SolidWorks [23-27]. B 00-
IIEM CITydae M3 MOZEIN-3arOTOBKH YAAIAIOTCS JIUIITHUE Ya-
CTH KOHCTPYKIIMH, OTCYTCTBHE KOTOPBIX IIPAKTUYECKHU HE U3-
MEHSIET KECTKOCTh MCXOJHOro Tena. B pesynbrate paboTh
TaKoro ajroputma (hOpMHPYETCs ONTHMHU3UPOBAHHAS MO-
JIeNb CII0KHOM TeoMeTpHH, KOTopast OyIeT OTBeqaTs Tpeho-
BaHHUAM KCCTKOCTU U MPOYHOCTHU IIPU MUHUMAJIbHOM Macce,
HO TIpH 3TOM OyJeT CII0KHAa B W3TOTOBJICHHH TPaIMIIHOH-
HBIMH METO/IaMH, a 3HAYUT, HOTpeOyeT MPUMEHEHUs aiIu-
THUBHBIX TEXHOJOTHH B Mpou3BoacTBe [28].

ITocne BBO/1a Bcex OrpaHUUEHUH 1 HAJIOKEHUS YCIOBHIA,
a TaKKe I0CIe CO3JaHUs CETOYHOW MOJENIM MTepalnoHHOE
MIPOEKTUPOBAHNE HCCIEAYEMOTO KOMIIOHEHTa IPOJOIIKa-
€TCs 10 JOCTHXKCHUA HCOGXOHHMOﬁ TOYHOCTHU IIPU 3aTaHHBIX
OrpaHHYeHUsX. B cilydae TOMOJIOrMYECKOH ONTHMHU3ALNU
PacCMOTPEHHOTO KPOHIITEWHA OCYIIECTBICHO 76 UTepaIHid,
B pe3yNbTaTe KOTOPBIX ONPEAEICHbBI ONTUMAIbHBIC 3HAUCHHUS
JKECTKOCTH U Maccsl [3, 29, 30]. B pe3ynpTare onTUMU3aLUU
MOTy4aeTcsl COBEPIICHHO HOBAasi MOJEINb, CTeHEpPHPOBaHHAS
aNropuTMOM, KoTopas coxpannia 20 % cBoeil mepBoHaYaIb-
HOM MacchlI (puc. 3).

BO3HHKAIOIIEE MEpeMEIleHHEe —

Puc. 3. KoneuHo-a51eMeHTHAsE MOJIENIb ONITUMU3UPOBAHHON JeTaIl

Fig. 3. Finite element model of the optimized part

Pe3ynbTarhl IPOYHOCTHOTO pacyiera B IPOrpaMMHOM I1a-
kete SolidWorks:

— k03¢ duIreHT 3anaca NpoYHOCTH m3xenus — 1,4;

— Ipenen TekydecTr o Gor Musecy — 2,75-108 H/m?%;

— MakCHMalbHOC BO3HHKAIOIIEe MEpeMElICHHEe —
1,316 mm;

— nedopmanus — 2,772-1072 mm.

Jli1st Banuganyu pe3yibTaToB TOMOIOTHYESCKON ONTHMH-
3al[M{ aHAJIOTHYHBIM 00pPa3oM HPOBOAMIOCH UCCIIEAOBAHNE
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B cucreme mHxeHepHoro anaimmsa ANSYS, raoe 3a ocHOBY
B35iTa MOJIENb KPOHIITEHHA, HATPYKEHHAS! CHJIAMH B y3J1axX
KpEIUJIeHHsI COTJIACHO CXeMe CHUJIOBOTO HarpyskeHus (puc. 1).
B pesynprare onTUMu3ayMy NOIXyYeHa MOJIENb, CTEHEPUPO-
BaHHAsl aJITOPUTMOM, KoTopas coxpanuia 20 % cBoeil mep-
BOHAYAIBHOW Macchl (puc. 5).

waon Mises (Wfm™2)
7,617e+09
6,856e+00
_ 6,095:+00
_ 5,33%e+09
i 45T2e+00
l 3,811e+00
[ 3m9e+09
. 2,288:+00
1,526 +09

7,651e+08

3,758e +06

Puc. 4. Ilone HanpspKeHUI B KOHCTPYKIIMU ONTHMHU3UPOBAHHOTO
KpoHIITeiHa (MacmTad nedopmanuii 1:7,7053)

Fig. 4. Stress field in the design of an optimized bracket
(deformation scale 1:7.7053)

Puc. 5. 'eomerpuueckast MO ONITUMU3UPOBAHHOM JI€TaIN
B cUcTeMe HHKeHepHoro aHannza ANSYS

Fig. 5. Geometric model of an optimized part in the ANSYS
engineering analysis system

2. Bepudmkauus pe3ynbTaToB U UccreaoBaHue
aHU30TPONUN MEeXaHU4YEeCKUX CBOUCTB

J1nst BeprduKaryu pe3ysibTaToB, MOTyYeHHBIX YUCICHHBIM
MOJICJIMPOBaHKEM B MporpaMMmHbix makerax SolidWorks u
ANSYS, npoBeieHbI CTaTHYECKHE UCTIBITaHUS Ha pa3pylIeHNE
KPOHIUTENHOB. JleTanyu KpOHIITEHHOB U3rOTOBJIEHBI C IPUME-
HEHMeM aJIUTUBHBIX TexHonoruid FDM u SLA (puc. 6).

IMTockonbKy mporecc aJIMTUBHOM NeYaTu — 3TO MOCII0H-
HBII MPOIECC U3TOTOBJICHUS AETANN, TO U OLEHKH TEXHO-
JIOTHYECKH OOYCIJIOBJICHHON aHU30TPONMU MEXaHHMYECKHX
CBOMCTB HM3/1€JIUsI, H3TOTOBJIEHBI HECKOJIBKO 00pa31oB, KOTO-
pBIe OBLIH YCTaHOBIICHBI O] PA3HBIMH YTIAMH K TIOIJIOKKE
B Iporiecce nevartu (puc. 7).

Puc. 6. Jleranu KpOHIITEHHOB U3TOTOBJIEHBI C IPUMEHEHUEM
anmuTUBHBIX TexHonoruit SLA (a) u FDM (b)

Fig. 6. Bracket parts are manufactured using additive
technologies SLA (a) and FDM (b)

Puc. 7. BapuaHTs! yriioB neyaTu KpoHIUTeHHA

Fig. 7. Options for bracket printing angles

VcnpITaHus Ha pa3pylIeHne KPOHIITEHHOB BHIMOTHEHBI
Ha CHELMabHO pa3pab0TaHHOM W M3TOTOBJIEHHOM CTEHJIE
JUIsT MaJIOHArpy’>K€HHOTO JIByXOCHOro pacTsbkeHus. Kpon-
mTeH (PUKCHPOBAJICS TP TOMOIIN YeThIpeX OOJITOB K pame
CTEHJa, Aajee MPOMCXOIWIO MIABHOE CTATHYECKOE Harpy-
’)KeHHe B JABYX HampaBieHusx. ®ukcaius pocra Harpys3ku
OCYIIECTBIISUIACH PO ITOMOIIM TEH30JaTYMKOB U BUAEO03a-
MHCH SKCIEPUMEHTA.

Jl1g ucnpITaHUM U3TOTOBJIEHBI OT 3 10 9 KPOHIITEHHOB
Ka)XJIOTO TUIA ¥ JUIsl KaKA0ro yria nedatu. OcpesHeHHbIE
pe3yIbTaThl HCIBITAHUHN TIPEICTaBICHBI B Ta0MI. 1, 2.

PesynbTaThl HCOBITAHUIA, a TaKke XapakTep Gopm pas-
PYILIEHHS KPOHIUTEWHOB (pHC. §8) TOBOPAT O HAINYUH CYIIle-
CTBEHHOM aHM30TPONHU CBOMCTB. B mepByro ouepenp 3TO
CBSI3aHO C OCOOCHHOCTSIMU IOCJIOWHOTO MOCTPOCHHUS M3Je-
nust MetoioM SLA U HanpaBlIeHHOW yKJIaJK{U HUTH IIPHU HC-
nojp30BaHuu Merona FDM.
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Pesynbrats! uctisiTanmii 1 GopMbI pa3pymIeHNS ONTHMH-

3UPOBAaHHOTO KPOHILITEWHAa B

MPOTPaMMHBIX — ITAaKeTax

CBUACTECIBCTBYIOT O CYIIECTBEHHBIX PA3IMUYUAX B METOHAX
TOIIOJIOTHYECKOM OINITUMHU3AINHU, TPUMCHACMBIX B JaHHBIX

Solidworks u ANSYS npencrapiens! B Ta01. 3 ¥ Ha puc. 9 u CAIIP.
Tabiuma 1
Pe3ynbTaThl HCIIBITAHUSI UCXOAHOTO KPOHIUTEHHA, N3TOTOBJIEHHOIO IO TeXHonoruu SLA
Table 1
Test results of the original bracket manufactured using SLA technology
[apametp 3HaveHne
VYron 5° 45° 85° 90° 190° 195°
Macca, T 48,61 47,39 4747 47,09 47,61 47,81
Pa3pymaronias Harpyska, Kre 194.,4 206,2 202,2 191,9 108,0 85,8
3anac npo4YHOCTH 3,8 4,03 3,95 3,75 2,11 1,68
Tabnuna 2
Pe3ynbpTaThl HCHIBITAHUS KCXOIHOTO KPOHIITEWHA, M3TOTOBJIEHHOTO MO TexHosnoruu FDM
Table 2
Test results of the original bracket manufactured using FDM technology
ITapamerp 3HadyeHue
VYron 0° 45° 90° 145° 190°
Macca, r 46,66 46,02 47,65 47,17 47,58
Pazpymarommas Harpyska, Kre 47,8 132,6 227,7 98,8 85,2
3amac mpoYHOCTH 0,93 2,59 445 1,93 1,66
a b
Puc. 8. ®opmbl pazpymenns KpoHITeHa, U3roToBIeHHOro MetonoM SLA (a) u FDM (b)
Fig. 8. The forms of destruction of the bracket made by the SLA (a) and FDM (b) method
Tabmuma 3
Pe3ynbraTsl HCIBITaHHS ONTUMU3UPOBAaHHOTO KpoHmTerHa SolidWorks/ANSY'S
Table 3
SolidWorks/ANSY'S optimized bracket test results
[Tapametp 3HayeHue
Vron 5° 45° 85° 90° 190° 195°
CAIIP mis onrtuMm3anuu
(SolidWorks / ANSYS) SW AN SW AN SW AN SW AN SW AN SW AN
Macca, r 11,61 | 10,85 | 11,47 | 10,84 | 11,41 | 10,84 | 11,41 | 10,72 | 11,41 | 10,65 | 11,63 | 10,88
Pa3pymaronias Harpyska, Kre 57,3 | 48,93 | 69,8 53,6 90,7 56,2 | 87,22 | 62,33 | 85,13 | 66,38 | 52,13 | 539
3amac npoYHOCTH 1,12 | 0,96 1,37 1,05 1,77 1,1 1,71 1,22 1,66 1,3 1,02 1,05
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Puc. 9. ®opmsl paspymienus onTuMH3npoBaHHoro kpoHmireitHa Solidworks (@) 1 ANSYS ()

Fig. 9. Failure modes of the optimized bracket Solidworks (a) and ANSYS (b)

3aknoyeHune

AHanu3upys NOITyYeHHBIE PE3yIbTaThl, MOKHO CHIEJIATh
BBIBOJI, YTO K NPUMEHEHHIO aJANTHBHBIX TEXHOJIOTHH JUIs
W3TOTOBJICHHUS TONOJIOTMYECKH ONTHMHU3UPOBAHHBIX (HOpM
KOHCTPYKIIMH HY>KHO ITOJIXOIUTh BEChbMAa aKKYPaTHO, YIUTbI-
Basi TEXHOJIOTHIO IIEYaTH U BO3MOXKHYIO aHH30TPOITHIO MeXa-
HUYECKUX CBOMCTB. Takke CTOMT OTMETUTh, YTO
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