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TexHOMIOTUM 3D-IIeYaTHU HaxoAsT IIPUMeHeHHe B CAMbIX Pa3HBIX 00/1aCTsIX TEXHUKU.
C 1990-X rof0B UX HAYaJIU IIPUMEHSTh IIPU U3rOTOBJIEHUH 3JIeKTPOHHBIX YCTPOMCTB.
OcobeHHO 3aMeTHOe YCKOPeHHe TeMIIOB PACIIPOCTPAaHEeHU S TeXHOJIOruM 3D-re4yaTu
B 9JIEKTPOHUKe HabioAaeTcs: B rocaegHue 5-10 1eT. B JaHHOM CTaThe KPATKO
PaCcCMaTPUBAIOTCS Pa3HOOOpa3Hble BUBL TEXHOJIIOTHUM 3D-11e4aTH, IPpUMeHsIeMble

B 9JIEKTPOHUKE, U 3JIeKTPOHHBIE YCTPOMCTBA IN60 UX OTAE/1bHble KOMIIOHEHTHI,
KM3rOTaB/JIMBaeMble C IIOMOII[BIO STUX TeXHOJIOT UM,

exHonor K 3D-nevaTv (AAANTUBHbIE TEXHOOT M) 06-
NafatoT YHUKANbHLIMKU BO3MOXHOCTAMM BLICTPO CO-
30aBaTb U3LeNNs CNOXHbLIX GOPM, KOTOPble TPyAHO
WA HEBO3MOXKHO VU3rOTOBUTD, MPUMEHSA Apyriie TpaAnLMOH-
Hble TexHoMormn. OcobeHHOCTL 3D-NeyaT COCTOUT B TOM,
YTO MPOLLECC CO3AAHVA U3LENNM MPONCXOANT NyTem Noc/Ion-
HOrO MOCTPOEHMSA HEMOCPEACTBEHHO MO UX KOMMbIOTEPHbLIM
3D-Mopensim.
BONLLIMHCTBO M3BECTHBLIX TEXHONOM MM 3D-NeyaT BOSHUKIN
Ha pybexxe 1980-90-X roaoB. B AanbHeNLeM OHM NOCTOSIHHO
COBEPLUEHCTBOBA/INCL; B OCHOBHOM WX PA3BUTKME L0 MO NYTH
pa3paboTKmM 3D-MPUHTEPOB C YIyYLWEHHLIMU TEXHUYECKMMU
XapaKTepUCTUKaAMM U paclUMpeHns CnekTpa UCnonb3yembix
O/15 MeyaTn CTPOUTENbHbLIX MaTepranos. B nocnegHme rofbl
NOSABWACS PsIA HOBbLIX TEXHONOr NI 3D-NeyaTtut, 1 Ha CeroaHs-
LWHMI AEHb N3BECTHO VXK HECKOJTbKO AECATKOB VX PA3HOBUA-
HOCTeW, pasNnyaloLLMXCs 0COBEHHOCTAMM peanmsaumm npo-
LLecCoB NOCTPOEHMS N3NNI, XapaKTepucTmkamm 3D-NpuH-
TepoB, CBOMNCTBaAMU CTPOUTENbHbLIX MaTepManos. Kpome Toro,
OHM PasNMyaroTCs GUPMeEHHbIMUN HAa3BAHUSIMNA.

PA3HOBMAHOCTMW TEXHONOT N 3D-NEYATH,
NPUMEHAEMDbIX B SNIEKTPOHUKE

B 3/1eKTPOHMKE MPUMEHAIOTCSA B OCHOBHOM KacCUYeCKme Tex-
Honoruu 3D-ne4yatu, KOTopble, NOSBMBLUMCL B 1980—90-¢e ro-
[bl, K HACTOALEMY BPEMEHW AOCTUTIM LOBOMLHO BbICOKOW
cTeneHu pasBnTna. K HUM OTHOCATCA Cieaytolime TexHon0-
rAn (4epes cN3Ll yKazaHbl MCMob3yemble BApUaHThbl MX Ha3Ba-
HUI, B KPYT/bIX CKOBKax — NpoLecchl ux peanmnzaumm) [1]:

* Inkjet Printing, IJP/Multi-Jet Modeling, MJM/Poly-Jet
(«4epHMNa» B BUAE XMAKOTO GOTONOAMMEPA UAU PaC-
M/1aB/IEHHOr 0 TEPMONAACTUYHOTO NoIMepa inbo B BU-
[le CyCrneH3um BrnpbLICKMBAKOTCA Yepes Corio B MecTo
nocTpoeHus, rae GoTonoANMMED M TEPMONNACTUYHBIN

Benopycckmi rocyAapCTBEHHbIM arpapHbIA TEeXHUYECKNIA YHUBEPCH-
TeT, npodeccop.
2 Benopyccknin rocyaapCTBeHHbLIN YHUBEPCUTET MHGOPMATUKM 1 pa-

[MO31eKTPOHUKN, Npodeccop.

nonMMep, COOTBETCTBEHHO, OTBEPXKAAIOTCS Mpu 06.1y-
YeHUn YO-1amMnon nam OxXNaxkaeHnu, a TBepable HacTu-
Libl CYCMEH3MM arNoMepupyoTcs);

e Direct Ink Writing, DIW/Robocasting («4epHina» B Buae
NacToobpasHOV CyCneH3nm BbIAABANBAKOTCS U3 3KCTPY-
[lepa B MeCTO NOCTPOEeHWS, rAe TBepAble YacTULbl CyC-
MEeH3uM aroMepupyoTcs);

e Binder Jetting, BJ/Binder Jet Printing, BJP/Powder
Bed and Inkjet Printing/Drop-on-Powder Printing/
3D-Printing, 3DP/Voxeljet (kmakoe CBA3yOLLEE BMPbI-
CKMBAETCS Yepe3 COMJI0 Ha MOPOLLKOBbLIN CIOM B MECTO
NOCTPOEHMSA, FAe CBA3LIBALT YACTMLbI MOPOLLKA);

* Fused Deposition Modeling, FDM/Fused Filament
Fabrication, FFF (BONOKHO M3 TepMONAaCcTUYHOMO Mo-
NiMMepa NpoTArMBAETCS Yepe3 NoAorpeBaembIvt 3KC-
TpyAep, rAe pacnnaBngeTcs, a 3aTeMm NOAAeTCs B Me-
CTO MOCTPOEHMSA, TA1e OTBEPXKAAETCS NMPU OXNAKAEHNN);

 Stereolithography Apparatus, SLA (cnom sunakoro ¢o-
TONONMMEpa NOABEPraeTcsa CenekTMBHOMY OTBepXae-
HUIO MOA AeNCTBMEM yda YD-nazepa);

« Digital Light Processing, DLP/ Projection Stereolithogra-
phy, PSL/MOVINGlight (aHanor SLA, oTam4aeTcsa Tem,
4TO C/1IOM GOTOMONMMMEPA NOABEPraeTCs OTBEPXKAEHNIO
npu 061y4eHnn YO-NPOeKTOPOM);

 Selective Laser Sintering, SLS (NOpOLIKOBbIN CNOM Tep-
MOMNACTUYHOrO NOAMMEpPA NOABEPraeTCs CENeKTUBHO-
MY CleKaHWio noa AenCcTBMEM Nlyda Nasepa).

B nocnenHue rofbl B 31eKTPOHMKE CTanu nonay4aTh BCe
6onbllee pacnpocTpaHeHne HOBble TeXHONOrMKM 3D-neyaTu,
6O0NBLWMHCTBO KOTOPbLIX NMOKa elle HaXOAUTCS B CTaaun UC-
CNeaoBaHMs U pazpaboTku. K HUM OTHOCATCS:

» Aerosol Jet Printing, AJP (aHanor IJP, oTAnYaeTcs Tem,
YTO «4epHMAa» B BUAE CYCMEH3NM NepeBOoAsTCs B CO-
CTOSIHME a3p030/14, KOTOPbLIM pacnbINgeTcs vYepes con-
N0 NNOTHOM CTpyen, ChOKYCMPOBAHHOM 06BONAKMBAIO-
LM ra3om, B MeCTO NOCTPOEHUS, e TBepAble 4acTu-
Libl a3p030As arnomepupytotca) [2, 3];

 Liquid Metal Printing, LMP (pacnnas nerkonnaskoro
MeTanna, B 4actHocTm Galn-cnnaea, NoaaeTcs B MecTo
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NOCTPOeHUA BRpbICKMBaHWeM (aHanor IJP) [4] unn Bbi-
AAaBAVBaHMEM M3 NOAOrpeBaeMoro 3kcTpyaepa (aHa-
nor DIW) [5]);

« Direct Metal, DM (aHanor BJ, oTan4aeTcsd Tem, 4To B Ka-
YecTBe CBSA3YIOLLIEro BMPbICKMBAKOTCSA cnekarowme ao-
BaBKku, 3aTeM NOPOLLOK NOABEPraeTcs CnekaHu, Ko-
TOpoe mnaeT bbICTpee Ha y4acTKax, CoAep XKallmx 3Tu
nobasku) [6];

e Electric Poling-assisted Additive Manufacturing,
EPAM /Electric Poling-assisted FDM (aHanor FDM, oT-
JINYALTCS TeM, YTO ANS nevaTr UCNONb3yeTCs BOTOKHO
13 nonnmepa MNBA®D, K KOTOPOMY BO BPems 3KCTPyAU-
POBaHMS NPUKNAAbIBAETCA 3NeKTpuyeckoe none, bna-
roAaps 4emy B HEM Npu OTBEPXKAEHWM 0bpa3yeTcs Mnbe-
303M1eKTpuyeckasn dasa) [7];

 Direct Laser Writing, DLW (aHanior SLA, 0T/IM4YaeTcs Tem,
YTO Ha NMOBEPXHOCTM XMAKOro GOTONOIMMEPA NPOUC-
XOAWUT NOKaNM30BaHHAs MHOroQOTOHHas NMOAVMMEpPU-
3aLMs Noa AenCTBMEM Na3epHOro U3NyYeHMs onpeae-
JIEHHOW A/IMHbI BOSHBI) [8];

e laser-induced Forward Transfer, LIFT (nasepHas abns-
UM MaTepmana TOHKOW NIeHKM, HAHECEHHOW Ha Npo-
3payvHyo NAACTUHY, W NepeHoC 06pa3oBaBLIMXCA Ka-
nesb pacnjiasa B MeCcTO MOCTPOEHMS Ha NOAIOXKKE, pac-
MOJTIOXKEHHOW HUXKe MNACTUHbBI, FAe OHW 3aTBepaeBatoT
npu oxnaxaeHunm) [8].

Kak npaBunio, BCe 3TW TEXHONOTMIW NPeaCcTaBaSaioT COBoN
MOANDNUMPOBAHHbIE BAPWAHTbLI KNACCUYECKMX TEXHOIOT NI
3D-nevaTu, UCKadeHmnem aBnaeTcs LIFT-TexHonorns, Koto-
pas UMeeT CyLLeCTBEHHbIE OT/INYMS.

OCOBEHHOCTU MPUMEHEHUSA TEXHONOT U
3D-MEYATHU B INEKTPOHUKE

POMb PA3HLIX TEXHONOTMI 3D-NevaT B CO34aAHNM 3N1eKTPOH-
HbLIX yCTPOMCTB B 3HAYUTENIbHOW MEpe ONpeAensieTcst UCNob-
3yeMbIMW CTPOUTE/IbHLIMW MaTepmranamMmm, Coctas 1, COOTBET-
CTBEHHO, CBOMCTBA KOTOPbIX MOXHO BapbMPOBATb, HAMPUMED,
MyTeM UCMOMb30BAHUS PA3INYHBIX MOVIMEPOB UV BBEAEHWS
B HUX PA3/IMYHbIX HAMOHUTENEN, MyTeM NPUTOTOB/IEHNS CyC-
MEeH3MIM Ha OCHOBE Pa3IUYHbIX YacTULL U T. 4. [9].

BaskHbIM NOKa3aTenem TexHoNornm 3D-neyaTn, NpUMeHse-
MbIX B 3/TEKTPOHMKE, ABNSETCS pa3peLlatolas CnocobHOCTD,
TO eCTb MUHUMANbHbIE LOCTUXMMbIE padMepbl CTPYKTYPHbLIX
3/1EMEHTOB 3/1eKTPOHHbIX YCTPOMCTB, KOTOPble ONpeaenstoT-
CS LUMPUHOW M TONLLMHOW C/1I0€B, NeYaTaeMblX B O4MH MPOXOA,.
PaspelueHye 3D-ne4aT 3aBUCUT OT TEXHUYECKMX XapaKTepu-
CTUK 3D-NpUHTEPOB, a TakXKe OT 0COBEHHOCTEN NMPOLECCOB
peanmsaLmm TeEXHONOr 3D-nevaTi, HaNprUMep pasMepoB Ha-
CTWL, NOPOLLKA, KOTOPLIMWU TMMUTUPYETCS TONLLMHA HAHOCK-
MbIX MOPOLLKOBbIX C10eB (SLS [6]). BONbLWNHCTBO TEXHONOT U
3D-nevaTtn obecneymBatoT paspewieHne 50-100 MKM, B psige
cnydaes (Mpy NCMOMb30BAHNM BbICOKOCOBEPLIEHHbIX 3D-NPUH-
TepoB) OHo AoxoauT 10 20 MKM [8,10, T1]. Hanbonee BbICOKMM

paspeLueHnemM XxapakTepmsyoTca npouecckt AJP (10 mMim) [12],
LIFT [8,13] v DLW [8, 14-16] (MeHee 1 MKM).

B 31eKTpoHMKe Hanbosbllee NpUMeHeHWe Haxo4saT Tex-
HOMOMUU MyNbTUMATEpUANnbLHOM 1 rnbpuaHom 3D-neyatw,
C MOMOLLbIO KOTOPbIX MOXHO BeCbMa 3PeKTMBHO CO34a-
BaTb C/IOXHbIE, MHOFOKOMMOHEHTHbIE 31EKTPOHHbIE YCTPOW-
cTBa [10].

MoTpebHOCTL B MyNbTUMaTepranbHoW  3D-nedyaTu
(Multi-Material 3D printing) o6yc/i0Bf€Ha TeM, 4TO CTPYKTY-
pa 3/1eKTPOHHbIX YCTPONCTB GOPMUPYETCS, Kak npasuio, 13
Pa3HOO0OpPasHbIX MaTepManos. MynbTMMaTeEPUANbLHOCTL MO-
KeT 0becneynBaThCa HENOCPEACTBEHHO B XOA4e peanm3aumm
0[HOrO OMNpeAeneHHOro BMAa TeXHoNornin 3D-nevyatu [17-19].
3TO CTAHOBUTCA BO3MOXHbLIM 61aroaaps KOHCTPYKTUBHOM
MoandMKaLMm 3D-NPUHTEPOB, B HACTHOCTM, OCHALLEHMIO 1X
HeCKOMbKMMM COMNamu, 4epes KoTopble BrpbickmearoTcs (IJP)
WK IKCTpyaMpytoTCsa (DIW) pasHble Mo COCTaBy «4epHUna» -
60 NpPOTArMBAKOTCS pa3Hble MO COCTABY NOJIMMEPHbIE BOOK-
Ha (FDM); HeCKONbKUMM BaHHAMM C pa3HbIMM MO COCTaBy Go-
TONOAMMEPHBLIMU cMonamu (SLA) [9, 20] n T.4. C NOMOLLbIO
TaKMX MPUHTEPOB 06bLIYHO MOMYHAOT MHOTOC/IOVHbIE CTPYK-
Typbl. Hanpumep, B xoae FDM-npouecca co3[atoTcs CTpyK-
Typbl, cocTosaLme n3 cnoes ABC-nnactunka (ABS), nonmnakTm-
aa (PLA) 1 BbICOKONPOYHOro noanctmupona (HIPS) [18], nau
B X0Ze |JP-npoLuecca co3aatTcs CTPYKTYPbI, COCTOSILLME U3 Ye-
penyloLLMXCA COEB ABYX TUMOB: AMINEKTpUYeckmnx (0TBep-
AEHNE NONMMEPHbIX «4epHU» MO ANCTBMEM YD-31yHeHNs)
1 npoBoAAWMX (OTBEPXKAEHUE «4epPHUM Ha OCHOBE AG-HAHO-
4acTuL nog aenctemem UK-manydeHns) [21]. OcobeHHo wupo-
KMU BO3MOXHOCTSIMU NMEeYaTh PasHbIMW MaTepmanamm, B TOM
4yucne AM3NeKTpuyeckMmy, NpoBOASLLUNMUK, PE3NCTUBHLIMUI
1 NONYNPOBOAHMKOBLIMU, Obnagaet AJP-TexHonorus [2, 9].
TeM He MeHee 11 U3rOTOBNEHWS 3/1eKTPOHHbIX YCTPOUCTB 13
pa3sHoObpasHbLIX MaTepunanos H6onee NpeanoyYTUTeNbHbI -
BpraHbIE TEXHOMNOM MM, COYeTAKOWME HECKO/TbKO PA3HbLIX BU-
[0B npoueccos 3D-nevatu.

rmbpuaHas 3D-neyatb (Hybrid 3D printing) npeanona-
raeT MCNoNb30BaHWE KOMBUHALMIM pasHbiX BUAOB 3D-neya-
TV B paMKax eiHOro NpoLLecca N3roToBIeHW S 31eKTPOHHbIX
YCTPOMCTB. DPPEKTUBHOCTL TAKOW NnevaT 06yC10B1eHA TeM,
YTO OHa MO3BOJISET MOYHATb CI0XKHbIE MO KOHCTPYKLUMK 31eK-
TPOHHbIe YyCTPONCTBA, OTAENbHbIE 31EMEHTbI KOTOPbIX HE TONb-
KO COOPMUPOBAHbI M3 PA3HbLIX MATEPMAN0B, HO TaIOKe XapaKk-
TEPU3YIOTCS PA3HLIMWU CTPYKTYPHLIMW OCOBEHHOCTAMK. He-
pPefKo OHa SBNAETCS eAMHCTBEHHO BO3MOXHbLIM CNOCO60M
CO34aHUA MYNbTUMATEPNANbHBIX 3/1eKTPOHHbLIX YCTPOWCTB
M3 PasHbIX MaTepmanos. TUMNUYHLIE NPUMEPLI KOMBUHALKN
pa3HbIX BUAOB 3D-NeyaTtu: CTpyMHas nevyatb NPOBOASLW MMM
«4epHUIaMm» Ha OCHOBE HAHOYaCTML Ag M SKCTPY3UOHHas ne-
4aTb NOMNYPETAHOBLIM refem [22]; nevaTb NOAMMEPHON NOA-
JNIOXKM C NOMOLLbIO NpUHTepa 3D Systems SL 1 npoBoAALLLMX
LLOPOXKEeK C MOMOLLLIO MPUHTEpa NSCrypt, MHTErprpoBaHHO-
ro B npuHTep 3D Systems SL [23] n T.m.
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U3LENNA DNEKTPOHUKU, MOJTYYAEMbIE
CNMOMOLLbIO 3D-MEYATH

JnemeHTbl 1IEKTPOHHbBIX yCTpoﬁCTB

C MOMOLLGH0 TEXHONOT M 3D-NeYaT NoAy4aoT pasinyHbIe 3ne-
MEHTbI 3/1eKTPOHHbIX YCTPOWCTB, BKOYAS KOPNyCHbIe AeTaNN,
TOKOMPOBOASILLME LOPOXKKM, MACCUBHbIE U AKTUBHbIE 3/1eKTPOH-
Hble KOMMOHEHTbI.

TexHonorum 3D-neyatu, Takme kak FDM [9, 24, 25], SLS [9, 24],
SLA [9, 24-26], DLP [27], B) [9, 28, 29], no3BongOT CO34aBaTh
NaacTVKOBbLIE KOPMYCHbIE AeTanu, a TakxKe LeIMKOM Kopryca
3NEKTPOHHbLIX YCTPOWCTB, Haarogaps Yemy OHW paccMaTpu-
BAKOTCH B KA4eCTBe MepCcnekTUBHOro HanpaeieHns pa3snTums
NPOWV3BOACTBA 3NeKTPOHHbLIX yCTpOMCTB 3D-MID-T1na, 0CHOBY
KOHCTPYKLMW KOTOPbIX COCTABASHIOT M1ACTUKOBbIE MOHTaXHbIE
3D-ocHoBaHMs [27, 30].

MposoasLLMe LOPOXKKM HAHOCATCH HA MOBEPXHOCTL AM3/1eK-
TPUYECKMX MONMMEPHbIX KOPMYCHbIX AeTanen (noanoxek).
OB6bI4HO OHU GOPMUPYIOTCS B KaHanax (yraybneHusax), cne-
UMaNbHO M3rOTOBIEHHbIX HA MOBEPXHOCTW KOPMYCHbLIX AeTa-
Nley, 4TO NO3BONSET NPefOTBPATUTL X BOSMOXKHOE MOBpeXae-
HKe, BbI3bIBAEMOE HaHeCeHVIeM NOCeAYIOLLMX C1I0eB B npoLec-
ce BCTpamBaHUA AUCKPETHbIX 31EKTPOHHbIX KOMMOHeHTOB [9].
JOPOXKM CO30aK0T C NOMOLLLIO TAKUX TEXHONOM MM 3D-nevatwy,
Kak AJP — CTpyMHOE HaHeCeHWe NPOBOASALLMX «4EPHUY B BU-
[le CyCneH3uy HaHovacTuy, Ag, Au, Cu, Pt, Pd [29, 31, 32], a Tak-
e NpoBOAALLMX Nonumepos PEDOT:PSS [32]; DIW — akcTpy-
[AMPOBAHMe BbICOKOBA3KMX MACTOOBPA3HbLIX «4epHMI» C 60/
LM COAEpKaHMeM HaHo4acTuL Ag [25, 26]; FDM — ocaxaeHne
BOJIOKOH TepMOMIaCcTUYHbLIX MOMMMEPOB C MPOBOASALLMMM Ha-
NOMHUTENAMU B BUAE TEXHUYECKOTO yraepoaa (caxkn), rpade-
Ha, meam [33].

[19 M3rOTOBNEHUSA MACCUBHbBIX 3/1IEKTPOHHbLIX KOMMOHEHTOB,
B TOM YMC/1e Pe3NCTOPOB, KOHOEHCATOPOB W MHAYKTMBHOCTEN,
NpPUMEHSIIOT TexHonorum FDM [33], IJP [21], AJP [2, 3, 31, 32]. Ha-
npumMep, FDM-pe3ncTopsl CO3Aat0T 13 obnagatowmx onpeae-
NEHHbLIM 3NEKTPUYECKMM CONPOTUBAEHMEM nonnmepos (PLA),
HaMNO/IHEHHbIX MPOBOAAWMMMK YacTMUAMK (FrpadeH, TexHnYe-
ckui yrnepoa) [33], IJP-KoHAeHCATOPbI — U3 AUBNEKTPUYECKMUX
(PEDOT:PSS) 1 nposoasLmx (MBIM) nonnmepos [19]. Ans n3ro-
TOB/IEHUSA INTUN-MOHHbIX MUKPOAKKYMYNSTOPOB MPUMEHSIETCA
DIW-TexHonorusa (neyatnb OCYLLeCTBNAETCA KOHLEHTPMPOBAH-
HbIMM «4ePHMIAMUY HA OCHOBE OKCMaa NTUA) [34].

Hamnbonee pacnpocTpaHeHHbIMM aKTUBHbLIMW 31E€KTPOHHbI-
MU KOMMOHEHTaMWu, noay4aemMbiMu nyTemM 3D-nevatu, SBasoT-
CS TPAH3UCTOPLI U CBETOAMOAbLI. TPaH3MUCTOPbLI MeyataTCs
C MOMOLLbKO AJP-TEXHONOMMMK, NMPU 3TOM CTOK U UCTOK GOPMMU-
pYIOTCA 13 30/10Ta, 3aTBOP — M3 nosimmepa PEDOT:PSS, nony-
NPOBOAHMK — 13 NOIMMEPA NOANTNODEHA N YINePOAHbIX HAHO-
Tpy60oK [2]. CBETOAMOARI HA KBAHTOBLIX TOUKax (QD-CcBETOAMO-
Jbl) Ne4aTalTCca C NOMOLbI0 DIW-TEXHOMOM MM, MO3BOASAIOLLEN
nocnenoBaTenbHO GOPMMPOBATL C/IOM M3 PasHbIX MaTepma-
noB [35, 36]. 3D-neyaTHbIN QD-CBETOAMOL COAEPXKUT MATb
C/10€eB: NPOBOASLLEE KOJIbLIO Ha OCHOBE HAHOYaCTUL, cepebpa,

KOTOpOe OKpY>KaeT MpOo3padHblii aHOAHbIA CIOW M3 NOAUMeE-
pa PEDOT:PSS; AbIPOYHbIV TPAHCMOPTHbIM C0M 13 MOAMMEpPa
poly-TPD; CBETOM3/YHAIOLLMIA C/I0M, COCTOSILLMI 13 KBAHTOBbIX
TOYeK — NoYNPOBOAHMKOBLIX HAHOKPUCTANIOB HA OCHOBE Ce-
neHnaa kaamma/ cynsduaa umHka (CdSe/ZnS QDs); KATOAHbIN
CNOV, COCTOALLMIN 13 3BTEKTUYecKkoro Galn-cnnasa (EGaln).

3JIEKTp0HHbIe yCTpoﬁCTBa

Mpouecc 3D-NnevaTi 31eKTPOHHbIX yCTPOMCTB OCHOBAH Ha MHTe-
rpauuu npoueccos 3D-ne4yaTu COOTBETCTBYIOLLMX KOMMOHEH-
TOB. Tak, MHTerpmpys 3D-nevaTHbLIe NACCUBHbIE 3/1EKTPOHHbIE
KOMMOHEHTbI, MOXKHO OCYLLECTBASATL 3D-NevaThb psaga 31eKTpoH-
HbLIX YCTPOWCTB: eNNTENeN HANPSKEHWS, TeHepaTopOB, pefe,
TpaHCHOpPMaTopoB, GUALTPOB 1 T.M. bosee CNoXKHbIe 3/1eK-
TPOHHbIE YCTPOMCTBA MOXHO CO34aBaTb, COBMeLlas 3D-neyartb
AKTUBHbBIX 1 MACCUBHbIX 3/18KTPOHHbLIX KOMMOHEHTOB. [prMep
TOMY — 3/IeKTPOHHbIEe AJP-CXeMbl, COCTOALLNE 13 3NIEMEHTOB
N-HE (Kaxabli BK/IKOYAET ABa TPAH3MCTOPA M OfIMH Pe3nCTop),
M MHBEPTOPbI (B COCTAB KAX/AOM0 BXOANT TPAH3UCTOP W pe3u-
ctop) [2].

roxkanyw, camyto MHOTOYUCIEHHYIO TPYMMY 3MEKTPOHHbIX
yCTPOWCTB, CO3aBaemMbix nyTem 3D-nevaTu, COCTaBASHOT pas-
JINYHbIE BMIbI CEHCOPOB [37, 38]. K HUM OTHOCATCS CEHCOpb
[aB/eHnsl, NepemMeLLeHns, yCKOpeHust, BNaXXHOCTW, TeMnepa-
Typbl, PACX0AA XNAKOCTW, 0BHAPYXKEHWS ra3a; aHTEHHbI, aHe-
MOMETPbI, TAKTWU/IbHbIE CEHCOPbLI, BMO- 1 XEMOCEHCOPLI, CeH-
COpbl AN KOHTPOIS Ka4eCTBa NPOAYKTOB NMUTaHus 1 Ap. Mo
NPUHLMNY AeNCTBUS BOMBLUMHCTBO U3 HUX SBASIETCS CEHCO-
pamu pPe3CTUBHOIO M eMKOCTHOIO TUMOB. 19 U3rOTOB/IEHMS
ceHcopos npumeHsaT FDM, DLP, DIW, SLA, IJP n opyrue tex-
Honorum 3D-nevaTw.

TexHonormm 3D-neyatu, C y4eToM MX YHUKabHbIX BO3MOXK-
HoCTel, Hanbosnee NepcnekTUBHLI 415 U3rOTOB/IEHNS BCTPOEH-
HOW 3N1eKTPOoHMKM (B nuTepaType no 3D-neyaty TepMuH 3D
Printed Embedded Electronics ncnonb3yeTcs Kak rpynnosoe
HaVMMEHOBaHWe ONs 3NEKTPOHHbLIX COOPOK CO BCTPOEHHbLIMM
KOMMOHEHTaMM), @ Takyke YCTPOUCTB KOHMOPMHON U rMBKOM
3NEKTPOHMKMN.

BcTpoeHHas 3neKTpoHuKa. pu U3roTOBNEHWN 3N1eKTPOH-
HbIX YCTPOMCTB B UX CTPYKTYPY, GOPMMPYEMYIO B X04e 3D-nevya-
TV, BCTPAMBAKOTCA FOTOBbIE AVCKPETHbIE 3/1IeKTPOHHbLIE KOMMO-
HEeHTbI [26]. Mony4aemble Taknm 06pa3oM yCTpoMCcTBa 061aaatoT
MeHbLLEN MACCON 1 06BEMOM, @ X M3FrOTOB/IEHME YNPOLLAETCS
3a cyet Honee paumMOHaNLHOW YNaKOBKM BCTPaMBAEMbIX KOM-
MOHEHTOB W COKPALLEHWS ANVHbI CORANHUTENbHBLIX MPOBOAS-
wmx gopoykek [10].

3D-neyatb yCTPOMCTB CO BCTPOEHHbLIMW AUCKPETHBLIMI KOM-
NOHEHTAMW MMEET HeKOTOpble 0CO6eHHOCTM [29]. B 06bI4HO
NPUMEHSIEMOM B 31EKTPOHHOM MPOM3BOACTBE SMT-TEXHO-
NOTUWN 3NEKTPOHHbIE KOMMOHEHTbI YCTaHABIMBAKOTCS Ha ne-
YaTHbIE NAaTbl HA NPeABaAPUTEIbHO HAHECEHHYIO NASIbHYIO
nacty ¢ nocneaylomm GopMmMpoBaHMeM NasiHbIX KOHTaKTOB
nyTeMm TepMoobpaboTkm B MK-neyn. OaHAKO Takaa navka
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HenpurogHa Ana noayYeHus MexcoeanmHeHnn ANCKPETHbIX
KOMMOHEHTOB Ha 3D-neyaTHbIX MONNMEPHbIX MOLNOXKKAX 13-3a
HM3KOW TEPMOCTOMKOCTM NOCALHMX. TT03TOMY BMeCTO Mpu-
N0 MCNONb3YIOTCS NMPOBOASALLME KW C HU3KOW TemnepaTy-
POV OTBEPXKAEHUS, YeM UCKIKOYAETCS 3HAYNTENbHOE TENNo-
BOE BO3AEMCTBME HA MOANOXKKM B C/ly4ae MeYHOro Harpesa
Kees, Heobxo4AMMOro A4Na Ux 3aTBepaeBaHusa. BMecTo ney-
HOro Harpesa A1 OTBEPXKAEHWS NPOBOASLLErO Knes MOXHO
MCMNOb30BaTb CUCTEMbI CENEKTUBHOMO CNEeKaHWS, MHTerprpo-
BaHHbIe B 3D-MPUHTEPDI.

[ns BCTpamBaHNSA ANCKPETHbLIX KOMAOHEHTOB MCMOL3YHOT-
C51 aBTOMATM3MPOBAHHbIE YyCTPOMCTBA 3aXBaTta U pa3MeLLleHs,
KOTOPbIMM OCHALLAKOTCS 3D-NPUHTEpLI. TaloKe AN 3TUX Lenen
C/IY>KaT MHOTOOCHbIe POBOTLI MW MHTENNEKTYaNbHbIe AepdKa-
Tenw Aetanen Ans CTaHAAPTHbLIX CUCTeM 3axBaTa M pasmellle-
HUS, MpUMeHsaeMble B 3D-MID-TexHonormm [39].

3D-nevaTHble CTPYKTYPbI, B KOTOPbIe BCTPAMBAOTCS ANCKPET-
Hbl€ 31eKTPOHHbIE KOMMOHEHTbI, YaCTO UFPaKOT POSb KOPMYCOB
N3rOTaBAMBAEMbIX INEKTPOHHbBIX YCTPOUCTB. TUMUYHLIV TOMY
npuMep — NIacTUKOBLIN KOPMYC, Hane4yaTaHHbIM Mo FDM-Tex-
HOIOTWW, B KOTOPbIVI MOMHOCTLIO MHKAMCYIMPOBAH EMKOCTHLIN
AATYMK [40]. BMeCTe C TeM 3TV CTPYKTYpbl MOTYT UMETb MHOE
bYHKUMOHANBHOE Ha3HayveHWe. Hanpumep, 3T0 MOryT ObiTh
nrpanbHas SLA-KOCTb B BMAE NAACTUKOBOrO KyHa CO BCTPOEH-
HLIMW MWUKPOMPOLLECCOPOM, aKCenepoMeTpoM U CBETOAMO-
aamu (puc. 1) [41]; nnactukosas FDM-cTenbka ans obyBu Co
BCTPOEHHbLIMU CeHCOpamMu AaBNeHUS U TeMnepaTypbl U M-
Kpocxemo ans 6ecnpoBoAHOM nepefayv AaHHbIx [42]; nna-
CcTKoBas FDM-geTtanb npoTe3a HOMM CO BCTPOEHHbLIM TeH30-
ceHcopom [43] uT.n.

HeobxoaMMbIM  YCNOBMEM  M3rOTOBNEHUS  YCTPOWCTB
BCTPOEHHOWM 3NEKTPOHNKM SABASETCS 0becrneyeHmne nepepbiBos

5 MM

Puc. 1. DjIeKTpPOHHAS UTPUIbHAS KOCTh B BU/JE IJIACTUKOBO-
ro SLA-Ky6a co BCTPOEHHBIMU MHUKPOITPOLIECCOPOM, aKCesIe-
POMETPOM U CBETOLMOAAMHU. [IPOBOASIIIKE SJOPOSKKHU IIOJTY-
yeHbl DIW-3D-mmeuaTtsio [41]

B npouecce 3D-neyaTu Ha BpeMmsi, B Te4eH e KOTOPOro AMCKpeT-
Hble 3/1eKTPOHHbIE KOMMOHEHTbI BCTPamMBakoTCA B 3D-NevaTHyto
CTPYKTYPY 3N1EKTPOHHbIX yCTPOMCTB. TakiM 06pa3om, NpoLecch
3D-nevaTty NnprobpeTatoT NpepbiBUCTbIN xapakTep (Print-Pause-
Print 3D Printing [44] vnu Pick-and-Place 3D Printing [45]).

KoHdopmHasa anekTpoHuKa. TexHonorum 3D-nevatu no-
3BONSIOT GOPMMPOBATL 3/1EKTPOHHbLIE CXEMDbI, BK/IKOYaa OT-
LeNbHbIe TUMbI 31EKTPOHHbLIX KOMMOHEHTOB, a TakXke NpoBo-
ALe JOPOXKKM, HA HAKNTOHHBIX U KPUBOSIMHEMHBIX MOHTaMK-
HbIX MOBEPXHOCTAX. Hanprmep, C NOMOLLbI0 DIW-TexHoNornm
M3roTaBAMBAIOTCS MONYyCHepuyecke aHTeHHbl MyTeM KOH-
GOPMHOV MeYaTh Ha MX BbINYKNOM MOBEPXHOCTM MPOBOASLN-
MW «4epHUNaMn», cogepkxallmmy HaHo4acTULbl Ag, pUCyHKa
13 NPOBOAALLMX MEAHAPOBbIX NMHUIA (pUC. 2), ANS Hero Npu-
MEHSAKOTCA COMNA, BbINOSHEHHbIE C BO3MOXHOCTbLIO 38[4aHHO-
rO M3MEHEeHWs NPOCTPAHCTBEHHOW OpueHTaumm [46]. Ana ns-
FOTOBNEHNSI KOHMOPMHBIX 31eKTPOHHBIX YCTPOMCTB MOXHO
BeCbMa 3PPEKTUBHO NPUMEHATL AJP-TEXHONOMMIO. OTO 06b-
ACHAETCSA TeM, YTO OHa, 6naroaaps BOIMOXHOCTY peryamnpye-
MOrO OPVEHTMPOBAHMSA COMa 1 ero OTHOCUTENLHO BbICOKO-
rO OTCTyMNa OT MOBEPXHOCTU NOAMN0XKKM, MO3BONSET AOBO/ILHO
MPOCTO HAHOCUTL 3/TEKTPOHHbIE CXEMbI HA HAK/IOHHbIE U KPW-
BO/IMHEWHble MOBEPXHOCTN [2, 47].

rmbkas anekTpoHmKa. C NOMOLLbIO TEXHONOr M 3D-neva-
TV MOXHO C034aBaTb 31EKTPOHHbLIE YCTPOMCTBA, KOMMOHEH-
Tbl KOTOPbLIX Pa3MeLLatoTCa Ha MOBEPXHOCTW FMOBKMX NOAN0-
KeK, a Talkoke BCTPamBaloTes B HUX. Takue ycTponcTea obna-
[at0T NMOBbLILIEHHOW CTOMKOCTLIO K AepOpMaLmsiM, X MOXXHO
n3rmbatb, CKpy4MBaTh, PACTArMBaTL 6e3 HapyLeHM NX QYHK-
LMOHANbHbIX XapaKTEPUCTUK, YTO AeNAeT UX 0COBEHHO ya0b-
HbIMW 4718 SKCMyaTaLmm B HOCMMOM BapuaHTe [48]. Tnbkne
MOLNOXKKM M3rOTaBAMBAIOT U3 31aCTUYHbLIX MONMMEPOB C MpU-
MeHeHMeM TexHonornin FDM, 1JP, DLP [10, 49]. Ana dopmupo-
BaHWS MPOBOASALLMX JOPOXKEK, BCTPaMBaeMbIX B rMbKkue noa-
NOXKKM, OCOBEHHO NePCNeKTUBHO MPUMEHSTL LM P-TexHo0r 1o,

Puc. 2. ITonycdepruyecKkas aHTeHHA C 3JI€KTPOIIPO-
BOZASIIHUM PHUCYHKOM, IIOJyYEeHHBIM KOHQOPMHOM
DIW-3D-11e4aThio [46]
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Puc. 3. TubKas rmepyaTka Co BCTPOEHHOM 3JIeKTPOHHOM Cxe-
MOH, ITONy4YeHHas TU6PUAHON 3D-TIevaTsio [52]

C NOMOLLIbKO KOTOPOW CO3AAI0TCSA XXMAKME MeTanIM4eckme Npo-
BOLHMKM [50].

XapakTepHbI NpyUMep Co3aBaembix C MOMOLLbKO 3D-neva-
TW YCTPOVICTB MMBKOM HOCUMOWM 3/1eKTPOHMKM — KACTOMMU3MPO-
BaHHble TMOKKME 3NeKTPOHHbIE MepHaTKM, CayxKalume ans KoM=
bopTHOM TepMoTepanum pyku naumeHTa (puc. 3) [49, 51, 52].
Takue nep4aTkM NONYHaKOT cneaytom obpasom. CHavana ms-
roTaBaAmMBaeTcst 6azoasd FDM-Noanoxka, coaepykatias MmKpo-
KaHanbl 1 Nasbl ANst UHTErprpyembiX KOMNOHEHTOB. B MUKPO-
KaHa/bl BNPbICKMBAETCS XUAKMA METaIN, YTObbl CHOPMUPO-
BaTb MEXXKOMMOHEHTHbIE COeANHEHWS, A B Ma3bl BCTPAMBAKOTCA
ANCKPETHbIE TBEPAOTENbHbIE 31EKTPOHHbIE KOMMOHEHTbI (UH-
TerpasibHble MUKPOCXEMbI, PE3NCTOPbI M KOHAEHCATOPbI). 3a-
TeM BCTPOEHHbIe KOMMOHEHTbI 3a1MBaKTCA NOUANMETNNCK-
nokcaHom (MAMC) 1 3NOKCUAHOM CMONION, B pe3ynbTaTe Yero
GOPMUPYETCS BEPXHUM 3aLLUMTHBIN CJIOW.

3AKNOYEHUE

CyLectsyeT 60LLIOE YACIO TEXHONOM MM 3D-Nevatu, KOTopble
MOXXHO NPUMEHSATbL 419 U3FOTOBNEHWS U3AE/INS 3N1EKTPOHHON
TEXHUKM, OLHAKO Cpean HUX Hanbosee nepcnekTMBHa MynbTH-
martepuasbHas 3D-muKponeyaTtb, NO3BOAAKOLWASA CO34aBaTb
CNOXHbIE, MHOFOKOMMOHEHTHbIE YCTPOMCTBA BCTPOEHHOM, KOH-
HOPMHOM U TUBKOW 31eKTPOHMKM [53]. B TO ke Bpems, HeCMo-
TP Ha 3HAYUTENbHbIE YCNeXu, LOCTUTHYTLIE B MOC/eAHME robl
B 06/1aCTW M3rOTOBNEHNS 3N1EKTPOHHbLIX YCTPOWCTB C MOMOLLIO
TexHonorunin 3D-nedvaTw [35, 54], pbiHOK 3D-NeYaTHOM 31eKTpo-
HWKW NOKa eLle BeCbMa Man, v NpeacToMT MPONTY 3HAYUTES b=
HbI NYTb MCCNEA0BAHNI 1 pa3paboToK, MpeXxXae Yem 3TU Tex-
HONOTMM MONYYaT LWMPOKOE NPUMEHEHME B NMPOMbILLIEHHOM
NMpOW3BOLCTBE.
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