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um. B.U. YnbaHoBa (JleHuna)

Yeaowwaemovre vumameau!

Crparerus Hay4HO-TeXHOJIOIHUecKoro passutusa Poccumiickoit Pepepanuu orpe-

jieisieT 1100aJIbHbie BRI30OBH W HAIMOHAJIbHBIEC IIPUOPATETH CTPAHBI, BayKHECHIIAMY W3
KOTOPBIX ABJIAIOTCA Ka4ecTBO KU3HH, dpPeKTUBHOCTD 1 0€301aCHOCTD YeloBeKa. Yun-
THIBasAg HamOoJiee 4acTo JeKIapupyeMblil Ha TOCY/IAPCTBCHHOM YPOBHE CTpaTeTHYeCKui
BEKTOP — TEXHOJIOTHYECKas HEe3aBUCHMOCTh W KakK CJIe[[CTBHE MMIIOPTO3aMEIlCHHE, a
TaKe OPUEHTUPYACH Ha OOIEeMUPOBHIe TEH/ICHIAN IIepeXojia K Tak Ha3biBaeMo# mud-
poBoii s5koHOMEKe, B CaHKT-IleTepOyprckomM rocyjlapcTBEHHOM JIEKTPOTEXHAYECKOM
yauBepcurere «JIDTU» B KaduecTBe 6a30BOro IpuoOpUTETa OUPENCICHHN COMUAIBHO-
OpPHEHTHPOBaHHBIE TEXHOJIOTHA B TpeX 00JIACTAX NeATeIIbHOCTH:

® undorexnocdepa;

® OuotexHocdepa;

® sHeproTexHocdepa.

JlaHHBI cllenuaJIM3MPOBaHHBIA BHITYCK Ky pHaJia 0000MIaeT KOMIUIEKC OpUTIHHAJIb-

HBIX padoT coTpyiHuKkoB «JIDTU», mocssameHanx cranoBjieHnio B Poccun Mexkucnu- \
IUIMHAPHOTO BHICOKOTEXHOJOTUYHOTO HanpaBJicHusa «['mOkad 1edaTHas 2JICKTpOHUKA U '
(doTonmKay.

Hapsany ¢ coBpeMeHHBIME aJUIMTUBHBIMA TEXHOJIOTHAMHE KalLUIeCTPYHHOU IedaTH
JUIS. OEPaTHBHOTO CO3MaHUA JIEKTPOHHOU KOMIOHEHTHOI 0a3nl Ha TmOKuX cyOcTpa-
Tax, peaJM3yeMoil Ha pa3paboTaHHOi U cHOPMHUPOBAHHON KOJUICKTUBOM HEHTpa MU-
kporexaogorun u jaarnoctuku CIIOIODTY «JIDTW» xiactepuoir podOTH3HPOBAHHOM
JIMHUY, B ClIENMaM3UPOBAHHOM BHITYCKe JKypHaJIa 00Cy JIaioTcs BOIPOCH pa3padoTKu
W3IC/Ai MEUKPO- M HAHOTEXHUKA B TAKAX WHHOBAIIMOHHBIX HAIIPABJICHUAX, KaK HHTEp-
HeT Belleil, nepconnpunupoBaHHas MeJIMNAAA, TUeBad u papmanesrudeckas 6e3o1a-
CHOCTD W peKyliepalys SHEPIUH U3 OKPYKAIONIed cpejibl.

B ocnose cospemennnix pa3padborok CIIGIDTY «JIDTHU» B obstactn rubKoi 1e- e
9aTHOH RJICKTPOHUKH W (POTOHUKH JIieKaT HE 3aMMCTBOBAHHBIC, @ COOCTBEHHBIE, OTeYe- :
CTBCHHBIC HHKEHEPHBIC penieHus, 4To 1mo380iio B 2016 1. BHHUrpaTh KOHKYpC Ha IIpa- s
BO OTKpHTHA Ha 0a3ze yHHBepcureTa WHmKHAApUHTOBOTO NMeHTpa «I'mOkas nedarHasd ;
RJICKTPOHUKA W GOTOHUKAY. :

B Hacrosmee Bpemsa B oOpa3oBaTelbHBIH lpoliece OakaaaBpoB U MArucTPOB 110 Ha-
IpaBjicHUAM «DJICKTPOHWKAa W HaHODJICKTpoHHKa» W «HaHoTexHOJOTHH W MUKpPOCH-
CTeMHas TeXHWKa» BKIIOUCHB JUCTUIUIAHB 10 KOHCTPYUPOBAHUIO U TEXHOJIOTUHA W3JIe- <
JIFi THOKOM IeYaTHOM DJICKTPOHUKHA B (POTOHUKH.

Bricoko onmenmBas oTedecTBCHHBI MHTE/UICKTYaIbHBI TOTEHIIMAI B 00JIacTH Ha-
YUHO-TEXHOJIOIHYECKOro 0asnca COBpeMeHHOM MUKPO- © HAHOTEXHUKH, ITpeloj[aBaTe)il
u corpymauka CIIOIODTY «JIDTU» ¢ bimarogapaocThio BOCHPAMYT 3aMcUaHAA W TPeJi-
JIOKCHHS, CTAMYJIMPYIONIAE pa3sBUTHE W UCIOIb30BaHle B Poccuu JlaHHOTO WHHOBAIH-
OHHOTO HallpaBJICHUA.

3aBeyronyii Kapepoit MEKPO- B HAHODJICKTPOHUKH,
mupexTop Ilenrpa mukporexuosiorud u guargoctuku CIIOIDTY «JIDOTU»

B.B. Jlyuynaun
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POCCUMNCKUN MUAOTHbBIN MPOEKT MHXXKUHUPUHTOBOIO LIEHTPA
"TMBKAA NMEYATHAS SAEKTPOHUKA 1 ®OTOHUKA"

Ilocmynuna 6 pedaxyuio 15.05.2017

Cozodanue Ha b6aze Cankm-Ilemepbypeckoeo eocyoapcmeentoeo nekmpomextuueckoeo ynugepcumema "JIDTH" unycurnupuneo-
6020 yermpa "Tubkas neuamuas 1eKmpoHuUKa u Gomonuka” obecneuusaem 3QpheKxmueHoe UCnoAb308aHUE HAYHHO-MEXHOA0UYeC-
K020 U Kaopogoeo NOMEHYUAAA 8y3a 6 PAMKAX 00HO20 U3 60CMpPeO08AHHbIX NPUOPUMEMHbIX UHICCHEPHBIX HANPABGACHU (OopMUpYIo-
welicsi HAYUOHANbHOU UHHOBAYUOHHOU CUCIEMbL YUDPOBLIX MUKPONPOU3600CME HA OCHOBE A0OUMUBHBIX MUKPO- U HAHOMEXHOAO02UI.

Karoueesvie caosa: eubkas newamuas 31eKmpoHuKa, (OMoHUKa, UHICUHUPUHOBBLU UeHmp, IKCNPecc-npou3soocmeo MUKpo-

MexXHuxKu

Beenenne

SIpKo BBIpaxX€HHOM TEHICHILIMEN ITOCIEeOHUX JIET CTaJlo
COKpalllecHie CPOKOB BBIXOJA HOBOIM MPOAYKIIMK Ha PHIHOK
KaK MacCOBOM, TaK W CIIEUMATU3UPOBAHHOM MMKPO- M Ha-
HOTeXHMKU. [Ipy 3TOM MTOTPEeOGHOCTH 3aKa3YMKOB MOTYT OBITh
YAOBJIETBOPEHBI C UCMOIb30BAHKEM KOHTPAKTHOTO (ayTCop-
CHMHT) 1 COOCTBEHHOTO IIpon3BoACcTBa. Bo3aMoxHol a3 dek-
TUBHOI (POpMOI OpraHM3alMy TPOU3BOICTBA BBICOKOTEX-
HOJIOTUYHOM TIPOAYKIIMU SBIsIETCSl oOpallleHue K yciIyram
WHXWHUPUHTOBBIX KOMITAHUM JIJIST U3TOTOBJICHUS OTMBITHBIX
MapTUil WK Pa3BEPThIBAHUS TEXHOJIOTMYECKON JTUHUM IKC-
MPECC-MPOTOTUITUPOBAHUS TTPOMYKINK. MHXUHUPUHTOBBIM
eHTp "I'mbOkas revyaTHasi 3JIEKTPOHUKA U (POTOHUKA" HOJI-
JKEH 3aHATh UMEHHO 3Ty BocTpeboBaHHYIo Huly. [Ipume-
HUTEJILHO K peaiu3yeMOMY MHHOBAIIMOHHOMY MPOEKTY Clie-
JyeT OTMETUTh, YTO OH HAallpaBjieH Ha pa3BepThIBaHHUE B
Poccuu miporiecca co3gaHus TMOKUX KJIACTEPHBIX MYJIbTH-
(byHKIIMOHATBHBIX MaJTOOIOMIKETHBIX TEXHOJIOTUIECKUX JIU -
HUI HOBOTO TTOKOJICHUS JJISI SKCITPECC-TPOM3BOACTBA MUK-
DPOTEXHUKU Pa3IUYHOTO (PyHKIMOHATLHOTO Ha3HAYEHUSI.

Ienb naHHOI CTaThbM — MpeACTaBIeHNUE MTUIOTHOTO MTPO-
€KTa I10 CO3/IaHuIO TiepBoro B Poccnu crienmann3upoBaHHO-
IO MHXWHUPUHTOBOTO 1ieHTpa "TnbKas rmeyaTHast 2J1eKTpo-
HUKa U (poToHUKaA", popMupyemoro Ha 6aze Cankr-Ilerep-
OyprcKoro rocyaapCTBEHHOTO 2JIEKTPOTEXHUUECKOTO YHUBEP-
curera "JIDTHU" (CIT6I'DBTY "JIDTU") B pamKax nporpaMmbl
0 peajM3aliy MUJIOTHBIX IPOEKTOB IO CO3AaHMIO U Pa3BU-
THUI0O MHXWHUPUHTOBBIX LIEHTPOB Ha 6aze oOpa3oBaTelbHbIX
OopraHM3aluii BBHICIIETO 0Opa30BaHUsI, MOIBEIOMCTBEHHBIX
MuHuctepcTBy obpa3oBaHus U Hayku P®D, ot 02 wuioHs
2016 r., yeTrBepras ouepenb, wudp 2016-M-04 (ucnonHe-
Hue nopydyeHus IpasurenbcrBa Poccuiickoit ®enepain
ot 23 mas 2013 roma Ne IM-TI8 3464).

Hay4yno-TexHOIOrHYeCKHiT TPHOPHTET
CIIoIrDTY "JIDTHU" — uucdposbie MUKPONIPOM3BOACTBA
THOKO#l eYaTHO# 3JEKTPOHHKH H ()OTOHNKHA

B pamkax aHajgM3a BO3MOXHBIX HaIlpaBICHU WHHOBA-
nuoHHoro pasputusi Byza CII6I'DTY "JIDTU" B kauecTBe

MPUOPUTETHOTO HampaBJieHUsI ObLIa OIpenejieHa OpraHu-
3alMsl UHXUHUPUHTOBOTO 1IEHTPa, OPUEHTUPOBAHHOTO Ha
coznaHue 1MGpPOBbIX MUKPOIPOU3BOACTB MUKPO- U HAHO-
TEXHUKU HOBOTO TMOKojeHus. OO11Ieil 11eJblo0 CO3MaHusT UH-
KMHUPUHTOBOTO 1IeHTpa "TrbKast mevaTHas 3JeKTPOHUKA 1
(otoHuka" sBNISLIOCH: 3 (PEeKTUBHOE UCTIOJIB30BaHUE Hayy-
HO-TEXHOJIOTMYECKOTO 1 KaApOBOTO MOTeHIIMaja By3a B paM-
Kax peajm3aliii BOCTPeOOBAaHHBIX HAYKOEMKUX WHHOBAIIM-
OHHBIX MHXKEHEPHBIX Pa3paboToOK Kak hopMbl TMHAMUYHOM
KOMMepLUaIN3alluy MAe n TexHojaoruii [1, 2].

HamnpasneHnue nmpeaMeTHO-TIpodecCUOHANTBHOM IesATeIb-
HOCTHM MHXWHMPUHTOBOIO LIEHTpa ObLIO OMpelneseHO Kak
CO3JaHMe KJIACTEPHO-TUOPUAHBIX MUKPOIPOU3BOJACTB —
"MUKpoGabpuK Ha cToiyie”, 00eCIeuyrnBaloINX peaanu3aluio
TEXHOJIOTMUECKUX MapIIPYTOB MO M3TOTOBJIEHUIO UHTETPH-
poBaHHbIX 2D- 1 3D-MuKpocucTem neyaTHON 3JIEKTPOHUKHU
U (HOTOHMKU HAa OCHOBE TMOKHX pOOOTU3MPOBAHHBIX TEX-
HOJIOTUYECKUX JIMHUM, (POPMUPYEMBIX IO MYJIbT(HYHKIIMO-
HaJIbHOMY MOIYJbHOMY MPUHLMITY TOJ 3aKa3yuKa, C OpU-
eHTallieil Ha TTPOTPECCUBHBIC aNIUTUBHBIE TEXHOJIOTHH.

OCOOEHHOCTBIO TaKUX MUKPOIIPOU3BOACTB SIBIISIETCS
YHU(ULIMPOBAHHOCTD arrapaTHOro 6asuca npu Bapuadesib-
HOCTH, PEUIM3yeMOM Ha HUX MPOAYKLMU B BUIE LIMPOKOM
HOMEHKJIaTypbl MUHUATIOPHBIX WHTETPUPOBAHHBIX CHUCTEM,
O00BENUHSIIOIIUX MEXaHUYECKHE, DJIEKTPOHHBIE, ONTUYECKUE
1 XMMUYEeCKHMe KOMITOHEHTHI, TPY MOJHON aBTOMaTH3allnu
MOOMePaLMOHHBIX MPOIIECCOB. JJOMOJIHUTENbHBIMU YCIOBH -
MU TIpU peann3anuy "MUKpodaObpuK Ha cTojie” SIBISETCS
CHUXeHME TpeOOBaHUI K MH(PPACTPYKTYpE U UUCTOTE TTIOME-
IIEHWI JUIsT pa3MellieHuss o0OpylIOBaHUSI, MUHUMM3aLUU
SHEepPreTUYECKMX 3aTPaT U PACXOMIHBIX MaTepPHAJIOB, BRICOKAsI
CTeTlieHb aBTOMAaTM3allMM TMPOLECCOB C OOecreyeHreM Ha-
NEXXHOCTH DKCIUTyaTallnHy.

baszucom s pa3BuTus paboT MHXXKMHUPUHIOBOIO LIEHT-
pa SABJISLICS KOMILIEKC MCCIeAOBaHUM M pa3pabOTOK, BbI-
noiaHeHHbx CIIOIDTY "JIDTU". B obnactu 3akasHoii
MMKPOTEXHUKU, BKIIIOYAsl CO3MaHUe CITEMaTN3NPOBAHHOTO
POOOTU3UPOBAHHOTO TEXHOJOTMYECKOTo KjacTepa U3Aeauit
rubkoii meyatHoi 2D- u 3D-31eKTpOoHUKY IJIST €€ MEeIKOCe-
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PUITHOTO TIPOMU3BOICTBA (CM. CTaThIO B HACTOSIIIIEM BBITTYCKE
KypHasa).

OpraHu3allMOHHBINM TUTAH peau3aluy MUJIOTHOTO TPo-
ekTa 1o cosnaHuio Ha 6aze CIIOIOTY "JIDTHU" nHXuHU-
puHroBoro LeHTpa "T'nbkas rmevyaTHasl 3J€KTPOHUKA U (Po-
TOHMKA" OCYIIECTBJISIJICS B paMKaX MCIIOJHEHUsI TTOPYyYeHUsT
ITpaBurenscTBa Poccuiickoit ®enepanuu ot 23 masg 2013 r.
Ne IM-T18 3464 v B COOTBETCTBUM C TTPOTOKOJIOM 3acela-
HUSI MEXBEIOMCTBEHHON KOMHUCCHU IO pealM3aluu M-
JIOTHBIX TTPOEKTOB IO CO3TAHUIO U PA3BUTUIO MHXWHUPUH-
TOBBIX LIEHTPOB Ha 6a3e 00pa3oBaTeIbHBIX OPraHMU3AIUI BbI-
ciero obpa3oBaHMSs, MOABEIOMCTBEHHBIX MUWHUCTEPCTBY
obpaszoBanug 1 Hayku P®D ot 02 mronsa 2016 r. (veTBepras
ouepenp, mwudp 2016-M-04). OgHo M3 BeaylIMX Hay4YHO-00-
pa3oBaTeNbHBIX IOJpa3esieHuil By3a, MMelollee OObIIon
onbIT BeinoHeHust HUOKP u okazaHusi ”HXKMHUPUHIOBBIX
ycnyr — HayyHo-o0pa3oBaTeTbHBIN LIEHTP MUKPOTEXHOJIO-
MU U TUarHOCTUKU ObUT TIpeoOpa3oBaH B MHXMHUPUHTO-
BBII LIEHTP MUKPOTEXHOJOTUY 1 TMATHOCTUKH C Tepeaadeit
YaCcTU HayyHO-oOpa3oBaTejbHbIX (YHKUMI B paHee co-
sga”HHbeii B CIIGIDTY "JIDTU" HOLl "HauorexHomorun".
OtnenpbHBIM IopUANYecKUM JuLoM ¢ ydactuem CIIGIDTY
"JIDTU" kak atoro Tpedyer nopyueHue IpaButenncta PO
craio OO0 "MHXUHUPUHTOBBIN 1eHTp "[unOKas meyaTHas
9JIEKTPOHUKA U (hOoTOHUKA", SIBJSIIOLIEECS] MOJTHOMPABHBIM
MPEEMHUKOM UMYLIECTBEHHBIX U HEUMYILIECTBEHHBIX MTPaB 1
00s13aHHOCTel paHee CO3JIaHHOTO Ha 0a3e YHHMBEpCUTETA
00O "MexXBY30BCKMIA LIEHTP MPOTOTUIIMPOBAHUSI U KOHT-
PAKTHOT'O IIPOM3BOJACTBA", WMEIOIIET0 ITOJOXUTEIbLHBIN
OMBIT paboTHl B chepe oKazaHWsI MHXXWHUPUHTOBBIX YCIYT B
00J7aCTM MUKPO- Y HAHOTEXHUKHU.

IIpodeccronanbHble MPHOPUTETHI HHAKMHUPHUHTOBOTO LIEHTPA

MHXUHUPUHTOBBIE LIEHTPbI SBJISIOTCS OJHOU M3 Hau-
6osee 3 GEKTUBHBIX AMHAMUYHBIX (DOPM y4acTUsl BBICILIHX
YyUeOHBIX 3aBefieHUl B (opMupylolleics HaluuoHaIbHOI

JKB rubKkor oToHMKM:

P HCTOMHUKN CRETE;

WHHOBALlMOHHON cucTteme, obecrneunBasl dKCIpecc-npoTo-

TUTIMPOBaHKME pa3paboOTOK M TpaHChEp TEXHOJOTUIA, opra-

HU3aLMIO METKOCEPUITHOTO BBIMTyCKa MPOAYKIIMKA U OTiepa-

TUBHYIO TTPO(dEeCcCCUOHATbHO-OPUEHTUPOBAHHYIO MHXEHEp-

HYIO MOATOTOBKY KaJpOB.

Llenecoobpa3HOCTb TOCYAaPCTBEHHON MOAAEPKKU MPO-
€KTa OmpeaessieTcsl B MepBYI0 oyepeab TeM, YTO UHXWHU-
PUHTOBBIN 1LIEHTP, KaK 00BEKT MHHOBALIMOHHON CTPYKTYPbI
roCy/IapcTBa, JAOJKEH B34Th Ha ce0sl pelieHrue HallMOHAIb-
HO-3HAYMMOM 3a/1a4u 110 CHUKEHUIO UMITOPTO3aBUCUMOCTH
OT 3apyOeXKHBIX MPOU3BOIUTENICH M 3aHATHh ONPEACICHHYIO
HMIITy B CO3MaHUM WHTEJUIEKTyaIbHOM MHHOBAIIMOHHOM TTPO-
nykuuu (puc. 1).

[IpenmeTHO-IpodeccoHaNIbHAS AESATEIbHOCTh WHXKU-
HUPUHTOBOro lieHTpa "TmOKasi medaTHasi 3JIEKTPOHUKA U
(oroHuka" omnpeneneHa Kak co3gaHUe MPOU3BOACTBEHHBIX
KJIaCTEPOB HOBOTO TOKOJIEHUSI Ha 0a3ze MyabTU(DYHKIIMO-
HaJIbHOTO MOAYJIbHOTO TIPUHIIMIIA OpTaHU3AIMK TUOKOM po-
0OTM3MPOBAHHOI TEXHOJOTMYECKOMN JIMHUY JIJISI U3TOTOBJIE-
HUS IIUPOKOI HOMEHKJIATYPhl MUHUATIOPHBIX WHTETPUPO-
BaHHBIX CUCTEM, OOBCAUHSIONINX 3JIEKTPOHHBIC, ONTHYEC-
KWe, MEXaHUYECKUEe U XUMUUYECKUE KOMITOHEHTHI.

B xauecTBe OTIIMYUTENBHBIX OCOOEHHOCTE HOBOM IIPO-
M3BOJCTBEHHO-TEXHOJOTMYECKON HUIIM KJIACTePHO-TUOPW/I-
HBIX MYJbTU(GYHKIIMOHATBHBIX MUKPOMPOU3BOICTB CAEMyeT
OTMETUTH CJIEAYIOLINE:

e IIIKMPOKOE MCIOJIb30BAHUE TPU M3TFOTOBJICHUM M3IETUIA
B YCJIOBUSIX "MUKpo(daObpUK Ha cTojie” Mpelu3nOHHbBIX
aJINTUBHBIX, KameJIbHO-CTPYWHBIX, KOPITYCKYJISIPHBIX U
WHTIPUHT-TEXHOJIOTUI;

e peanm3anus mpoueccoB B yciaoBusax 2D- u 3D-cyberpa-
TOB pa3INYHON (PU3UKO-XUMUYECKON IMPUPOIDI;

e DPa3BUTHE KOHBEPTEHTHBIX TEXHOJIOTHII HA OCHOBE OpPraHo-
HEOPraHMYEeCKOl U OMOHEOpraHUYeCKoi TMOpUaM3aLIUN.
B 2015—2016 rr. B psige AUPEKTUBHBIX JTOKYMEHTOB

MuHsKoHOMpa3BuTUsi, Munnpomropra u I'K "PocrtexHo-

JIOTMK" B Ka4eCTBe OOIIUX TPUOPUTETOB

pa3BUTUSI OTpaciei, HapsiIy ¢ UMIIOp-

TO3aMellleHUEeM, OIMpeNesIeHO YBeJnye-

HUE IO COIMATbHO-OPUEHTUPOBAH-

M ancane.

TMBKME MCTOUHMKM M
peKyneparopkl 3HEpruu:
W hoToBONk TANKS;

M pesxynepauua IM, HE,
ARYCTHYRCKINK WIMYSEHI,

MrBKMe KOHCTPYKTHBHBbIE

Mubkue
pagvonaeHTUdMKaTOpPLI:
M RAD METHM;

M aHTEHHLL

Hoil mponyKuuu. JlaHHas TutaHupyemast
JMHAMUKa TOTpeOyeT OT MpeanpusITUiA
OIMEPaTUBHBIX PElIEHUN B OTHOILUEHWU
MOKMCKAa BOCTPEOOBAHHBIX PBHIHOYHBIX
HUII U TUHAMUYHOTO MX 3aIlOJTHEHUS.
B pamkax copMupoBaBIIMXCS KOMIIE-
TEHLWI MPY CO3MaHUY KJIACTEPHBIX MUK-

INeMeHTEI poBoTOTEeXHUKK,
W BHOHUKM:
P CeHCOpUKY
M woTopuKa.

Mocranoesa
TeXHONOTNYECHOTO MapwpyTa

WHTennekTyansHele
MOKPBITHA M THaHM:

P "yMHBIE OKHA";
M "yunan opexaa®.

Mbkan ceHcopuKa:

P CEHCOPHBIE IONA
(MAOCKOCTHEIER

P CEHCOPHBIE NONA

(pacnpegeneHisIe poi, Nbins).

Mocraska u Hanagna
060pYADBAHNR

WHTerpupyeman
GuoHu4eckan IKB:
M GHonpoTeIny

M OHOCTHMYNATOPLY

M OnoKoppeKTOpLL

NaGopaTopui Ha YyMne:|
M akon orus;

M Guomeamumnna;
P nuwesan GeI0NACHOCTE.

Puc. 1. Ilpeamerno-npodeccuonanbhasa aeareqbHocTh OO0 "VIHXMHAPHHIOBBIA LEHTP
"T'u0Kas meyaTHasi HJIEKTPOHNKA W (POTOHHKA"
Fig. 1. Scientific and engineering activities of the Engineering Center "Flexible printed electronics
and photonics”
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POTNIPOU3BOJICTB OCHOBHOI DPBIHOK pea-
JIN3yeMoi Ha nx 6aze MpPOMyKIUU (C BbI-
COKMM YPOBHEM WHTEJUIEKTYaJIbHO J0-
0aBJICHHOI CTOMMOCTH) HaIpaBjeH Ha
UMIIOpTO3aMelIeHe U MOXET OBbITh OI-
penesieH Kak ColMalbHO-OpUEHTUPOBAH-
Hasi MUKPOTEXHUKA IS MUILEBOM U
¢apMalieBTUYECKOIl TPOMBIILIJIEHHOCTH,
arpornpoMBIIIIJIEHHOTO KOMILJIeKca, Me-
MUALIMHBI 1 OMOTEXHOJIOTUH.
OcCHOBBIBasICb Ha MMeIOIIeMCS 3a-
JieJie 1O CO3MaHMIO KIIACTEePHBIX MUK-
POIIPOU3BOJNICTB, B KaUeCTBE OCHOBHBIX
HanpapJIeHU, ONpeaesIsTIoINX MPeAMET-
HO-0TpaclieBOi PhIHOK MX Ha3Ha4YeHUsl,
MOXHO BBIIEIUTh CJEAyIOlIMe BOCTpe-
OOBaHHBIC BUIIBI KOHEYHOM MPOIYK-




IIMU, KOTOpPbIe MOTYT OBITh pealli30BaHbl Ha MPOM3BOACT-

BEHHOI1 6a3e HOBOTO MOKOJICHUS:

e MMKpPOAHAIMTUYECKUE CUCTEMbI "TabopaTopuu Ha yurie"
IUIS BBICOKOYYBCTBUTEIBHOTO OUMOMEIUIIMHCKOTO 3KC-
TIPeCcC-KOHTPOJIST, OTNpeieIeHHs] 6e30TTaCHOCTH ITHIIEBBIX
MPOIYKTOB Y MOHUTOPWHTA GUOTEXHOCHEPHI;

e CBEpXMMHHUATIOPHbIE WHGOPMAIIMOHHO-KOMMYHUKAIIU-
OHHBbIE MOJYJIH, JIETKO UHTETPpUPYEMbIE B YIIAKOBKY MPO-
JIOBOJIbCTBEHHBIX M TMPOMBIIIJIEHHBIX TOBAPOB B IIEJISIX
cbopa u nepenayu MHGopmMaLK 00 YyCIOBUSIX XpaHEHUS,
TPAHCIIOPTUPOBKHU, TIPOAAXKU;

e  MYJIbTU(DYHKIMOHATBHBIE CEHCOPHO-UCIOJHUTEIbHBIC
5JIEMEHTBI, UHTETPUPYEMbIE B ONEXIY M pa3MelllaeMble
Ha TeJie YeJoBeKa B LIeJIsIX OMOMOHUTOPUHIA U KOPPEK-
LIMM COCTOSIHUSI OpraHu3Ma;

e MaJIOOIOIKETHBIE pacIpeie]IeHHbIE CEHCOPHBIE TTOJIS JJIs
KOHTPOJISI arpolapaMeTpoB B MHAWBUAYAIbHBIX W TIPO-
MBIIIUTEHHBIX CEKTOPAX CEJIbCKOTO XO3SICTBa;

e CEHCOPHO-UCIOJHUTEIbHbIE CBEPXMUHUATIOPHBIE MOTY-
JIA 1711 GUOHUYECKUX POOOTOTEXHUYECKUX KOMILIEKCOB
U CUCTEM 3aMellleHHs (PYHKIMOHAJILHBIX 3JEMEHTOB B
OpraHu3Me JeJjioBeKa.

Hcxons u3 akTyaqTbHOCTH pellieHNsI ”THHOBAllMOHHBIX 3a-
J1a4y CO3aHUSI KaK KPYIHBIX, TaK U "MEJKUX" MPOMU3BOICTB,
OPMEHTUPOBAHHBIX Ha THUILEBON, CEIbCKOXO3SICTBEHHbII,
MEIUKO-OMOJIOTHYECKUIA ¥ OMOTEXHUIECKUIA CEKTOPBI, TTPe-
BapUTEJIEHO OB TTPOBEACH aHAIU3 PhIHKA W3S, UCXOIs
13 UX BOCTPeOOBAHHOCTH 1 BO3MOXXHOCTHU TeXHUUYECKOM pea-
JIN3alUM M 2OKOHOMMYECKOW 3¢hdeKTuBHOCTU. JlaHHBIN
aHaJIN3 TI0Ka3ajl, YTO B paMKax BBIIIEYKa3aHHBIX COIMAb-
HO-OpHMEHTHPOBAHHBIX CEKTOPOB Haubojiee BOCTpeOOBaH-
HBIMU U3NETUSIMM SIBJISIIOTCSI TMOPUIHBIE MUHUATIOPHBIE YC-
TPOIMCTBA, MHTETPUPYIOIINE CEHCOPHbIE U MH(GOKOMMYHM-
KallMOHHbIE MUKPOCHUCTEMBI, ObOecreurBalole ornepaTus-
HBII cOop, 06paboTKy U nepenady uHdopmaunu. Haubonee
MePCIIEKTUBHBIMU HAaMpaBJIeHUSIMU CJIeAyeT MPU3HATh TH-
IIEBYI0O M arpoONPOMBILIIEHHYI0O CEHCOPUKY C OpHUEHTalueit
Ha obecrieueHHe KOHTPOJST OE30MacCHOCTH TPOMYKIIUU, a
Takke OMOMEOUIIMHCKYI0 3KCIpecC-IUarHOCTUKY B BUIE
"naGoparopuii Ha yure” U "yMHO# ogexabl" (puc. 2).

Hay‘lHO-l/lH)KﬂHl/lpl/lHl‘OBaﬂ JE€ATEJBHOCTDh LICHTPA

OcHOBHbIE HalNpaBJIeHNs HAyYHO-TTPAKTUYECKOM JesITeb-
HOCTM MHXWHMPUHTOBOTO LIEHTPa HEIMOCPEACTBEHHO COOT-
BETCTBYIOT PSIAY KPUTHUECKUX TeXHoIoruii Poccuiickoit Me-
Jepalnu:

e TEXHOJIOTMM HAHOYCTPOMCTB U MMKPOCUCTEMHOM TeX-

HUKU,;

e HaHO-, OMO-, MH(MOPMAIIMOHHbIE, KOTHUTUBHBIE TEXHO-

JIOTUU.

B xauecTBe OCHOBHBIX BUAOB JEATEIbHOCTU WHXWUHU-
PUHTOBOIO LIEHTPA OMNpeAe/ICHBI:

— MPOEKTUPOBAHUE M TeXHUWUYECKas peajmu3alysi HayKo-
€MKOro 000pYJIOBaHMS U TIPOU3BOICTBEHHBIX CUCTEM;

— pa3paboTKa M ajanTaius HOBBIX TEXHOJOTMYECKUX
orepauuii U MPOLECCOB;

— TIPOBEICHUE MOHTAXHbBIX U MMyCKOHAIAJOUYHbIX padoT,
rapaHTUIHOIO U IMOCTTapaHTUITHOTO OOCITy>KMBaHUSI 000pY-
JIOBaHUSI U TEXHUYECKMX CHUCTEM IPOU3BOACTBEHHOTO Ha-
3HAYEHMUSI, SBISIOLIMXCS TTPEAMETOM MHXEHEPHOM NesaTelNb-
HOCTH;

— pa3paboTka arnmnapaTHO-IPOrPaMMHBIX CPEACTB MJIs
KJIaCTePHBIX TEXHOJOTMUECKUX TIMHUI MUKPOTIPOU3BOACTB U
UX TEXHUYECKasl peayn3aiius;

Yo
Tlepcorndrumposanasli NOAXO) e
(THYHOCTHMHA, HRARBHAYANBHMH

Oneparrense
AMATHOCTHKA H TEPANHA
ERHM PEANBROTO BPEMERN)

Onepatnsnoe
HEGOPMAIHORAOE

obecnesenne
(TeneMennnuuna)

Besonacuocts 0 0 GelonacHocTh
OPOHIBOACTE H NPOAYKILH (- H OpOAYKIHH

(Boneann cxoTa m pacTeHud, (xoHTpons, Xpanenue,
AP PeETHRROCTE,

$ INHAEMIR) TPAHCHOPTHPOBEL)
@,
!l‘o €30NACHOCTE,

KAYECTBO ACKAPCTBEHNEIX
‘0 cpeacTs (KoHTpadaKT

e,
Yy g,

Puc. 2. ConuaibHO-OpHEHTHPOBAHHASI HHHOBALMOHHAS NPOXYKIHS
Fig. 2. Socially oriented innovation-based produce

— cbopka, HajlagKa U 3aMycK TeXHOJOTMYECKUX JIUHUMN
MUKPOIPOU3BOJCTB;

— pa3paboTKa TeXHOJOTWYECKMX MAapILIPYTOB W3AEInit
MMKPOTEXHUKU JIS1 peaiu3allii B YCIOBUSIX MUKPOIIPOU3-
BO/ICTB;

— pa3paboTka TpaHchep-TeXHOJIOTUI 1 X aJanTalus B
YCJIOBUSIX MUKPOTIPOM3BOJICTB;

— OKazaHWe WHXWHUPUHTOBO-KOHCYJIBTATUBHBIX YCIIYT
MO MPOEKTUPOBAHUIO W3AEIUN s pealu3aluu Ha 0Oase
MUKPOMPOU3BOJACTB U UHGHOPMALIMOHHO-TEXHOJIOTUYECKOMY
obecnedyeHnIo0 paboThl 0Oa30BbIX TEXHOJOITMYECKUX MOIYJICH;

— pa3paboTKa METPOJIOTMIECKOro odecIieueHust sl 6a-
30BbIX ONepaluii ¥ NPOU3BOACTBEHHOM JIMHUMU B LIEJIOM;

— rapaHTUITHOE U TTOCTTapaHTUITHOE 0OCTYKMBAaHUE MUK~
DPOIPOU3BOJCTB, SBJSIOLUIMXCS TIPEAMETOM ACSTEIbHOCTH;

— KanpoBoe obecrieueHre 3 (EeKTUBHON 3KCIUTyaTallun
HAyKOEMKOT0 00OpyI0BaHUSI.

Taxkum o6pa3oM, B HUILIE MHXWUHUPUHTOBBIX YCIIYT LIEHTP
TIOJDKEH B3STh Ha cebsl pyHKIMIo TTpodheccuoHaIbHOM hup-
MBI-MHTETpaTopa, He OrpaHUYUBAsICh TTOCTaBKOW 000OpYyIO-
BaHMS, a peanqusysl Becb MH(MPACTPYKTYPHO-TEXHOJOTYEC-
KU IUKJI, IIe 00OpyIOoBaHUE SIBJISIETCS JIUIIb COCTaBHOM
YacThlO.

HNudpacrpykrypusiii 6a3nc u komnerennmun CIIOIDTY
"JIDTU" B 001aCTH NPOU3BOACTBA MHKPO- M HAHOTEXHHKH

XapakTepu3sysl COCTOSIHUE MMEIOILIErocs 3ajea, Cleayer
0co00 BBIIEIUTh peaqn30BaHHble Ha 0a3e 3JeKTPOTEXHU-
YeCKOTO0 YHHUBEPCUTETa COBMECTHO C CO3JAHHBIM TIPU €To
ygactTun 1 paHee ykazaHHBIM OOQO "MexXBy30BCKUI LIEHTP
MPOTOTUTTUPOBAHUS U KOHTPAKTHOTO TIPOU3BOJCTBA" TIPOEKT
"Knacrtep rubkoii neuarHoii saekTpoHuku”. Llenbio gaHHOTO
MpOoeKTa SBISAIOCH CO3MaHUe KIIACTePHOTO IMPOU3BOACTBA
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Crenuanu3upoBaHHoe 000pyI0BaHHE, Pa3MeIeHHOe B YHCTOM
komuate CIIOI'DTY "JIDTU" nas odecneyeHns: npoueccos
OTPabOTKH TEXHOJOTHYECKHX MAPIIPYTOB M3/eJHid rHOKOi
NeYaTHOI 3JeKTPOHHKH U (POTOHHKH
Specialized equipment situated in the LETI University’s clean room
for flexible printed electronics and photonics items’ process lines

development
HazBanue @
YHKIIMOHAJTbHOE
YCTaHOBKHU dotorpadus
HasHauyeHue
Name Function Photo
of facility

PixDro LP’50, | KarutectpyitHast
Hunepmanger | 2D-meuats
PixDro LP’50, | 2D drop-on-demand

Netherlands printing

MicroDrop, KannectpyitHas

T'epmanus 2D-meuatb

MicroDrop, 2D drop-on-demand

Germany printing

LPKF, I'ep- JlazepHoe

MaHUs MoaubUIMpoBa-

LPKF, HUE MTOBEPXHOCTHU

Germany Surface laser
modification "

Stratasys, 3D-mnevyatb

CIIA TOJINMEPaMU

Stratasys, USA | 3D printing with
polymers

Asiryl Pocket, | 3D-Mukpocbopka
[IBeiimapus 3D microassembly
Asiryl Pocket,
Switzerland

Beneq, ®uH- | ATOMHO-MOJIEKY-
JISTHOUST JIsipHast cbopKa

Beneq, Finland| v3 ra3oBoii ¢asbl
Atomic-molecular
assembly from gas

phase
KSV, ®un- MonekysipHas
JISTHOUST cOopKa Ha MoBepX-

KSV, Finland | HocTu Xuakoil ¢a-
3BI

Molecular assembly
on liquid phase
surface
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MUKPOTEXHUKU HAa OCHOBE TMOKMX TE€YaTHBIX U pOOOTU3M-

POBaHHBIX COOPOYHBIX TEXHOJIOTUIA.

B Hacrostiiee Bpemss CIT6I'DTY "JIDTU" umeeT cobCT-
BEHHYIO JOCTATOYHYIO MaTepUabHO-TEXHUYECKYIO 0a3y JJist
obecrnieyeHus1 pabOTbl UHXXUHUPUHTOBOTO LIEHTPa, OPUEHTH -
POBaHHOIO Ha CO3AaHWE MMKPOIPOU3BOACTB IJIsi U3TOTOB-
JIeHUsSI MUKPOTEXHUKHU, a TaKKe 00ecreurMBaeT CTOPOHHUM
OpraHu3alysIM JOCTYIT K €ro YHMKaJbHOW TeXHOJOruyec-
KOW 0a3e 3a cYeT 3aKJII0YeHUs TOrOBOPOB Ha OKa3aHUe yc-
qyr v BeinosiHeHust HUOKP. TlpumeHuTenbHO K peleHuIo
3a7a4, HEMOCPEACTBEHHO CBSI3aHHBIX C TMOKOM Me4YaTHOM
2JIEKTPOHUKOUN M (POTOHUKOM, TeXHOJIOTHUYECKasl 0a3a yHU-
BepcuTeTa Obljla YKOMIUIEKTOBaHA MaJlorabapuTHBIM 000py-
noBaHueM aisg 2D- u 3D-nevat M npeu3MOHHONM MUKPO-
CcOOpKM M3HENUH, a TaKKe KOMIUIEKCOM TEXHOJOTMYECKUX
YCTaHOBOK [IJISI MOJIEKYJISIDHOIO HAaHECEHWsl U3 Ta30BOil U
KUIKOM (ha3bl, padMellieHHbIX B uncToit KomHaTe CII6I'DTY
"JISTU" (cM. Tabauity).

CTpyKTypa UHXUHUPUHTOBOTO LIEHTPA HOCUT OTKPBITHI
MOOWJIbHBIN XapakTep AJisi MPUBJIEUEHHUS TIeAarornuyeckoro
U HAyYHO-MHXXEHEPHOro TepcoHala By3a: MpPUTJIALlEHHBIX
uccliefoBaTesieil Ha YCIOBUSIX COBMECTUTENIbCTBA U3 YuUCa
npernoAaBaTeyieid U COTPYAHUKOB By3a, aCIMPAHTOB U CTy-
JIEHTOB; HAYYHOTO, TeJarornueckKoro U MHXeHEepHOTOo Tep-
COHajla, IIPUBJIEKAEMOI0 U3 APYTUX OpPraHU3alUil, B TOM
yucie 3apyoexkHbIX.

3HaueHMe MHXUHUPUHTOBOTO LieHTpa "['ubKkas meyaTHast
sneKTpoHuka u ¢ortonuka", mig CII6IDTY "JIDTHU" omnpe-
NIeJIsIeTCsl BO3MOXKXHOCTBIO PELIEHUS CIeNyIOIIUX 33a1a4:

e olecrieyeHMe CeJICKTUBHOM MOIepKKU Haubosiee Tmepce-
MEeKTUBHBIX HAYYHBIX U TIEIaroTMYECKUX IIKOJI, KOHKY-
PEHTOCTIOCOOHBIX Ha MEXIYHAPOJHOM PbIHKE HayKOeM-
KOW TIPOMYKIIMY M 00pa30BaTeIbHBIX YCIYT B LIESIX pa3-
BUTUS 1 QYHKIIMOHUPOBAHUSI 9KOHOMUKHN, OCHOBAaHHOM
Ha 3HAHUSIX;

e UHTErpauuus B (GopMUPYIOLILYIOCS HALIMOHAIBbHYIO MHHO-
BAIlMOHHYIO CUCTeMY B LieJisIX obecrieueHust 3bdeKTuB-
HOTrO B3aMMOJICIHCTBUS C pealbHbIM CEKTOPOM 3KOHOMMU-
KM Y1 KOMMEpPUUAIU3alM WHHOBALIMOHHON MPOAYKIIUN
C JOMUHUPYIOLLIEH UHTEJUIEKTYATbHOM COCTaBJISIOLIEH;

e ob0ecrieyeHrEe TMHAMUYHON CETeBOI KOHIIEHTPAIIM 3HA-
HUIA, YeJIOBEYECKUX U MH(DPACTPYKTYPHBIX PECYPCOB ISt
pealM3alu BOCTPeOOBaHHBIX IIPOEKTOB B (POPMUPYIO-
LIMUXCST UMIOPTO3aMEIAIOIINUX TEXHOJIOTUYECKHX HUIIaX
MPOW3BOACTBA BbICOKOMHTEJJIEKTYAIBHO MUKPOTEXHU-
KU JIJISI TIPOJTOBOJILCTBEHHOTO, CETLCKOX03SMICTBEHHOTO U
MEAUILMHCKOTO CEKTOPOB POCCUNCKOI 9KOHOMUKHM.

3akmouenne

I'mbkue KiacTepHble OBICTpPONEpecTpaBacMble MUKPO-
TMPOU3BOICTBA MOTYT CTaTh "OIMEpPaTUBHON" OCHOBOM ISt
(bopMHUpOBaHUS MHHOBALIMOHHBIX OT€YECTBEHHBIX TEXHOJIO-
rudeckux Huin. Co3gaHue 0TeYeCTBEHHOIO MHKMHUPUHIO-
Boro LeHTpa "T'nbkas meyarHast 3;JIeKTpOHMKA U (POTOHMKA"
o0ecrieuynBaeT TOCTUKEHHUE CCIYIOIMX LIe/Iei:

— pa3paboOTKy ¥ OCBOCHME COBPEMEHHOM TEXHOJIOTMYEC-
KOl 6a3bl AT TIPOU3BOIACTBA M3IETUN MHKPO- M HAHOTEX-
HMKM, BKIIOYasl TPOCKTUPOBaHUE Ha 3aKa3, M MHXEHEePHO-
TEXHUUYECKYIO peann3alnio MUKpodabprK B paMKax rapMo-
HUYHOTO COYETAHUSI POCCHUICKMX U 3apyOeKHBIX TEXHIIEC-
KMX pELIECHUIA;

— OCBOGHME TEXHOJOTMYECKHMX MapIIpyTOB, peaau3ye-
MBIX Ha OCHOBE KOH(OPMHON MHGPACTPYKTYPHOI MOIYITb-
HOW OpraHW3allii CO3JABAEMbIX TEXHOJOTMYECKUX JTUHMIA




MUKPOIIPOU3BOJICTB MPY BHICOKOU CTENEHU aBTOMAaTU3alliu
IIPOIIECCOB, 00SCIEYNBAIOIINX TUHAMUYHOCTD IIePEeCTPONKU
JIMHUA U OBICTPOTY afalTalliyi OIepaIluii;

— obecrieyeHre 3KCIpecCc-IMPOTOTUITMPOBAHMSI U Opra-
HU3aLMU IPOU3BOACTBA JOCTATOYHO IIIMPOKONA HOMEHKJIIATY-
pbl U3AEUIA MUKPO- U HAHOTEXHUKM HOBOTO IMOKOJIEHUS C
paHee HeJOCTUKMMBbIMU MacCOrabapuTHbIMM, SHEPreTU4eC-
KMMH ¥ TEXHUYECKUMU XapaKTepUCTUKAMM IIpY MIHUMM3a-
LI BPEMEHHBIX 1 S9KOHOMUYECKHMX 3aTpaT Ha peajn3aluio
1731 (1707

— TIOJITOTOBKA, MOBBIIICHUE KBATU(MUKALIMU U TTePETo-
rOTOBKAa KalpoB sl obecrieueHust TpaHcdepa U OCBOCHUS
HOBBIX TEXHOJIOTUM, SKCTUTYyaTallui U OOCTY>KMBaHUS HAYKO-
€MKOTO0 000pyIOBaHMSI.

Takum obpa3zoM, co3gaHue WHXUHUPUHTOBOIO LIEHTpa
o pa3paboTKe ¥ BHEAPEHUIO POOOTU3UPOBAHHBIX Ma00I0 -
JKETHBIX TEXHOJOTMUYECKUX JIMHUI TMOKOU MeyaTHON 3J1eKT-
POHUKHN ¥ (DOTOHUKM OTKPBIBACT HOBBII CETMEHT phIHKA MH-
XUHUPUHTOBBIX YCIyT B Poccuu, 1mo3Boiisis caeaTh Imar K
00eCcrneYeHNI0 KOHKYPEHTOCIIOCOOHOCTH Ha MEXIyHapos-
HOM PBIHKE COBPEMEHHBIX POOOTU3MPOBAHHBIX MUKPOIIPO-
HU3BOJICTB.

Paboma evinoausnace 6 pamxax "lpoepammer nosviutenus
KOHKYDEHMOCNOCOOHOCMU Y3068 cDedu 6e0VUUX MUPOGbIX HA-
YuHO-00pazoeamenvivix yenmpog” (nocmanoenenue Ilpasu-
meavcmea P® om 16 mapma 2013 2., Ne 211), a makoce 6
pamkax ucnoarnerus nopyserus Ilpasumenscmea Poccuiickoi
Dedepayuu om 23 mas 2013 e. No IM-I18 3464 u ¢ coom-
6emcmeu ¢ NPOMOKOAOM 3ACe0aHUS] MEeHCEEOOMCMBEHHOU KO-
Muccuy no peanu3ayuu NUAOMHBIX NPOEKMO8 No CO30aHU0 U
DPa36UMUIO UHICUHUPUH208bIX UEHMPO8 HA 0aze 0Opazoeamens-
HbIX OPeQHU3AUUU BbICUIe20 00PA306aHUS, NO0BCOOMCMEEHHBIX
Munucmepcmey obpazoeanus u nayku P®, om 02 uions 2016 e.
(uemeepmas ouepeds, wugp 2016-HU-04).
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Introduction

Reduction of the time of new produce emergence in of-
the-shelf or specialized micro- and nanoelectronics markets is
the pronounced trend of today. Customer’s requirements can
be met using either contract manufacturing (outsourcing), or
in-house production. One of possible efficient forms of pro-
duction organization is using the services of engineering com-
panies for pilot batches production or a process line deploy-
ment for the rapid production of prototypes. The engineering
center "Flexible printed electronics and photonics" is intend-
ed to occupy this very niche. The Center is implied to realize
an innovative project aimed at launching in Russia new-gen-

eration lines for various-purpose microelectronics flexible,
cluster, multifunction, cost-efficient, and rapid production.

The aim of the present paper is presentation of the pilot
project on establishment of the first Russian specialized en-
gineering center "Flexible printed electronics and photonics”
formed on the base of LETI University within the framework
of the program on realization of pilot projects of engineering
centers organization and development on the base of higher
education institutions within the jurisdiction of the Ministry
of Education and Science RF of June 2, 2016 (fourth stage,
code 2016-1-04; fulfillment of the task of the Government RF
of May 23, 2013, no. DM-P8 3464).
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Scientific and technology priority of LETI University:
digitized microfabrication of flexible printed electronics
and photonics

Organization of an engineering center for launching dig-
itized production of new-generation micro- and nanoelec-
tronics was recognized as the priority direction of LETI
University’s innovative development. The general purpose of
Flexible Printed Electronics and Photonics Center establish-
ment was the efficient use of the University’s scientific, en-
gineering, and personnel resources for realization of required
science-intensive innovative engineering developments as a
form of ideas and technologies dynamic commercialization
[1, 2].

The Engineering Center’s activity line is defined as the de-
velopment of cluster-hybrid microfabrication ("micro-fab on
a table") providing for realization of routing options for inte-
grated 2D- and 3D-microsystems of printed electronics and
photonics based on flexible robotized multimodule process
lines shaped to meet customer’s requirements and oriented
toward advanced additive manufacturing technologies.

Feature of microfabrication is the commonality of facili-
ties along with the variability of products realized with the use
thereof, that is, a wide range of miniature integrated systems
comprising mechanical, electronic, optical, and chemical
components and complete automation of paced processes.
Additional conditions at micro-fab-on-table realization are
reduction of requirements to the infrastructure and cleanness
of premises for equipment placement, energy expenditures
minimization, and high level of automation with the simul-
taneous service reliability provision.

A number of R & D works of LETI University in the field
of taylor-made microelectronics, including creation of a spe-
cialized robotized technology cluster for flexible printed 2D-
and 3D-electronics low-volume production (see the paper in
this issue of the journal) served the basis of the Engineering
Center’s activities.

Organizational schedule of the pilot project on the Engi-
neering Center "Flexible printed electronics and photonics"
establishment was realized in pursuance of the assignment of
the Government RF of May 23, 2013, no. DM-P8 3464 and
in accordance with the protocol of a sitting of an inter-de-
partmental commission for realization of pilot projects on en-
gineering centers organization and development on the base
of higher education institutions within the jurisdiction of
Ministry of Education and Science RF of June 2, 2016 (fourth
stage, code 2016-1-04).

One of the leading science-and-education departments of
the University highly experienced in R & D activities and en-
gineering services — the Science-and-Education Center for
Microtechnology and Diagnostics — is transformed into the
Engineering Center for Microtechnology and Diagnostics; a
part of scientific and educational functions were transferred to
the earlier established LETI Science-and-Education Center
"Nanotechnology". As it is required by the Government as-
signment, the engineering center "Flexible printed electronics
and photonics" Ltd., became an individual legal person with
the participation of LETI University. The legal person is the
rightful successor of the property- and non-property rights
and liabilities of Inter-University Center for Prototypization
and Contract Production/Outsourcing Ltd. earlier established
on the base of the University and possessing positive experi-
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ence in the field of information services on micro- and na-
noelectronics.

Professional priorities of the Engineering Center

Engineering centers are one of the most efficient dynamic
forms of higher education institution participation in the
emerging national innovation system; the engineering centers
ensure rapid prototyping of the developments and technology
transfer, low-volume output organization and efficient voca-
tion-oriented engineering personnel training.

Appropriateness of the state support to the project is de-
termined, in the first place, by the fact that being an entity of
the state’s innovation structure, the Engineering Center
should take on the nationally significant task of decreasing the
level of import-dependence and occupy a certain niche in
smart innovation-based produce fabrication (Fig. ).

Professional activity of the engineering center "Flexible
printed electronics and photonics” is defined as new-genera-
tion production clusters development based on multifunction
modular principle of flexible robotized process line organiza-
tion for production of a wide range of miniature integrated
systems combining electronic, optical, mechanical, and chem-
ical components.

The following features of the new production-technology
niche of cluster-hybrid multifunction micro-production should
be mentioned:

e wide use of precision additive, drop-on-demand-, corpus-
cular-, and imprint techniques for articles fabrication in
"micro-fab on a table" conditions;

e processes realization with 2D- and 3D-substrate of differ-
ent physicochemical nature;

e convergent technologies development based on organo-
inorganic and bio-inorganic hybridization.

In 2015—2016, in a number of the executive directives of
the Ministry of Economic Development, Ministry of Industry
and Trade, and Russian Technologies State Corporation
("Rostekhnologii"), an increase in the share of socially ori-
ented produce is considered the general priority of the branch
development along with the import substitution. The thus en-
visaged dynamics will require that enterprises take operative
decisions on searching for market niches in demand and their
dynamic occupation. Within the frameworks of competences
formed in the course of cluster microfabrication develop-
ment, the main market for the related produce realization
(with a high level of intelligence-added value) is oriented to-
ward import substitution and can be defined as socially-ori-
ented microelectronics for food- and pharmaceutical indus-
try, agricultural sector, medicine, and biotechnology.

Basing on a backlog available on cluster microfabrication
organization, it is possible to formulate the main directions of
the microfabrication development and, consequently, the
kinds of end products, which can be realized using the indus-
trial resources of new generation:

e vicroanalytical "lab-on-chip" systems for high-sensitivity
biomedical quick check, food safety control, and biotech-
nosphere monitoring;

e vinute infocommunication modules that can be easily in-
tegrated into industrial product and food packaging in or-
der to collect and transmit information on storage-, trans-
portation-, and sales conditions;




o vultifunction sensing and executing devices integrated into
clothes or fixed on a human body for human organism’s
state monitoring and correction;

e low-budget distributed sensor fields for agricultural pa-
rameters control in the individual and industrial sectors of
agriculture;

e subminiature sensing and executing modules for bionic
robotic systems and devices replacing human functional
elements.

Preliminary market analysis was carried out as regards the
demand for, feasibility of technical realization, and cost-ef-
fectiveness of goods intended for solving innovation-related
problems of major and small-scale companies in food, agri-
cultural, medicobiological, and biotechnological sectors. The
analysis demonstrated that within the frames of above social-
ly-oriented sectors, the most sought for are miniature hybrid
devices integrating sensing and infocommunication microsys-
tems. The latter provide for information on-line collection,
processing and transmission. Sensing devices for agriculture
and food industry should be considered the most promising
ones among the facilities intended for product’s safety control
and rapid biomedical check like "labs-on-chip"” and "smart
clothes" (Fig. 2).

Scientific and engineering activities of the Center

Main lines of theoretical and practical activities of the En-
gineering Center directly correspond with the list of critical
technologies of RF:

e technologies of nanodevices and microsystems equipment;
e nano-, bio-, information-, and cognitive technologies.

The main kinds of activity of the Engineering Center are
defined as follows:

— design and technical realization of science-intensive
equipment and production systems;

— development and adaptation of new manufacturing op-
erations and processes;

— assembly and commissioning, as well as warranty- and
post-warranty maintenance of equipment and industrial tech-
nical systems, provided the latter are the object of engineering
activity;

— development of hard- and software for microfabrication
cluster process lines and their technical implementation;

— assembly, checkout, and launch of microfabrication
process lines;

— development of microelectronic items’ process lines for
their realization in microfabrication conditions;

— technologies development, transfer, and adaptation to
the conditions of microfabrication;

— rendering engineering and consulting services on design
of articles intended for realization using microfabrication re-
sources; rendering information- and engineering support pro-
vision to the basic production modules operation;

— development of metrological assurance of basic opera-
tions and process line as a whole;

— warranty- and post-warranty maintenance of microfab-
rications, provided the latter are the object of the activity;

— personnel procurement for the efficient use of science
intensive equipment.

Thus, in the niche of engineering services, the Center is
suggested to take on the function of a professional integrator
firm not bounded by the delivery of equipment, but realizing

the whole infrastructure-technology cycle, which comprises
the equipment as a component.

Infrastructural basis and competences of LETI University
in the field of micro- and nanoelectronics production

Considering the state of the backlog available, special at-
tention should be paid to the project "Flexible printed elec-
tronics cluster” realized using the resources of LETI jointly
with the "Inter-University Center for Prototyping and Con-
tract Production/Outsourcing” mentioned earlier. The goal of
the project was to organize microelectronics cluster produc-
tion based on flexible printing and robotic assembly tech-
niques.

LETI University possesses its own facilities and equip-
ment sufficient for maintenance of the work of an engineering
center preoccupied with microfabrication organization, as
well as for provision of third parties with the access to the
unique technological base by conclusion of contracts on ren-
dering services or R & D works execution. As regards solving
the problems directly related to flexible printed electronics or
photonics, the technical basis of the University comprises
small-sized equipment for 2D- and 3D-printing and precision
microassembly of items; the University also is the owner of
systems for molecular deposition from gas and liquid phase
situated in a clean room (see the Table).

Engineering Center’s structure is open and flexible, which
makes it attractive for the University’s faculty, researchers,
and engineers; invited (on second job terms) researchers,
postgraduates, and students from among University’s person-
nel; research, teaching, and engineer staff from other organ-
izations, including foreign ones.

The importance of the engineering center "Flexible print-
ed electronics and photonics" for LETI University is dictated
by the ability to meet the following challenges:

e selective backup provision to the most promising scientific
and teaching teams competitive in the international mar-
kets of science-intensive products and educational servic-
es for the sake of knowledge-based economy development
and operation;

e integration into the emerging national innovation system,
in order to ensure the efficient interaction with the real sec-
tor of the economy and commercialization of innovative
products with the predominating intelligent component;

e provision of dynamic network concentration of knowl-
edge, human, and infrastructure resources for realization
of projects demanded-for in the emerging import-substi-
tuting technology niches of highly intelligent microelec-
tronics fabrication for food, agricultural, and medical sec-
tors of the economy of Russia.

Conclusion

Flexible cluster easily modified microfabrication may be-
come a basis for domestic innovative technological niches
formation. Organization of the national engineering center
"Flexible printed electronics and photonics" provides for the
following goals achievement:

— development of and mastering a modern technological
base for micro- and nanoelectronics items fabrication, in-
cluding engineer-to-order design and engineering and tech-
nical realization of a microfactory by perfectly matching Rus-
sian and foreign technical solutions;
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— acquiring process lines based on conformal infrastruc-
tural modular organization of created microfabrication proc-
ess lines with the high level of automation of processes pro-
viding for the line’s easy modification and quickness of op-
erations adaptation;

— ensuring rapid prototyping and organization of produc-
tion of rather wide range of new-generation items of micro-
and nanoelectronics with earlier unattainable mass-, size-,
energy-, and technical parameters at minimized time- and
economic expenditures on the produce realization;

— preparation, advanced training, and retraining of per-
sonnel for technology transfer and new technologies adapta-
tion and science-intensive equipment operation and mainte-
nance.

Therefore, organization of the Engineering Center for de-
velopment and introduction of robotized low-cost processing
lines for flexible printed electronics and photonics fabrication
opens a new segment of engineering services market in Rus-
sia, thus enabling us to make a new step toward achievement
of competitiveness in the international market of today’s ro-
botized microfabrications.

The work was executed within the framework of the "Pro-
gram of increasing the competitiveness of higher education in-
stitutions among world leading science-and-education centers”
(Regulation no.211 of March 16, 2013, of the Government of
RF) "On Measures of Governmental Support to Leading Uni-
versities of the RF to Increase Their Competitiveness Among
World- Leading Research and Educational Centers" and also in
pursuance of the assignment of the Government RF of May 23,
2013, no. DM-P8 3464) and in accordance with the protocol of
an inter-departmental commission sitting devoted to the realiza-
tion of pilot projects on engineering centers establishment and de-
velopment on the base of higher education institutions within the
Jjurisdiction of Ministry of Education and Science RF of June 2,
2016 (fourth stage, code 2016-1-04).
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Pexynepauma aneprun

Wnbuu C. H., Jlyunnun B. B.
I'mbxaa rubpuaHaa HaHo3HepreTUka. Pekynepauua 3Heprum u3 oKpyXxatouei cpegbl
CM6raTy "M3TIA". CM6., 2017. 396 c.

PaccmoTpeHbl COBpEMEeHHOe COCTOAHWE W MepCheKTBbI
pa3BUTUA BbLICOKOTEXHOJIOMNYHOr0 HanpasneHua "Pekynepa-
LA 3HEPTIAN N3 OKPYXatoLeid cpefbl’, OPUEHTUPOBAHHOMO Ha
3HeproobecneyeHne MUHIATIOPHbIX aBTOHOMHbIX PAAN03NeK-
TPOHHbIX, WHGOPMALMOHHBIX 11 OUOMEAULIUHCKNX CUCTEM.
MpencrasneHbl NEPCMNEKTUBHbIE HAYYHO-MHXEHEPHbIE pelle-
HWA CBEPXMUHUATIOPHBIX YCTPOICTB AN1A reHepaunn n xpaHe-
HWA 3NEKTPO3HEPI NN, BKNIOYAA TNOKINE COMHEYHbIE 3NEMEHTDI,
Nbe30-, TpUB0- 1 TePMOreHepaTophbl, PEKyNnepaTopbl 3Heprun
13 papnoadoupa (peKTeHHbl), NUTUIA-MOHHbIE aKKYMYNATOPbI 1
CYNEPKOHOEHCATOPbI, @ TakKe MOPUAHbIE NHTErPUPOBAHHbIE
3HeproobecneynBaloLne yCTPONCTBA HA NX OCHOBE.

Ocob60e BHUMAaHIE YAENEHO MaTepuanosenyeckomy 6asu-
CY 11 TEXHOMOrNYECKNM PeLEHNAM FNOKIX, ANACTUYHBIX 1 KOH-
(POPMHBIX KOHCTPYKLWIA, 06ecnevnBalomx npocToTy WHTEr-
paumnmn B pa3nnyHble 00bEKTbI, @ TAKXKe BO3MOXHOCTb UCMONb-
30BaHNA BbICOKONPOWU3BOANTENbHbIX (B TOM Yucne — "neyar-
HbIX") TEXHOMOTWA C LENb0 QOCTVKEHWUA 3HEPreTUHecKon 1
3KOHOMUNYECKOIA 3(PEKTUBHOCTI CMCTEM PEKyNepaLnin SHep-
TN HOBOrO MOKONEHMA HA OCHOBE HAHOMATepUanoB 1 HaHo-
TeXHOnoruii. lpeacTaBneHbl NPOMBIWIEHHO BbINYCKAeMble
KOMMOHEHTbI 1 YCTPOIACTBA, a TakXe NHHOBALMOHHbIE pa3pa-
60TKM B 06nacTi rnbKoil rubpuaHOI HaHOIHEPTEeTUKIA.

13naHne ABNAGTCA MyNbTUOUCUMNAMHAPHBIM 11 NpeaHa-
3HA4YeHO ANA WHXEHEePOB, Hay4YHbIX PabOTHIUKOB, NMPenoaasa-
Teneii, CTYAGHTOB 11 aCMPaHTOB, CNeLnan3npyiowWwnxca B 06-
NAcTIN 3NEKTPOHNKIA, (DOTOHUKMN, MUKPO- 1 HAHOIHEPTETUKN 1
GuomennumnHbl. OHO TakxKe OyAeT UHTEPECHO WMPOKOMY Kpyry
CreunanicToB, OPMEHTUPOBAHHLIX HA CO3[AHNE N NPUMEHE-
HIle COBPEMEHHBIX MUHNATIOPHbIX aBTOHOMHbIX CUCTEM 3HEP-
roofecneyeHus.
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Beenenne

IlepcieKTUBHBIM HampaBJeHWEM IMPOU3BOICTBA U3Ie-
JIUIA THOPUIHO-TUIEHOYHON 3JIEKTPOHUKU SIBJISIOTCS MevaT-
Hble TexHojoruu [1—3]. JlaHHOe HampaBjieHUe obecrneuu-
BaeT HU3KYIO CTOMMOCTb M MEHBIIMI UK WU3TOTOBJICHUS
YCTPOMCTB MO CPABHEHUIO C KJIACCUUECKUMMU TEXHOJOTUSIMU
MMKPO3JIEKTPOHHOTO TpousBoacTBa [4—5]. [TosTomy 116-
Kasl TeyaTHasl 3JIeKTPOHWKA TTPUBIIEKaTeIbHA TIPU peain3a-
LIMU JIEIIEBBIX U MAaCCOBBIX YCTPOWCTB (pagroyacTOTHBIC
METKM, TUOKME AUCILIeU, JaTUuKu) [6—S].

Ha ceromHsiiiHuiA AeHb yCTPOMCTBA TMOKOI IeYaTHOM
3JIEKTPOHUKM HAXOJSATCS Ha CTAAMM MCCIIeIOBaHUN U pa3pa-
0O0TOK B 111X 00ecreuyeHust JOCTHXKEeHUSI HEOOXOAMMBIX T1a-
paMeTpOB U UX MpUeEMIIEMOIi BocripousBoaumoctu. [Ipouecc
MTPOCKTUPOBAHNS MUKPOIJIEKTPOHHBIX YCTPONCTB, CO3/1aBa-
€MBIX C UCITOJIb30BAaHWEM TeYaTHBIX TEXHOJIOTHI, HemocTa-
TOYHO aBTOMaTU3UPOBaH [9].

Jst CKBO3HOTO TMPOEKTUPOBAHUSI YCTPONCTB MUKPO-
SJIEKTPOHUKU MO KJIACCUYECKON TEXHOJOTMM LIUPOKO UC-
MOJIb3YIOT MpPOTpaMMHbIE MPOAYKTHl KomraHuii Cadence
Design Systems, Synopsys, Mentor Graphics v np. OgHaKo ux
MIpUOOpETeHUE CBSI3aHO CO 3HAYNTEIbHBIMM SKOHOMUYECKH -
MM 3aTpaTamu, TpeOyeT CIelMabHOTO YPOBHS MTOATOTOBKH
IJIs1 pabOThl ¢ HUMM M JUISI OOJIBIIMHCTBA TEKYIIMX 3a1ad,
pelraeMbIX METoJaMU Te4yaTHON TeXHOJOTUHU, (haKTUUECKH
130bITOYHO. [ToaTOMY /TSI MPOEKTUPOBAHUSI YCTPOMCTB IMO-
KOH MevyaTHOM 3JIeKTPOHMKM 11e1ecO00pa3HO UCTI0Ib30Ba-
HUE, pa3BUTHE U alaNTallysl CYIIEeCTBYIOIINX TPOTPAMMHBIX
CPEeICTB, pacIIpOCTpaHsIeMbIX, HarrpuMep, 1o auneH3nu GNU
WX HaxXOJSIIUMXCS B OTKpbITOM gocTtyre. Llenbio maHHOi
paboTHl SIBNIsUIach pa3paboTKa KOMILIEKCa IMPOrpaMMHBIX
CPENCTB, BKJIIOYAIOIIIETO MPOrpaMMHOE OOECIIeYeHUE U TeX-

HOJIOTUYECKYI0 0a3y HaHHBIX, JUIS CO3[aHUS MMKPOYCT-
POMCTB MeTOJAMU TeYaTHON TEXHOJOTUU.

MeToauka NpOEKTHPOBAHUSA MUKDPOIJIEKTPOHHBIX YCTPOMCTB
HA OCHOBE KOHCTPYKTOPCKO-TEXHOJJOTHYECKHX pelleHuii
NEeYATHOM JIEKTPOHUKH

OCHOBHBI€ 3TaIlbl IPOEKTUPOBAHMSI MUKPOSJIEKTPOHHBIX
YCTPOMCTB, peaju3yeMbIX METOIAMU MEYATHOMU 3JIEKTPOHU-
KW, W TpelnjaraeMble sl 9TOTO0 MPOrpaMMHBIE CpelcTBa
npejacTaBieHbl Ha puc. 1.

MeTonuka NpoeKTUPOBaHUS MpeanoaraeT uCIoab30Ba-
Hue nporpammHoro odecneueHust (ITO) u 6a3bl naHHbIX. Ta-
KUM obOpa3oM, moMmumo paspaboTku [1O HeoOxoaMmo Tak-
K€ co3MaHMe M TomuepkKa 6as3bl JaHHBIX, KOTOpas Comep-
KAT OMOJTMOTEKY BJIEMEHTOB, BJIEKTPUYECKUE MOIETN, NH-
(opMalnio 0 TEXHOJIOTMH U TIpaBUjIa MPOSKTUPOBAHUSI.

Ha xaxmnom aTamne mpoeKTHpOoBaHUsI ¢ TTIOMOIIBIO CO3/1a-
BaeMbIX U aalITUPYEMbIX TPOTPAMMHBIX CPENICTB MPeIoia-
raercsl peleHre COBOKYIMHOCTH 3aaay.

Cxemomexnueckoe npoeKmupoganue:

e pPa3paboTKa, BBOJ 2JEKTPUUECKOI CXeMbl U pacueT napa-
METPOB UCIOJIb3YEMbIX 2JIEMEHTOB (TPaH3UCTOPOB, pe-
3UCTOPOB, KOHJIEHCATOPOB U T.1I.);

e MOICIMPOBAHUE CXEMBI BO BPEMEHHOM U YaCTOTHOU 00-
JIACTSIX C YYETOM TEXHOJIOTMUYECKUX pa3dpOCoOB, TeMIiepa-
TYPBbI, HAMPSKEHWST TTUTaHUsI, BPEMEHHBIX Apeii(oB;

e MOIECIMPOBAHUE CXEMBI C YUETOM IapasUTHBIX 3JIeMEH-
TOB, TIOJIYYCeHHBIX U3 TOMOJIOTMYECKOTO aHAIM3a.
Tononoeuueckoe npoekmuposanue:

e TIPOECKTUPOBAHME C WCIOJb30BAHWEM 3JIEMEHTOB TMapa-
MeTpu3oBaHHBIX sueek (PCell);

e BepUOUKAILIMS TOITOJOTHH YCTPOMCTBA;
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TexHonornuyeckan basa !
AaHHbIX
Process Design Kits

B xadecTBe TECTOBOTO M3IENNST BBI-
6paH JOCTATOYHO 4YacCTO I/ICHOIII)BYCMI)Iﬁ
CXEMOTEXHUYCCKUI OOBEKT B BUAE KOJIb-

Mpou3eoacTeo (neyats)
Manufacturing (printing)

pa3pabaTbiBAeMOro yCTPOICTBA.

|
| |
| |
| |
. [LTSPICE . LIeBOTO TeHeparopa, MOCTPOEHHOTO Ha
| CxeMoTeXHUYECKOoe = —— 6ase N uHBepropos [14].
: npoekTupoBaHue L= g::lsccén;; %%%T:HTOB : CxeMOTeXHHYECKOEe TPOEKTHPOBAHKE.
, Schematic design /" = . B reneparope (puc. 2) WHBEPTOPHI
aﬂeKTDHUECKﬂE Moaenu _ o
: CriMCoR Canasil exasitt Elactrteal thodals : X]\lr XS5 BKJIIOUEHBI 110 KOJIBLIEBOH CXeMe
| y|y Netlist MapaMeTpU3IoBaHHBIE AYEAKM | ( - )’U Harpyskou KOTOpOW CJIy>KHUT
' [GLADE PCell | BBIXOZHOM Kackaz X0.
[ Tononoruyeckoe \ s CKPMNT KOHTPONA NpaBmn \ M3BecTHO, YTO IIPU CO3MaHUN TAKUX
: NPOEKTUROBAHKWA | o
| NPOEKTUpOBaHHe — RS Bie Checiier scipt | YCTPOWCTB B BUZIE IOJNYIPOBOAHNKOBBIX
| Physical design _/ i | MHTErPaJIbHBIX MUKPOCXEM IIIHPOKO MC-
| CKpUNT IKCTPAKLUMKM CIMCKA |
canzeil cxeMbl none3ytor KMOII-31eMeHTHYO 0asy.
| i i i |
: GDSII Metlist Extraction script . OmHako B HacTOsIIIee BpeMsl IPU UCTIONb-
| ILAYOUT2BITMAP CKpUNT KOHTPONA NPaBKA | 30BaHWM MEYATHOW TEXHOJOTHU ITOIBIK-
INEKTPHUHECKWX CBA3EW o
I . Electrical Rule Checker script ‘ HOCTb HOCUTECJICHU 3apsaa B n-KaHaJbHbIX
| YI"IDaBJ"IEHﬂE nHpopMauven = | 6
| T EtraRon oSN CxpunT coorsetcrena Tononormu || | TPAH3UCTOPax OOBIYHO 3HAUUTENBHO HU-
I PV SonVRIoNa CNHCKY CBA3ER CXeMbl [ XK€ YeM Yy p-KaHAIbHBIX TOHKOILJIEHOY-
Layout Versus Schematic script
: : HBIX TpaH3uCTOpOB [3, 16, 17].
| BMP || [ Texnonoruueckmin daiin | JlaHHOE OOCTOATENLCTBO OBUIO yuTE-
I Technology fiie | HO NP BHIOOpE 2JIEMEHTHOIN 0a3bl ISt
| |
| |
| |

Puc. 1. OcHoBHbIE 3Tambl NPOCKTHPOBAHUA MUKPOIJIEKTPOHHBIX ychOﬁCTB JJIA U3roToBJjie-

HHUSL METOAAMH MEYATHON TEXHOJIOTHM

Fig. 1. Basic stages of designing microelectronic devices based on printed electronics

SKCTPAKIIMS Mapa3uTHBIX TTapaMeTPOB CXEMBI;
co3maHue 0a3bl mpoekra B ¢popmare GDSII.

Cunme3 ynpaeasiouiell uHgopmayuu:

e TIOJyUYEeHUE yMpaBistoleil MH(GOpMalMK A5 TEXHOJIOTH -
YecKOro KOMILIeKca MevyaTHON 3J1eKTPOHUKH;

e MonuduKauusg U KOppeKuMs ynpasisioleil uHbopma-
LMK C YYETOM TEXHOJOTMYECKHMX OTpAaHUYEHUIN U METO-
JTOB TIOBBIIIIEHUS BBIXOJA TOTHBIX.

IIporpaMMHBIE cpelicTBa BHIOMPAIU B paMKax YCTaHOB-
JICHHBIX KPUTEPHEB T10 pe3ysibTaTaM MPOBEIEHHOTO aHaI-
3a cymectBytomiero 1O, MO3BONSIONIETO pellaTh COBOKYII-
HOCTb BBILIENEPEUNCICHHBIX 3a1a4.

IlepBUYHBIMU KPUTEPUSIMUA OBUTU CJIEAYIOLIUE:

e 1npenocrapieHue 1O GecrutatHo, 1u60 Mo GNU-nu-
LIEH3UU;

e HaJIMUME BEpCHUIl JJIs OIepalMOHHBIX cucTeM Windows
7/10 u Linux;

e BO3MOXHOCTH MPOTPAMMUPOBAHUS (DYHKIMI TTPOTrpaMM
¢ ucnoJjib3oBaHueM s13bIKOB mporpammupoBanus (TCL,
Python u 1.1.).

JIJ1s1 CXeMOTeXHUYECKOTro MPOoeKTUpoBaHus BeioOpaHo 10
LTSPICE (dupma Linear Technology) [10], Tononornyecko-
ro npoektupoBanusi — GLADE (dupma Peardrop Design
System) [11], ansa noaydyeHus ynpasjsitolleil nHGopMauum —
LAYOUT2BITMAP (UAB Barcelona) [12].

IIpuMep KOHCTPYKTOPCKO-TEXHOJOTHYECKOI Pa3padoOTKu
MHKPO3JIEKTPOHHOTO M3JeJiis HA OCHOBE
MeYaTHOH TEeXHOJIOTHH

B pamkax momxoma, M3JIOK€HHOro Ha puc. 1, paccMoT-
PYIM TIpPUMEP CKBO3HOTO MIPOEKTUPOBAHMS YCTPOMCTBA, BKIIIO-
yasi CO3laHue DSJIEKTPUUYECKUX Moeseil, MOoAeIupoBaHue
CXEMbI, MOCTPOEHKE TOIMOJOIMU U NTpeodpasoBaHue ¢haiiaoB
u3 popmara GDSII B popmar BMP st meyatu cxembl Ha
TIpUHTEpE.
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Hcnonb3oBaHa cxema QJIEMEHTApHOTO

———————— *  HHBEpTOpa, B KOTOPOI aKTWUBHBIA TpaH-

3ucrop M1 u Harpy3ouHblii M2 umeroT
KaHajbl p-tuna (puc. 3).

Bxomnoit curnan IN moctymaer Ha
3aTBOp TpaH3ucTtopa M1, Beixogom OUT
CIYXUT €T0 CTOK, MCTOYHWK MUTAHUS TOAKIIOUEH K Y31y
VDD. Tak KaK moporoBoe HanpspKeHNEe Harpy304HOIo TpaH-
3UCTOpa OTPHUIIATEIHHO, TO €T0 3aTBOP COEMUHEH CO CTOKOM
JUTsE obecTieueHMsT pexkuMa Kackana 1o MOCTOSTHHOMY TOKY.

IIpu MoaenMpoBaHUM B paMKax IIpOrpaMMHOIo obecrie-
yeHust LTSPICE wucnonb30BaHbl ClieAyOlIe 3HAYEHUST OC-
HOBHBIX TTapaMETPOB MOJICJI TOHKOIIJICHOYHOT'O TpaH3UCTOpa
PTFT1 [18, 19]: moporosoe Hamnpsokenue Vyp = —12 B; Ton-

- x5 out |
| |
| |
T 1 1 1 1 1]
| S Y R &
Clxa T e Tl T x| xs X6 | |

Puc. 2. CTpyKkTypHas cxema KOJIbIIEBOIO reHepaTopa
Fig. 2. Block diagram of the ring oscillator

M2
PTFT1

Puc. 3. [Ipuanunuansaas cxeMa WHBEPTOPA
Fig. 3. Schematic diagram of the inverter




4\ V(IS—OLIt)

L - - - = =

Puc. 4. BpemenHasi imarpaMmMa HanpspKeHHs HA BbIXojie nHBepTopa X5
Fig. 4. Timing diagram of the output voltage of the X5 inverter

LIMHA MTOA3aTBOPHOIO AN3eKTpuKa Ty = 1 MKM; 3¢ deKTrB-

Has TOIBIKHOCTb HocUTelleld B KaHaie py = 0,1 CMZ/(B *C);

IUIOTHOCTb TOKA HACBHILLEHMS IEpeXofa MOMLIOXKU Jg =

=25-1073 A/Mz; rnapameTp MOAYJSUMUM JUIMHBI KaHaja

Lambda = 1,2+107° 1 /B; eMKOCTU TIepeKpbITHSI 3aTBOP —

UCTOK U 3aTBOP — CTOK Ha MeTp IUMpUHbI KaHana Cggo =

= Cgpo=1,38" 107° ®/M; TTOBEPXHOCTHOE COMPOTUBJICHUE

CIIOS CTOKA M UCTOKA Rgy = 2,5 MOwm. Jlna my4iuero corna-

COBaHUS TTapaMeTPOB aKTUBHBIN M HATPy30YHBIM TPAH3MCTO-

PBI UMEIOT OIHY U Ty Xe€ JIIMHY KaHaioB L; = Ly, = 40 Mxm.

CootHoluenue mupuH kanaios W /W, = 1000/200 = 5

obecrneurnBaeT HEOOXOAMMbIE BBICOKMI M HM3KUN YPOBHM

JIOTMYECKUX CUTHAJIOB MPU HAMPSDKEHUU MCTOYHMKA TTUTa-

HUs UVDD = 40 B.

PesynbraThl MOIEIMPOBAaHUS TIEPEXOAHOTO Tpollecca Ha
BbIxole MHBepTopa X5 (puc. 4) MOKa3bIBAIOT, YTO YacTOTa
reHepaluu cocTaBisIeT fgc = 270 I'll Ipu NoHOM pa3maxe
Hanpsxenua Upgc = Upax — Umin = 15 B. Ouenxoii nipe-
JIeIbHOTO ObICTpoaeicTBUS [13] MOXET CITyXKUTh BpeMeHHast
3aaepxkka unsepropa f;yy = 1/2Nfgge) = 370 Mkc.

Tonoaoruyeckoe nmpoexTupopanue. Ha nanHoM 3Tamne pas-
pabaThIBalOT TOMOJOTUIO YCTPOIMCTBA, MPOBOMAST €€ Bepudu-
KallMIO U TOJIyYaloT BbIXOAHBIE gaHHbie B ¢popmaTe GDSII.

Jlns yrpolueHusT pa3paboTKu U BepuGUKaLMK TOIIOJIO0-
run B I10 GLADE Ha s3pike mporpammupoBaHus Python
[20] co3maHa TexHonOrMyecKas: 6a3a IaHHBIX, KOTOpasl BKIIIO-
yaeT B ce0s1 HaOOp CKPUITOB: MapaMeTPM30BaHHBIX SYEEK
(PCell); xoHTpoasi npaBui npoektupoBanust (Design Rule
Checker); aKcTpakLIMu criicka cBsizeit cxemnbl (Netlist Extra-
ction); KOHTPOJISI MpaBUJI 3JIeKTpUuueckux cBsizeit (Electrical
Rule Checker); cooTBETCTBUS TOIOJOTHUM CITUCKY CBSI3Ei CXe-
MbI (Layout Versus Schematic).

IlapameTpu3oBaHHas1 siYeiika — 3TO Te€OMETPUUYECKUIA
00BEKT, COCTOSIIMI U3 OMHOTO WM 0oJiee C/I0eB, KOTOPBIit
ABTOMAaTHUYECKH TeHEPUPYETCST B COOTBETCTBHM CO 3HAYCHM-
SIMA HEKOTOPBIX 3alaHHBIX MepeMeHHBIX. Tak, HampuMmep,
rnapaMeTpu30BaHHasl siueiiKa TPAaH3UCTOPa B TAaHHOM CIIy4yae
CONIEPXKUT TPU TIEPEMEHHBIX: IIIMPWHA KaHajla; JUIMHA KaHa-
J1a; 4Mciio map "manblieB” TpaH3ucTopa. TakuM o0pa3om, Ijist
CO3JaHUSI HOBOTO TPaH3UCTOpAa HEOOXOAMMO JIWIIb HM3Me-
HUTb MepevyrceHHbIe MapaMeTpbl U MPU 3TOM He HYXHO
TOBTOPHO PUCOBAaTh CJIOM TpaH3UCTOpa (MeTasll, MOJyImpo-
BOJHUK, IU2JEKTPUK). Mcrnosb3oBaHWe MapaMeTpU30BaH-
HBIX slY€eK MO3BOJISIET 3HAUUTENBHO YCKOPUTH MPOLIECC pa3-
pabotku Toronoruu [21].

Cragus BepuduKaluy oObIMHO BKJIIOYAET TPU ITara:

e KOHTPOJIb MTPaBUJI IPOEKTUPOBAHMSI, T. €. POBEPKa TeX-
HUYECKOU peain3alru CXeMbI TOJbKO C TEOMETPUUECKON
TOYKHU 3peHUST (JIOITyCTUMBIE PACCTOSTHMS, IIMPUHA, TIe-
DPEKPBITUS CIIOEB);

e DKCTPAKIMS CITMCKA CBSI3ei CXeMBl M KOHTPOJIb MPaBUJI
BJIEKTPUUYECKUX CBsi3eil, T. €. (pakKTUUecKH IpoBepKa
OIIMOOK 3JIEKTPUIECKUX COSAMHEHUI B TOITOJIOTHH (KO-
POTKOE 3aMbIKaHHWE WM Pa30MKHYTas 1IeTb);

e YCTaHOBJIEHME COOTBETCTBHUSI TOMOJOIMU CITUCKY CBSI3EN,
T. €. IPOBepKa MIACHTUIHOCTH CXEMBI U TOITOJIOTHH.
PesynbraT BBITTOTHEHHOTO TOIOJIOTMYECKOTO TMPOCKTH-

pOBaHUS KOJIBLIEBOTO TeHepaTopa IpeacTaBieH Ha puc. 5.
JaHHast TOMOJOrUsSI KOJIbLIEBOIO reHepaTopa COCTOUT U3

OGMOIMOTEYHBIX DJIEMEHTOB — MHBEPTOPOB, KOTOPKIE, B CBOIO

ouepesib, COCTOSIT U3 MapaMeTPU30BAHHBIX STY€EK TPAH3MCTO-

poB. PazMmephl KoJblieBOro TeHepaTopa cocTaBistioT 13 600 Ha

5700 mxm. Toronorust moaTBEpKA€HA BCEMM 3TarlaMu Bepy-

(brKalM 1 MOJTHOCTBIO COOTBETCTBYET CITUCKY CBSI3€I CXEMBI.
st nepexofa K 3aKII0UUTETLHOMY 3TaIy MPOeKTUPOBa-

HMSI KOJIbLIEBOTO IreHepaTopa MpoBeJeHa IKCTPaKIIUsl TOTMO-

noruu B ¢popmat GDSII B nensix nucnonb3oBaHust nH(popma-

MU JJTS YIIPaBJIeHUsST KOMIUIEKCOM TeYaTHOM TEXHOJIOTUM.
Ilonyyenue ynpasasiiomeid nagopmanun. 3aKIIIOUUTENb-

HBIM 3TarOM IIPOEKTUPOBAHMS SIBJISIETCS TTOJIydeHUe YIIpaB-

Jsonieit nHGopMauum Uisi TEXHOJIOTMYECKOro KOMILIeKca

neyaTHou anekTpoHuku. [IpeodbpazoBanus (aiiioB U3 ¢op-

mara GDSII B popmar BMP peanusyercst ¢ UCIIoIb30BaHU -
em ITO LAYOUT2BITMAP.

B mannoe I10 3arpyxator ¢aitn ¢popmara GDSII, B ko-
TOPOM OIIMCaHa TOMOJIOTUSI YCTPOMCTBA, 1 (haiti, comepxka-
iy onucanue texHojoruu. 3ateM I1O mpeoOpa3oBbIBaeT
daiin popmara GDSII B Habop ¢aitnoB ¢popmara BMP.
Yucno BMP-daiinoB coOTBETCTBYET YMCIIY CJIOEB, UCIOJIb-
3yeMbIX B Tolosiornu. Hanpumep, B TOMOJOTMU KOJIbIEBOTO
reHepaTropa MCMOJb3YIOTCSl YEThIpe CJIOsl: MEePBbIil MeTall,
BTOPOI1 MeTaJLJ1, MOJYIIPOBOAHUK, TU3JIeKTpUK. Torna mocie
npeo6pazoBaHus [10 cosmaer yetbipe BMP-aiina, B kax-
JIOM M3 KOTOPHIX 00O03HavYeHa 00J1acTh, 3aHMMaeMasi COOT-
BETCTBYIOIIUM cJioeM. [Tpumep ciios TepBOTo MeTaiia Mpe-
cTaBJIeH Ha puc. 6.

Puc. 5. Tonosiorus KoJibleBOro reHeparopa
Fig. 5. Layout of ring oscillator

Puc. 6. Cioii nepsoro MeTajuia nocJjie npeodpa3oBaHusi TONOJOTHH U3
¢opmara GDSII B popmar BMP

Fig. 6. The first metal layer after conversion the topology from GDSII
format to BMP format
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Jlanusie BMP-gaiinel mamee mepemaioT Ha IedyaTh B
MIPUHTEP.

3akmouenue

Pa3zpaboTaHbl IMporpaMMHbIE CPEACTBa IJIs1 peaau3aluu
MUKPOBJIEKTPOHHBIX YCTPONCTB METONAMU T€YaTHON TeX-
Hosioruun. Ha6op nporpammHoro o6ecnieuenust (LTSPICE,
GLADE, LAYOUT2BITMAP) u TexHonornyeckoii 6a3bl
JIAHHBIX CYIIECTBEHHO 00JIeTYaeT U YCKOPSIET MPOIECC MPo-
eKTMPOBaHUsI, 00ecIIeurBaeT IJIsl pa3pabOTIMKOB HEOOXOIM -
MBIl YPOBEHb MPEACTABAEHUS] CXeMOTEXHUUECKUX U TEXHO-
JIOTUYECKUX TMapaMeTPOB 2JEMEHTOB MeYaTHON 3JIeKTPOHM-
KU1 0e3 ryooKoil neTann3auuy napaMeTpoB TEXHOJIOTUM U3-
TOTOBJIEHUST YCTPOMCTB.

IIpenmonaraercsi, 4To MO Mepe HAKOIUIEHUS! OINMBITHBIX
NIAHHBIX KOMIUIEKC TPOTPpaMMHBIX CPEACTB OyaeT Moaudu-
LIMPOBAH M pacllMpeH, Peaiu30BaHO CMEIIaHHOE MPOEKTH-
poBaHMe, CTPYKTYPHOE MPOEKTUPOBAHKE, CUHTE3 U MOJIEIIM -
poBaHUe MGPOBHIX YCTPOMCTB.
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Introduction

A promising trend in manufacture of products of hybrid-
film electronics is development of printed technologies [1—3].
They ensure lower costs and shorter manufacturing cycles of
the devices in comparison with the classical technologies of
the microelectronic productions [4—5]. Therefore, the flexi-
ble printing electronics is attractive for realization of inexpen-
sive and mass devices (radio-frequency labels, flexible dis-
plays, sensors) [6—S8].

The devices of flexible printed electronics are still at the re-
search and development stage, aimed to achieve the demanded
parameters and their acceptable reproducibility. The process of
designing of the microelectronic devices, produced with the use
of the printed technologies, is not automated enough [9].

For a through designing of the microelectronic devices by
traditional technology the software products of companies
Cadence Design Systems, Synopsys, Mentor Graphics, etc. are
widely used. However, their acquisition is connected with
considerable expenses, demands a special level of training for
the workers operating with them, and for most tasks solved by
the methods of printed technology they are actually superflu-
ous. Therefore, for designing of the devices of the flexible
printed electronics it would be expedient to use, develop and
adapt the existing software, which are distributed, for exam-
ple, under the licence of GNU or are available in free access.
The aim of the work is development of a complex of software
products and a technological database for creation of micro-
devices by the methods of the printed technology.

Methods for designing of the microelectronic devices
on the basis of the design-technological solutions
of the printed electronics

The main design stages of the microelectronic devices re-
alized by the methods of the printed electronics and the soft-
ware offered for this purpose are presented in fig. 1.

The designing methods envisage the use of software (SW)
and a database. Thus, besides SW it is necessary to create and
ensure support of a database, which contains a library of el-
ements, electric models, information concerning the technol-
ogy and rules of designing.

At each design stage of designing the created and adapted
software is expected to solve a set of the following tasks.

Circuit designing:

e development, introduction of an electric circuit and cal-
culation of the parameters of the employed elements
(transistors, resistors, condensers);

e modeling of the circuit in the time and frequency spheres
taking into account the technological variations, temper-
ature, supply voltage, and time drifts;

e modeling of the circuit taking into account the parasitic
elements received from a topological analysis.
Topological designing:

e designing with the use of the elements of the parametrized
cells (PCell);
verification of the topology of a device;

e extraction of the parasitic parameters of the circuit;
creation of a base of the project in GDSII format.
Synthesis of the control information (CI):

e reception of CI for a technological complex of the printed
electronics;

e modification and correction of CI taking into account the
technological restrictions and methods for increase of a
product yield.

The software was selected within the framework of the es-
tablished criteria by the results of the undertaken analysis of
the existing SW, allowing us to solve the set of the above tasks.

The primary criteria were the following:

provision of SW free of charge, or by a GNU licence;

availability of versions for the operational systems Win-

dows 7/10 and Linux;

e possibility of programming of the program functions with
the use of the programming languages (TCL, Python, etc.).
For circuit designing LTSPICE SW (LinearTechnology)

was chosen [10], for topological designing — GLADE (Pear-

drop Design System) [11], for reception of the control infor-

mation — LAYOUT2BITMAP (UAB Barcelona) [12].

An example of the design-technological development
of a microelectronic product on the basis
of the printed technology

Within the framework of the approach (fig. 1), let us con-
sider an example of a through designing of a device, including
creation of electric models, circuit modeling, topology design
and transformation of files from GDSII format into BMP for-
mat for printing of a circuit on a printer.

As a test product a rather frequently used circuit object
was chosen in the form of a ring oscillator constructed on the
basis of N inverters.

Circuit designing. In the oscillator (fig. 2) X1—XS5 invert-
ers are connected into a ring circuit (N = 5), the load of which
is provided by the output cascade of X6.

As is known, for creation of such devices in the form of
the semi-conductor integrated microcircuits CMOS element
base is widely used. However, when printed technology is
used, the mobility of the charge carriers in n-channel tran-
sistors is usually considerably lower, than in p-channel thin-
film transistors [3, 16, 17]. This circumstance was considered
in selection of the element base for the developed device.

The circuit of the elementary inverter with active transistor
M1 and loading transistor M2 has channels of p-type (fig. 3).

The input signal IN comes to the gate of transistor M1,
OUT is its drain, the power source is connected to VDD
node. Since the threshold voltage of the load transistor is neg-
ative, its gate is connected to the drain in order to ensure the
cascade mode on the direct current.

During modeling within the framework of LTSPICE soft-
ware the following values of the basic parameters of PTFT1
thin-film transistor were used [18, 19]: threshold voltage
V1o = —12'V; thickness of the subgate dielectric Tjyy = 1 um;
effective mobility of the carriers in channel py = 0,1 cmz/ (V-s);
density of the saturation current of the substrate transition
Jg=12,5- 1073 A/mz; modulation parameter of the channel
length Lambda = 1,2 - 1073 1/V; overlapping capacities of
gate — source and gate — drain per a meter of the width of
channel Cggo = Cgpo = 1,38+ 107° F/m; surface resistance
of the layer of the drain and source Rgy = 2,5 MQ. For a bet-
ter coordination of the parameters, the active and the load
transistors have the same length of channels L; = L, = 40 pm.
The correlation of the widths of channels W|/W, =
= 1000/200 = 5 ensures the necessary high and low levels of
the logic signals at voltage of the power supply Uy, =40 V.

The results of modeling of the transition process at the
output of inventor X5 (fig. 4) demonstrate, that the frequen-
cy of generation equals to fygc = 270 Hz at swing voltage of
Uosc= Umax — Umin = 15 V. The limit speed [13] can be es-
timated by the time delay of the inverter ¢,y = 1/2Nfps0) =
= 370 ps.
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Topological designing. At the given stage the device to-
pology is being developed, its verification is done and the out-
put data is obtained in GDSII format.

For simplification of development and verification of to-
pology in GLADE SW in Python programming language [20]
a technological database was created, which included a set of
scripts: parametrized cells (PCell), and control of the rules of
designing (Design Rule Checker), extraction of the list of the
circuit communications (Netlist Extraction), control of the
rules of electric communications (Electrical Rule Checker),
correspondence of the topology to the list of the circuit com-
munications (Layout Versus Schematic).

A parametrized cell is a geometrical object from one or
more layers, which is generated automatically according to
the values of certain set variables. Thus, for example, in this
case a parametrized transistor cell contains three variables:
width of the channel, length of the channel, number of pairs
of "fingers" of the transistor. So, for creation of a new tran-
sistor it is necessary only to change the listed parameters and,
at that, it is not necessary to draw the transistor layers (metal,
semiconductor, dielectric). The use of the parametrized cells
allows us to accelerate considerably the process of the topol-
ogy development [21].

The verification stage usually includes three substages:

e Control of the designing rules, i.e. checking of the tech-
nical realization of the circuit only from the geometrical
point of view (admissible distances, width, overlappings of
the layers).

e Extraction of the list of communications of the circuit and
control of the electric communication rules, i.e. actually,
checking of the errors of the electric connections in the
topology (short circuit or broken circuit).

e Establishment of correspondence of the topology to the
list of communications, i.e. checking of the identity of the
circuit and the topology.

The result of the implemented topological designing of a
ring oscillator is presented in fig. 5.

The given topology of a ring oscillator consists of the li-
brary elements — inverters, which, in turn, consist from the
parametrized cells of transistors. The dimensions of the ring
oscillator are 13 600 % 5700 um. The topology has been con-
firmed by all the stages of verification and completely corre-
sponds to the list of communications of the circuit.

For a transition to the final stage of designing of the ring
oscillator an extraction of the topology into GDSII format
was done with a view to use information for control of the
complex of the printed technology.

Reception of the control information. The final stage of
designing is reception of the control information for the tech-
nological complex of the printed electronics. The transforma-
tion of the files from GDSII format into BMP format is re-
alized with use of LAYOUT2BITMAP SW.

In the given SW a file of GDSII format is loaded, describ-
ing the topology of the device, and a file containing the tech-
nology description. Then SW transforms the file of GDSII
format into a set of files of BMP format. The number of BMP
files corresponds to the number of the layers used in the to-
pology. For example, the topology of the ring oscillator uses
four layers — first metal, second metal, semiconductor and
dielectric. Then, after the transformation, SW creates four
BMP files, in each of which the area occupied by the corre-
sponding layer is marked. An example of the layer of the first
metal is presented in fig. 6. Then the given BMP files are
transferred to the printer for printing.
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Conclusion

Software has been developed for realization of the microe-
lectronic devices by the methods of the printed technology.
A software package (LTSPICE, GLADE, LAYOUT2BITMAP)
and a technological database facilitate and accelerate consid-
erably the designing process, provide for the developers the
necessary level of presentation of the circuit and technological
elements of the printed electronics without deep detailed pa-
rameters of the manufacturing techniques of the devices.

It is expected, that in the process of accumulation of the ex-
perimental data the software complex will be modified and ex-
panded, while the combined designing, structural designing,
synthesis and modeling of the digital devices will be realized.
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KANAECTPYMHAS TEXHOAOTUA TMBKOM MEYATHOM SAEKTPOHUKU
AAAl U3TOTOBAEHUS NMACCUBHDBIX DAEMEHTOB

Ilocmynuna 6 pedaxuyuro 07.06.2017

Paccmompena npakmuyeckas peaiuzauus maxk Ha3vleaemo20 mexHoA02UYecK020 N00X00a K U320MO08AeHUN) NACCUBHBIX KOM-
NOHEHMO8: Pe3UCmopos8, KOHOCHCAmopos, UHOYKMUBHOCMELl ¢ UCNOAb308AHUEM MUKDOPA3MEPHOU MEeXHOA02UU HAHECeHUs. HaHO-
KOMRo3umHblx mamepuanos. Takace 8binoaHEHbL UBMEPEHUS OCHOBHBIX NAPAMEMPOE NOAYYEHHbIX CIMPYKMYD, NPO8edeH KpamKui
0030p HEKOMOPbIX MEXHOA02UMECKUX 0COOeHHOCMel U 02PaHU4eHUl.

Karoueevie caosa: cmpyﬁﬁaﬂ nevams, nacCugHsvle 31emernivl, HaAaHOYaAcmuubl

Beenenne

DBOJIOINS COBPEMEHHBIX KOHCTPYKTOPCKUX TEXHOJIO-
TMYECKUX PElIeHU B 00J1aCTU CO3MaHUs U3Neauil TMOpu/I-
HO-TUJIEHOYHOM 3JIEKTPOHUKU OTPEACIISIETCSI pa3BUTUEM Me-
TOHOB I'MOKOI IJIEHOYHOM 3JIEKTPOHMKM, BKIIOYas Karljie-
CTpyliHbIE TE€XHOJOI'MM, TMOKMEe CcyOCTpaThl, MUKPOCOOPKY
OECKOPIYCHBIX 2JIEMEHTOB, BKJo4asi 3D-cTeKoBylo MHTEr-
pauuio.

IIpoctoTa U AelieBU3HA TaKWUX W3IETUNA MO3BOJISIET OT-
KpBIBaTh ISl HUX HOBBIE PBIHKM, TaKWe KaK MapKMpOBKa
YIIaKOBKY TPOAYKTOB MUTAHMSI, JTEKAPCTB WJIM UHBIX U3ME-
JINH C OTpaHUYEHHBIM CPOKOM TOHOCTH, KOHTPOJIb YCIOBUIA
XpaHEHMsI, OTHOPA30BbI€ 3KCIPECC-TECThl U JIPYTUe Tepc-
MEeKTUBHbIC HaMpPaBICHUS.

B crarbe paccmarpuBaeTcsl co3laHU€ TMACCUBHBIX BJie-
MEHTOB (pe3UCTOPbl, KOHAEHCATOPbI, UHAYKTUBHOCTU) Ha
MOJMUMMAE METOAOM CTpYHHOI MevyaTu. JlaHHasT TEXHOJIO-
Tus SIBJsEeTCSA AAIUTUBHOM, T. €. MaTepUal HAHOCUTCS TOJb-
KO B T€X MecTax, Tie OH TpeOyeTcs, Clel0BaTeJIbHO, MPO-
HUCXOMUT 3HAUYUTEIbHASI SKOHOMUSI Ha Marepuayie. DTO He
€IMHCTBEHHOE TMPEUMYIIECTBO TEXHOJIOTMHU, KPOME TOTO
YIPOUIAETCS] TEXHOJOTMYECKU I TTPOLIECC U3TOTOBICHUS U3-
nenusi. KamiecTpyiiHble TEXHOJIOTUY TTO3BOJISIIOT M30aBUTh-
Csl OT TOPOTOCTOSIIIETO U3TOTOBJICHUSI MAaCOK, a TAKXKe YCKO-
pUTH MPOLIECC BHECEHUSI U3MEHEHUI B U3JE/IME.

Oco0eHHOCTH KAIUIECTPYIHO# TEXHOJIOTHI

KamnectpyliiHas meyath sIBJsseTCsl Haubosee MepCreKTUB-
HOI TEXHOJIOTHEN aAIUTUBHOIO JIOKAIbHOTO OECKOHTAKTHO-
ro TMOCJIOWHOro co3maHus ycrpoiicts I'TID (rubkoit meyar-
HOi 25ekTpoHUKH). COBpeMEHHbIE KaruieCTpyiHbIe MPUH-
Tepbl CNOCOOHBI (POPMUPOBATH KATUIM YEPHUT OOBEMOM OT
1 i1 1 oGecreynBaTh TOMOJOTUYECKYIO HOPMY TeYaTH B He-
CKOJIBKO MUKpoMeTpoB [2]. CyllecTBYIOT IBe HanboJiee pac-
MpOCTpaHEHHbIE TEXHOJOTUM KarutecTpyiiHoi mevatu. Co-

rimacHo texHojiornu Continuous inkjet (CI1J) kamim yepHuUa
(opmupyloTcst HermpepbIBHO, HO B MOMEHT, KOTjia HaHece-
HME Ha TOUIOXKY HEOOXOIUMO MPEeKPaTUTh, KaIrlJId OTKJIO-
HSIIOTCSI B CIIEeLIMAJIbHBIN XKel00, U YepHUJIa BO3BPALIAIOTCS
B pe3epByap nonayu. B pamkax gaHHOU pabOThI UCITOIb30-
BaJICSI CTPYMHBIN IMPUHTEP, KOTOPBIM paboTaeT IO TEXHOIO0-
ruu Drop on demand (DoD), cortacHo KOTOpoii KaIuiu 4ep-
HWI 00pa3yloTcsl UCKJIIOYUTEbHO B T€ MOMEHTBI, KOTJa Tpe-
OyeTcst HaHeceHue matepuana (puc. 1) [1].

dopmupoBaHUe KAl OCYIIECTBISIETCS B IThE303JIEKT-
puueckoM coruie. 751 co3gaHus Karuii Ha Tbe303JIEKTPUK
rnoAaeTcsl ynpasJsiioLMid UMITYJIbC, KOTOPbIi BbI3bIBAET CXKa-
THE TbE303JIEMEHTA U BBITAIKUBAHUE HEKOTOPOro o0bema
yepHWI U3 KaHaia. Ha puc. 2 u 3 nokasan npotiecc opmMu-
pOBaHUS KallUIM MbE303JEKTPUYECKUM COTUIOM.

OgHUM U3 BaxKHEHINMX IapaMeTpOB CTPYMHOI IleYaTu
SIBJISIETCS] TIOBEPXHOCTHASI SHEPTUS MTOMJIOXKKU, ONpPenesiio-
11asi KOHTaKTHBIM yroj cMauuBaHus (puc. 4). JlaHHbBIN ma-
paMeTp oripeielisieT pa3Mep MsTHA KarlJid YepHWJI Ha Io-
BEPXHOCTU TMOMJIOXKKU, a CJelI0BaTebHO, MUHUMAJIbHYIO
WMPUHY JUHUU U CTUIOLIHOCTb cj10sl. C MOMOILIbIO Pa3iny-

Puc. 1. CpaBaenne TexHoJornn GyHKIMOHUPOBAHNS CTPYHHBIX IPHAH-
TEPOB: ¢ — HeNpepbIBHAs Moaava; b — Karuis 1no TpeboBaHUIO
Fig. 1. Comparison of inkjet printers’ operation technologies: a —
continuous inkjet; b — drop on demand
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Puc. 2. IIpounecc ¢popMUpOBAHMSA KATLIH
Fig. 2. Droplet formation process

Neesoanektpuk (Piezo)

(Inks) |

Puc. 3. Co3nanne Kamiu nbe303/1eKTPHIECKON MeYaTaiomeii rojiosoi
Fig. 3. Droplet formation by a piezoelectric print head

Puc. 4. KoHTakTHBI YroJ Kamim YepHUI A0 00padoOTKH H MOCJie

Fig. 4. Ink droplet’s wetting angle before and after substrate surface
treatment

HBIX CITOCOOOB MOATOTOBKM IMOBEPXHOCTH (K MPpUMEPY, TUIa3-
MeHHasi 00paboTKa B mmapax IpeKypcopoB [3]) Haxoaurcs Oa-
JIAaHC MEXIY CAUIIKOM OOJIBIIMM YIJIOM CMauyWBaHUs, MPHU
KOTOPOM Karuld COOMpAlOTCsl B LIAPUMKM Ha TMOBEPXHOCTHU
MOJIOXKU U He 00pas3yloT CIUIOLIHOTO CJI0SI, U MaJlbIM yI-
JIOM CMauMBaHUsl, KOTOPBIl MPUBOJUT K HEKOHTPOJIUPYE-
MOMY PacTeKaHWIO YEPHMJI TI0 TTIOBEPXHOCTU TOIOXKKU.

W3roroBiieHne pe3ucTOPOB METOAOM KAIJIECTPYHHOI meYyaTH

Jns omnpeneneHus: KOHCTPYKTHMBHBIX IMapaMeTpoB pas-
JIMYHBIX HOMUHAJIOB PE3UCTOPOB HEOOXOAUMO 3HATh YIEb-
HOE€ CONMpPOTUBJIEHWE MaTepuana pesucropa. OTHUM U3 Me-
TONOB OMNpPENENeHUS YAETbHOTO COMPOTUBIICHUS SIBIISIETCS
KJaccuyeckuii meroa BaH nep Ilay [4].

7151 mpoBeneHUsT U3MEPEeHUI ObUIM HalevyaTaHbl TECTO-
Bble 00pa3ubl, MPEACTaBICHHbIE HA PUC. 5.

B pesynbrare npoBeIeHHBIX U3MEPEHUI OBLIIO TTOJYyYEHO
3HAUYE€HUE COMPOTUBJICHUS KBaapata — 5,8 KOM i OgHOTO
ciost, 2 KOM st AByXCAOMHON cTpyKTyphl U 1,25 KOM s
00pa3ioB, HameyaTaHHbIX B Tpu ciosi. Ha ocHoBaHUM 3THX
JIAHHBIX ObUIA CHPOEKTUPOBAHBI M M3TOTOBJIEHBI OOpa3LIbl
pe3UCTOPOB Pa3IMUHBIX HOMUHAJIOB.

Pesucropsl oiMHaKOBOTO pa3Mepa ObLIM peaJiM30BaHbl B
OIHOCIIOMHOM, JBYXCIIOMHOM U TPEXCIOMHOM BapUAHTAX IS
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u3yyeHus1 (aKTOPOB, BIUSIOUINX HA OTKJIIOHEHWE YIeIbHOTO
COTIPOTUBJIEHUST CJIOSI, U M3YUYEHUSI BO3ZMOXHOCTU TIOJIyYe-
HUSI 33JJaHHOTO DPSIIOHOMMHANA pe3nucTopoB. PDotorpacdum
00pa3IoB MOJYYEHHBIX PE3UCTUBHBIX 3JIEMEHTOB IpUBEe-
HBI Ha puc. 6.

Jurana3oH MOJyYeHHBIX HOMUHAJIOB COMPOTUBICHUS R
BapbupoBaics oT 260 Om 10 20 MOM, TIpu 3TOM TOCTUTHY-
TOE CpeaHee OTHOCUTEIbHOE OTKJIOHEHWE COMPOTHBIIEHUS
PE3UCTOPOB OT MPOEKTHOTO BapbUPYETCS B MHTEpBajie OT
+5 o +8 %.

OcylecTBIeHa OlleHKa JMHEWHOCTH 3aBMCUMOCTU CO-
MPOTUBJEHUST oOpasiia OT aCleKTHOIO0 COOTHOILIEeHUs (OT-
HOILIEHUSI JUIMHBI pe3ucTopa K 1mpuHe) (puc. 7). [Tomumo
acCIeKTHOTO COOTHOILLEHMSI COMPOTUBJIEHUE 00Pa3LIOB TaKXKe
onpenensiercs nedekraMu CTPYKTYphbl, NTOCKOJIbKY Tpebye-
Masl ipuHa GopMUPYeTCsl EAMHUYHBIMU KaruisiIMU, 1, Clie-
JIOBaTEeJIbHO, J1100asi HETOYHOCTD B MO3UIIMOHUPOBAHUM Karl-
JIU WU ee OTCYTCTBME MPUBOAMUT K 3HAUUTETbHOMY OTKJIO-
HEHMIO COTMIPOTUBJICHUS.

Puc. 5. O0pa3upl 111 M3MepPeHns yeJIbHOr0 CONPOTHBIICHHS M0 Me-
Tony BaH Aep Ilay: a — TpeOyemasi KoHbUTypalusl C10s1 CO cxema-
TUYECKN M300paXKEHHBIMU TOYKAMU TOACOCIMHEHUsI KOHTAKTOB,
b — obpa3el1 Ha mosMuMuzae; ¢ — obpaser Ha PEN (monmatuineH Ha-
¢ranar) mieHke

Fig. 5. Samples for resistivity measuring by Van der Pauw method: a —
the required layer configuration with the delineated contact connection
points; b — sample on a polyimide; c — sample on PEN (polyethylene
naphthalate) film

Puc. 6. @otorpadus mojiydeHHbIX Pe3NCTHBHBIX JJIEMEHTOB
Fig. 6. Photos of the obtained resistive components
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Puc. 7. I'paduku 3aBUCUMOCTH CONPOTHBJIEHHsI 00pa3ia OT acneK-
THOTO COOTHOIIEHWS

Fig. 7. Plots of sample resistance vs. aspect ratio




Puc. 8. @otorpadusa 3xcnepu-
MEHTAJIbHOTO 00pa3na rpedeH-
4aToro KOHIEHCATOPA HA MOJIM-
uMuae

Fig. 8 Photo of the experimental

sample of an interdigitated
contact capacitor on a polyimide

Puc. 9. @ororpadus sxcnepu-
MEHTAJIbHOr0 00pa3ua miIocKo-
napaieIbHOr0  KOHAEHCATOpa
HA MOJHAMMIE

Fig. 9. Photo of the experimental
sample of a parallel-plate capac-
itor on a polyimide

IMonyyeHHas1 3aBUCUMOCTb SIBJISICTCS JIMHEWHOM, YTO
TTO3BOJISIET CHIEIaTh BBIBOI 00 OMUYECKOM KOHTAKTE MEXIY
PE3UCTUBHBIM CJIOEM M KOHTAKTHBIMM TUIOIIAAKAMU, a TaK-
K€ O MaJIOM BKJIaJie CONPOTUBIIEHUS] KOHTaKTa B 00llee Co-
MPOTUBJIEHUE CTPYKTYPHI.

Kpome Toro, ObLIM IpOBeAeHBI UCIBITAHUS PE3UCTOPOB
Ha BJIUSHUE HOMUHAJIBLHON MOIIIHOCTU pacceruBaHMsl. 32 HO-
MMHAJIBHYIO pacCeMBaeMyl0 MOIIHOCTb ObUIO TIPUHATO 3HA-
yenue B 0,1 Br (Hanpspkenue 3,3 B). OTKJIOHEHHE COMpPO-
TUBJIEHUS TIPOUCXOAUIO B TeuyeHue 1...2 MUH M COCTaBWJIO
5 % ot HOMMHaJIA TIOCJie BKITFOUSHUST PE3UCTOpa B U3MEPH-
TENBHYIO 1IETTb.

W3rorosiieHne KOHAEHCATOPOB
METOJI0M KAIUIECTPYHHOM MmeYaTu

M3 macCUBHBIX 3JIEMEHTOB Haumbosiee KOHCTPYKTUBHO-
TEXHOJIOTMUECKU CJIOXHBIMU SIBIIsieTCsT KoHaeHcatop. Cy-
LIECTBYIOT JiB€ Haubojiee pacnpoCTpaHEHHbIE KOHCTPYKIIUKU
MeYaTHBIX KOHIEHCATOPOB: BCTPEYHO-IITHIPEBOM KOHICHCA-
TOp W TIOCKomapayieabHbiii. [lepBble 3aHUMAIOT 3HAYU-
TeJIbHBIC TLIOIIAAN Ha TOAJOXKE M TPeOYIOT BBICOKOM pas-
pelaolieil CmocoOHOCTH MPU CO3MaHUM Tomosoruu. Bro-
pble, 0o0pasyeMble CTPYKTYPOUl MeTall — AUBIEKTPUK —
MeTal1, Oosnee TpeboBaTelbHbl K OJAHOPOMHOCTH CJIOEB U
IIEPOXOBATOCTH MX MOBEPXHOCTH.

JI1st co3maHusl KJIaCCUYeCKUX KOHIEHCATOPOB TpebyeTcs:
chopMUpoOBaTH MHOTOCJIOIHYIO KOMIO3UIIMIO, MTPUYEM He-
00xo1rMo obecreynBaTh Kak LEJOCTHOCTb OUAJIeKTpUYec-
KOTO CJI0s, TaK 1 MUHUMAaJIbHYIO 11I6pOXOBAaTOCTh ITOBEPX-
HOCTU JUBJIEKTPUKA.

Ha puc. 8 u 9 npeacraBiaeHbl KOHCTPYKIIUM U3TOTOBJICH-
HBIX 3KCMEPUMEHTAJIbHBIX 00pa31ioB KOHAeHCATOpOB. Bbuin
M3rOTOBJIEHBI 00pa3IIbl TpeOeHYATHIX KOHIEHCATOPOB U MaT-
pUYlia TUIOCKUX KOHIeHcaTopoB. B pesynbraTe mamepeHwmit
ObUIM IMMOJYYeHBbl eMKOCTU B Auana3zoHe oT 20 mo 200 nd.

H3roroBiieHHe MHAYKTHBHOCTEIH
METOJOM KAILIeCTPYHHOM neyaTn

[leyatHble KaTYIIKM WHAYKTUBHOCTM WM3TOTABIMBAIVCH
METOJIOM KaIlJIECTPYWHOTO HaHECeHUs MPOBOAIIETO HaHO-
KOMIIO3MTa Ha TTOJIMMMUIHYIO MOTOXKY. Knaccuueckas To-
TMOJIOTUST KaTyllleK MHAYKTUBHOCTHU C KPYIJION M KBaIpaTHOM
dopmoit BUTKOB mpeacrabieHa Ha puc. 10.

3HayeHUsI THAYKTUBHOCTH TaKMX KaTyIlIeK OLICHUBAJIMCh
10 O0lIEe 3MOUpUIECKOit popmyiie:

L=0,001N2D,,,C, (m(%} +Cyo+ Cuo?)

_D+d _ D-d
= ¢ Did’ a koappuumental Cy, G, C;

n C4 npuBeleHbl B TabIMLE.

e Davg

B uensix ymeHbllIeHUS aKTUBHOTO COTIPOTUBJICHUS, T. €.
YBEJIMUEHUS TOOPOTHOCTH KATYIIKU, IeYaTh ITPOBOAMTCS B
HEeCKOJIbKO cioeB. OQHAKO CIWIIKOM OOJbllas TOMIIMHA
MOXET MPUBOAUTH K OTCIAWBAHUIO CTPYKTYPBI OT TOIOX-
Ku. JI1s1 onTUMU3alMy IIpoliecca Oblia IIpoBeaeHa TeCTOBas
rneyaTh KaTylIkKi MHIYKTUBHOCTH C Pa3IMYHBIM YUCIIOM TpPO-
BOASILIIUX CJIOEB.

B kauecTtBe TecToBOro oopasua Oblla M3rOTOBJIEHA WH-
MYKTUBHOCTb TTI0 I1a0JIOHY, KOTOPBIN TTpUBeaeH Ha puc. 11.

ITocne olleHKU 3aBUCMMOCTU COMPOTUBIICHUS OT YUCiIa
CJI0eB ObLIM paccuMTaHbl MapameTpbl KaTylleK WHAYKTUB-
Hoctu L nyist psima HomuHaioB (c waroM 20 HI'H) ot 40 mo
420 uI'nH. I1pu aTOM ObUIM 3aPMKCUPOBAHBI BHYTPEHHUIT pa-
nuyc (3,5 mMm), mar Hamotku (1,5 MM) U IIMpPUHA TTPOBO/I-
Huka (0,8 mm). 3HaueHUEe MHIOYKTUBHOCTU BapbHPOBAIOCH
HMCKITIOUNTETLHO BHEITHUM PagyCoOM U YUCJIOM BUTKOB. Po-
Torpadusi N3roTOBJICHHBIX 00pa310B MpUBeIeHa Ha puc. 12.

PesynbraThl U3MEpeHUIT HOMMHAJIOB OMBITHBIX 00Pa310B
MOKa3aJiu OTKJIOHEHHE peasIbHbIX 3HAaYeHUIT MHIYKTUBHOCTH
oT pacueTHbIX (puc. 13). OTKIIOHEHWE ONUCHIBACTCS JIMHEH -
HOI1 3aBUCUMOCTbIO Y MOXKET ObITh KOMIIEHCUPOBAHO HA 3Ta-

Puc. 10. [1nockue neyaTHbie KATYIIKH € KPYTJIOi H KBaapaTHoii ¢op-
MOii BUTKOB [5]

Fig. 10. Flat printed coils with round and square turn shapes [5]

R, Om (Ohm})

100 - *
80 -

(=]

T T T 1

4 6 8
KonuuecTso cnoes (n layers)

Puc. 11. 3aBucumoctb CONPOTHUBJICHUA KATYIIKA HHAYKTHBHOCTH OT
YyucJja cjioes

Fig. 11. Inductance coil resistance dependence on the number of layers

KoadduuuenTs! ns pacueTa HHIYKTHBHOCTE#H
Coefficients for inductance value calculation

Ka?gﬁm G G G Gy
KBanpatHast 1,27 2,07 0,18 0,13
Square
Kpyrnas 1,00 2,46 0,00 0,20
Round
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Puc. 12. ®otorpadus 3KcHepuMeH-
TAJBLHOTO 00pPa3ua WHAYKTHBHOCTH

Fig. 12. Photo of an inductance coil test
sample
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Puc. 13. T'paduk 3aBUCMMOCTH OTHOUIEHHSI PeAJIbHO MHIYKTHBHOC-
TH 00pa3ua K pacCYNTAHHOMY 3HAYEHHIO B 3aBHCMMOCTH OT HOMHHAJIA

Fig. 13. Plot of the real inductance values deviation from the estimated
ones depending on the rated value

e IPOEKTUPOBAHMS TTOCPEICTBOM BBEICHUS TOTIOTHUTEIb-
HOTO KOPPEKTUPYIOIIETO MaciuTabHoro koadduireHTa B

pacueTHYI0 (OpPMYILy.
BeiBoapl

DKCNEepUMEHTAJIbHO IOKa3aHO, YTO METOJ KarulecTpyii-
HOIi nevartu siBasieTcs: d9(pdeKTUBHBIM OeclIabJOHHbBIM OTle-

PaTUBHBIM TEXHOJIOTUYECKUM CITOCOOOM (hOPMUPOBAHUS
MACCUBHBIX DJIEMEHTOB WHTETPATBHON 3JIEKTPOHUKU C HO-
CTMXEHUEM JOCTaTOYHO IIMPOKO HOMEHKJIaTypbl HOMUHA-
JIOB, YTO peaju3yeTcsl MCIOJIb30BAHUEM DPa3MYHbBIX BUIIOB
0a30BbIX HAHOKOMIIO3UTOB, IMPUMEHEHHEM MHOTOCIOMHOM
Y MHOTOYPOBHEBOIA MeyaT U MPOCTbIM TMOKUM U3MEHEHU-
€M TOMOJIOTMYECKUX MTapaMeTpOB.

B Hacrosiiiee BpeMsi MpOBOAUTCS KOMILIEKC MCCIeA0Ba-
HUI, HanpaBJE€HHbIA Ha YCTAHOBJICHUE TEMIIEPATYPHOU W
BPEMEHHOI CTaOUJIbHOCTU MapaMeTPOB MACCUBHBIX 3JIEMEH -
TOB Ha Pa3IMYHBIX CyOCTpaTax C YYeTOM pEaJIbHBIX TEILIO-
SHEPreTUYECKUX PEXMMOB SKCIUTyaTallUH.
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Introduction

Evolution of engineering solutions in the field of film hy-
brid electronics is guided by the development of flexible film
electronics fabrication methods, including inkjet technolo-
gies, flexible substrates, unpackaged component microassem-
bly, including die-stacking 3D integration.

Simplicity and cheapness of the printed items paves the
way for discovery of new markets like the one for storage con-
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ditions control labels for food packages, drugs, or other items
with a limited storage period, or single-use rapid tests and
other promising fields.

In the article, passive element (resistor, capacitor, and in-
ductance/inductance coilfabrication by inkjet printing on a
polyimide substrate is discussed. The technology is additive,
which means that the material is applied only in places, where
it is required, and thus the material is saved. The technology




has other advantages as well: the technical process of item
fabrication is simplified; inkjet technique makes it possible to
avoid expensive mask fabrication; also, it makes shorter item
modification process.

Inkjet technology features

Inkjet technology is a promising method for additive local
contactless layer-by-layer fabrication of FPE (flexible printed
electronics) device fabrication. Modern inkjet printers are ca-
pable of formation an ink drop from 1 pl in volume and meet
the printing topology rules of a few micrometers [2]. Two
inkjet printing technologies are the most popular. Continuous
Inkjet (C1J) technology implies that ink droplets are formed
continuously but at the moment, when the ink application
onto a substrate should be interrupted, the droplets are de-
flected into a special collection gutter for re-use. In the
present work, an ink-jet printer was used that worked on the
Drop on Demand (DoD) principle; this technology implies
that ink droplets are formed only when the material deposi-
tion is necessary (Fig. 1) [1].

A droplet is formed in a piezoelectric nozzle. To form a
drop, a control pulse is applied to the piezoelectric; the pie-
zoelectric compaction is thus induced, this leading to the
ejection of some ink volume from the channel. The process
of a droplet formation in a piezoelectric nozzle is illustrated
with the Figs. 2 and 3.

One of the most important parameters of inkjet printing is
the substrate’s surface energy, which determines the wetting
angle (Fig. 4). The parameter determines the size of the ink
spot on the surface of a substrate and, consequently, the line
width and layer continuity. Various methods are used for the
substrate surface pretreatment (for instance, plasma treatment
in precursors’ vapors [3]), in order to find balance between a
too large wetting angle, when the droplets form spheres on the
surface of a substrate and no continuous layer is formed, and
a small wetting angle, which leads to the ink incontrollable
spreading over the substrate surface.

Resistor fabrication by inkjet printing

To determine the design factors of resistors of various
rates, it is necessary to know the resistivity of the resistor ma-
terial. Classical method by Van der Pauw [4] is one of the
ways to determine the resistivity.

Test samples were printed for measurement execution
(Fig. 5).

The measurements have shown the resistance of a square
to be equal to 5,8 kQ for a single-layer-, 2 kQ for a two-layer
structure, and 1,25 kQ for a three-layer sample. Basing on
these data, the samples of resistors of different rated resistance
were designed and fabricated.

Resistors of the same size were implemented in single-,
double-, and three-layer versions, in order to study factors af-
fecting layer’s resistivity divergence and to research the pos-
sibility to obtain a family of resistive components with as-
signed rated resistivity values (Fig. 6).

The range of the obtained resistance rates R varied from
260 O to 20 MQ. Average relative deviation of the resistor’s
resistivity from the design values varied from %5 to =8 %.

The linearity of the sample’s resistance correlation with its
aspect ratio (resistor’s length to width ratio) is estimated
(Fig. 7). Besides the aspect ratio, the resistivity of the samples
is determined by structural defects, since the required width
is formed of individual droplets and any inaccuracy in droplet

positioning or the absence of a droplet results in considerable
resistance deviation.

The obtained dependence is linear, and so, a conclusion can
be made about the ohmic contact between the resistive layer
and contact pads and also about a small contribution the con-
tact’s resistance makes into the total resistance of the structure.

Also, the resistors were tested for the rated dissipated pow-
er effect. The value of 0,1 W (3,3 V) was considered as the rat-
ed dissipated power value. The resistivity deviation occurred
within the period of 1 to 2 min and made 5 % of the rated val-
ue after the resistor connection to a measuring loop.

Capacitor fabrication by inkjet printing

Capacitor is the most complicated of passive components,
as regards its design and technology. There exist two the most
widely used structures of printed capacitors: interdigitated and
parallel-plate ones. Capacitors of the first type require signif-
icant substrate area and high resolution at topology creation.
The capacitors of the second type formed by a metal-dielec-
tric-metal structure are more sensitive to layer’s homogeneity
and surface smoothness.

To produce a classical capacitor, it is necessary to form a
multilayer composition and provide for the integrity of the di-
electric layer and its minimal roughness.

The structures of the experimental capacitor samples are
presented in the Figs. 8 and 9. Samples of interdigitated ca-
pacitors and a matrix of parallel-plate ones are fabricated. The
measured capacity values lied within the range of 20 to 200 pF.

Inductance fabrication by inkjet printing

Printed inductance coils were fabricated by a conductive
nanocomposite ink-jet applicatiion onto a polyimide sub-
strate. Classical topology of the coils with round and square
turn shape is presented in the Fig. 10.

Inductance values of the coils were estimated using the
empirical formula

L =0,001N?D,,,C, (m(%) +Cyp+ Cyo),
= %’, 0= §+Z’ €y, Cy, G, and €, coeffi-
cients are the ones presented in the Table below.

In order to reduce the ohmic resistance and increase the coil
constant, several ink layers were used. Too great thickness,
though, might lead to the structure flaking off the substrate. To
reduce the ohmic resistance, the test samples of inductance
coils with different numbers of conductive layers were printed.

A mask used for printing a test coil sample is presented in
the Fig. 11.

After estimation of the resistance dependence on the number
of layers, the L parameters of the inductance coils were calcu-
lated for a number of rates within the range from 40 to 420 nH
(with the step of 20 nH) at the fixed inner radius of 3,5 mm,
coil pitch 1,5 mm, and conductor width 0.8 mm. The induct-
ance value was ruled exclusively by the external radius and the
number of turns. For the photo of the samples see Fig. 12.

The results of the test samples’ rates measuring demon-
strated that real inductance values deviated from the estimat-
ed ones (Fig. 13). The deviation obeys a linear dependence
and it can be compensated at the design stage by introduction
of an additional correcting scale factor into the design equation.

where D,

Conclusions

Inkjet printing is experimentally shown to be an efficient
maskless technology for integrated electronics’ passive com-
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ponent formation. The method ensures fabrication of a rather
wide rating range by using various basic nanocomposites,
multilayer and multitier printing, and simple flexible changes
in the topologic parameters.

Presently, researches are in progress on the elucidation of
thermal and temporal stability of the parameters of the passive
components on various substrates, taking into consideration
real heat-and-power operative conditions.
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CO3AAHME AHTEHHbIX MEYATHbIX MOAYAEM

KANAECTPYMHOM TEXHOAOIUEN

Ilocmynuna 6 pedaxyuio 07.06.2017

Paccmompenst ocobennocmu peaauzayuu aHmeHH Ha PA3AU4HbIX Cyocmpamax KaniecmpyuHou neuamuol mexronoeueu. Ilpo-
AHAAU3UPOBAHBI XAPAKMEPUCIUKY AGHMEHH NPU UCNOAb308AHUU PA3AUYHBIX CnOco006 newamu. [Iposedena ouenka eausnus ma-
mepuana nooA0NCKU Ha hapamempsl ne4amuvix anmenH. Pazpabomansl modeau neuammuvix aHmeHH U NPoBedeH KOMNACKCHbIL AHA-

AU3 UX XapaKkmepucmuk. Cozdambt 06pa3ub1 NeYamubiX aHmMeHH O PAaA3MUYHBIX YACMOMHbBIX ouanazonos.
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Beenenne

B nocnenHue ronsl HAGIIOOAETCS 3HAYUTENLHBINA POCT UH-
Tepeca K U3AEIUSIM Paluo3JeKTPOHUKH, BBINOJIHEHHBIM C UC-
MOJIb30BAHMEM TT€YATHBIX TEXHOJIOTUI OBICTpOIIepecTpanBae-
MBIM METOIOM KaIlJIeCTpyiHOIi revyatu. B Hacrosiiiee Bpemst
HanboJIee IMPOKO MeYaTHbIE TEXHOJOTHH TIPUMEHSTIOT JJIST U3~
TOTOBJICHUSI HU3KOYACTOTHBIX PAIMO3JIEKTPOHHBIX YCTPOMCTB.
OnmHako IMMPOKKME BO3MOXHOCTH KarUIECTPYWHON IevyaTn
Bce 0O0JIbllle TPUBJIEKAIOT Pa3pabOTUMKOB BHICOKOYACTOTHOM
pamuoarnnaparypbl. O0s3aTeIbHbIM 3JIEMEHTOM BBICOKOYAC-
TOTHBIX IIPUEMOIIEPEIAOIINX MOIYJIEH SIBJISIIOTCS AHTEHHBI.

Ilens maHHOM cTaThU — OIlEHKAa BO3MOXHOCTH pean3a-
LI METOIOM KarUIECTPYWHOU TeyaTh aHTeHH pa3TunyHOTO
KOHCTPYKTMBHOI'O MCIIOJIHEHMSI JJISI OCHOBHBIX YaCTOTHBIX
JIMana30HOB.

Onucanue TEXHOJOTHH CprﬁHOfl ne4yaTu aHTEeHH

JIns M3roTOBJIEHUS MEYaTHBIX aHTEHH ObUT MCITOJb30BaH
crpyitHbiii npuHTep PixDroL P50, npencraBneHHbI Ha puc. 1.
[TpoBoasiue "yepHuIa" HAHOCUT Ha TIOIJIOXKKY IThE303JIeK-
TpuYecKas IeJaraolinas rojoBKa.

YepHuia MpeacTaBisiioT co0Oil OpraHMYecKyr0 KOMIO-
3ULIMI0 C cepeOpsIHBIMM HaHouyacTulaMu. HaHopa3mepHble
cepeOpsiHbIe YaCTHUIIbI HAXOMSTCS B OpraHMYEcKoi 000J104-
ke. [Ipu HarpeBe pacTBOpUTeb MCIApsIeTCs, a OpraHuyec-
Kast 000JI0YKa pa3pylIaeTcsi, YTO MPUBOAUT K CIIEKAHUIO Ha-
HOYACTHII B €IMHBIN TOHKUI CJION. JlaHHAsT TeXHOJIOTHSI TT03-
BOJISIET Peaii30BaTh MOCIOMHOE HaHECEHUE.
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B xome uccrnemoBaHus OBLIO ONMpPOOOBAHO HaHECEHUE
YepHWJ Ha TOUIOXKKHM, BBHIITOTHEHHbBIE U3 PA3IMUHBIX MaTe-
pHAJIOB: TJICHKM MOJUUMUIA, Iojukopa, Rogers 4350, cTek-
Ja. Beibop marepuasa MOMIOXKK OOYCIOBJIEH YAaCTOTHBIM
JIMana30HOM M3rOTOBJISIEMOI aHTeHHBHI [1, 2].

[Tporiecc M3roToBIEHUS MEYaTHBIX aHTEHH BKJIIOYAET He-
CKOJIBKO 3TarloB:

OYMCTKA MOBEPXHOCTH JIJISI TIeYaTH;

revyaTth MPOBOISIIMX CJIOEB HAa TMTOBEPXHOCTH TMOJUIOXKU;
TepMU4ecKast 06paboTKa KOMITO3UIIVH;

e MoOHTaxX SMA-pa3bema.

Puc. 1. Crpyiinbiii npuatep PixDroLP50 B 1a60paTopun MHKUHAPHH-
TOBOTO IIEHTPAa MUKpOTexHoJornii n quarHoctuku CIIoIDTY "JIDTU"
Fig. 1. PixDroL P50jet printer in the laboratory of the Engineering Centre
for Microtechnologies and Diagnostics of "LETI"




Puc. 2. [Ipumep HaHeCeHHsA YE€PHII HA TMOJTHAMM
Fig. 2. An example of deposition of ink on polyimide

Ha nepBoMm aTamne ocyuiecTBisieTcsi OATOTOBKA MOBEPX-
HOCTH JUISl HAHECEHUS YEPHUII.

IMpouenypa ouMCTKM B U3OMPOMUIOBOM CIIUPTE obecrie-
YHUBAET OAMHAKOBbIE KOHTAKTHBIE YIJIbl CMAUMBaHUST YEPHWIT
TMOBEPXHOCTU MOMJIOXKKH.

Ha BTopoMm stane npoucxoaut opMupoBaHUE MPOBO/I-
HUKOB T10 TEXHOJIOTUU CTPYWHOM MeyaTu IMyTeM IOCIIeN0-
BaTeJILHOTO HAHECEHWsI HECKOJIBKUX MTPOBOASIIINX CJIOEB IS
obecneyeHUs1 TpeOyeMOro 3HaueHUsI CONPOTUBJIeHUs. Mex-
Iy 3TanamMu MocjenoBaTebHOrO HaHECEHUS CJIOEB MPOBO-
JIATCSI CyIIKa JUISl yAaJleHUsl pacTBOPUTEINSI U oOecrieueHust
PAaBHOMEPHOCTU HaHECeHWsI YEpPHWI Ha MOBEPXHOCTb MOA-
Joxku. Ha puc. 2 npencrasieH npumMep HaHECEHUST YEPHUI
Ha MOJIMUMUL.

Ha TpeTbemM 3Tare MHOTOCIONHYIO KOMITO3UIINIO OTXM-
rafoT B TedeHue 150 mun mpu 230 °C nj11 OKOHYATEILHOTO
yIoaJeHus pacTBOPUTENSI, CTHeKaHWs HAHOYACTUI[ MEXIY
co0oi1 1 obecrneyeHUsI ONTUMAJIbHOIO 3HAYEHUS POBOIU-
MOCTH.

Ha ueTBepTOM 3Tame npoliecca U3rOTOBJACHUSI aHTEHH
BBIMOJIHSIOT MOHTaX SMA-pa3bema. Pazbem KpemnsiT K aH-
TEHHE MPOBOJSIIMM JIBYXKOMIOHEHTHbIM kieem (CW2400
CircuitWorks). SMA-pa3beM sIBJISIETCS HEOOXOTUMBIM KOHC-
TPYKTUBHBIM 3JIEMEHTOM JJII M3MEPEeHUs XapaKTEePUCTHUK
aHTeHH [3].

B kauecTBe mpuMepa peanusaiuy MeYaTHbIX aHTEHH Ha
puc. 3 mpuBeAeHblI BApUMAHThI UCTIOIHEeHMS aumoiis u [TATY-
aHTEHH.

PESyJIl)TaTI)I HCCJICA0BAHUA XAPAKTEPUCTHK
NEYaATHBIX AHTCHH

AHTEHHOE YCTPOWCTBO JIOJKHO BBITIOJNHSTD 3a7a4u Mpe-
00pa3oBaHUs BJIEKTPUUECKON DHEPTUM B DJIEKTPOMATHUT-
HYIO U €e HalpaBJIeHHOTO M3JIyueHUs B MPOCTpaHCTBO [1].

OddekTUBHOCTD pelleHus 3TUX 3a-

JIOBJIEHO BO3MOXHBIM OOJIBIIIMM aKTUBHBIM COMPOTUBIIEHU-
€M TIPOBOJISIIIINX 2JIEMEHTOB aHTEHH, YTO CBSI3aHO C OCOOCH-
HOCTSIMU TEXHOJIOTUM WX HAHECEHUS M OTXWTra, COCTaBOM
YEepHUJI, a TaKxKe BO3MOXKHBIM BIMSIHUEM CKUH-3¢deKTa.

OnHako, Kak TMMOKa3alu 3KCHEPUMEHTbI, TEXHOJIOTHUS
MOCJIOIHOTO HAaHECEHUsT YEPHMJI C TOCIEAYIOIIUM OTXUTOM
MO3BOJISIET MOJYYUTb aKTHBHOE COMPOTUBJIEHUE MPOBOMIS-
IIKUX 2JIEMEHTOB MeYaTHbIX aHTEHH, UAEHTUYHOE COMPOTHB-
JICHUIO MEIHBIX TTPOBOIHMKOB KOHEYHBIX pa3MepOB.

Hnst olieHKY 3G (GEKTUBHOCTH TTeYaTHBIX aHTEHH B XOJIe
paboTHl OBLTM TIPOBENECHBI MCCIECIOBAHMS ITOJTYBOJHOBBIX
numosieit 1 MUKporoiaockoBeix aHTeHH (ITATY) st yactoT
900, 1600, 5300, 7000 MT'w.

B xome uccnegoBaHusl ObUIM MPOTECTMPOBAHBI YEThHIPE
Marepuaia moJyIoxkeK Ha BO3MOXHOCTb MX UCIOJIb30BaHMS B
TEeXHUKE CTPYIHOM MeyaTu: MoJMUMuII, cTeKsio, Rogers 4350
U nojukop. KpurepusmMu npuMeHUMOCT MaTepuaoB Bbi-
OpaHbI IOTEpYM (3HaUYeHME NapameTpa Sy, MuHyc 3 nb), BHO-
CHMBbIC B YACTOTHOM JIMAIa30HEe U CTeTIEHb aire3uu YepHUJI.

DKCIEepUMEHTAIbHO YCTAaHOBJIEHO:

— Haubosbiyio 3OEPEKTUBHOCTh MMEIOT aHTEHHBI,
BBITIOJITHEHHBIE HA OCHOBE MOIJIOXEYHOro maTepuana Ro-
gers 4350;

— TOJIIIMHA U YaCTOTHBIE 2JIeKTpor3nIeCcKre CBONCTBRA
MOJMMMUIA HE TO3BOJISIIOT UCIIONb30BATh 3TOT NUDAEKTPUK
1 usrorosiieHus [TATY-anTeHH;

— CTeNeHb aAre3vy YEpHUJI CO BCEMU UCCIeN0BaHHBIMU
NU3JIEKTPUKAMU, KpOME CTeKJia, TO3BOJISIET 00ecreynBaTh
TpebyeMble MeXaHMYeCKHe XapaKTepUCTUKU aHTeHH. [lpu-
MEHEHHUE CTEKJISTHHBIX TOMIOXEK 1IeJIeCO00pa3Ho Mpu HC-
MOJIb30BaHMM JOTIOTHUTENIBHBIX CIIOCOOOB 3allIUThI Hareva-
TaHHBIX MTOBEPXHOCTEM.

Hanee mpeacraBieH aHaIU3 Pe3yIbTaTOB UCCIEIOBAHUIM
JUTIONBHON aHTeHHBbI A yactoThl 900 MI'n u ITATY-aH-
TeHHbI U1s1 yacToThl 5300 MTwL.

Jnst aHanu3a BAMSIHUSI OCOOEHHOCTEN KOHCTPYKIIMM Ha
XapaKTePUCTUKU aHTEHH ObLJIO MPOBENEHO KOMITbIOTEPHOE
MojaenupoBaHue. MojaelnpoBaHe BHITIOJIHEHO B TPUKJIIAI-
Holt KoMmmnblotepHoii nporpamme HFSS. Ha ocHoBaHuu pe-
3yJIbTAaTOB MOJIEIMPOBAHUST Pa3pabOTaHbl MAKeThl TUTOCKUX
nunosieit u [TATH-aHTeHH.

Ilo pa3paboTaHHOII TEXHOJOTUM METOIOM CTPYHHOI
reyaTy U3roToBJAeHbl 00pa3libl aHTeHH. J1J1s1 U3rOTOBIEHUSI
JUTIOJNeN B KaueCcTBe MOIOXKHU MCIIOJb30BaTM MOJTUUMUI-
Hy1o ieHKy. s usrorosiaeHust [TATY-aHTeHH UCTOIB30-
BaJIM pa3jiMuHble MaTepuasbl MOAJOXKU: MOJUKOP, CTEKIIO,
Rogers 4350.

B xome sKcnepMMeHTaIbHBIX WCCIEIOBAHWI TOJYYeHBI
YaCTOTHBIE 3aBUCUMOCTU IapaMeTpa S| AaHHbIX aHTeHH. Ha
puc. 4, a, b npuBeaeHBI pacueTHasI ¥ SKCIIEpMMEHTaIbHasI 3a-
BUCUMOCTH JIJIsSI AUMOJIbHOM aHTeHHBI Ha yactoty 900 MI'w.

Jlad OTIPEACIISICTCST TUTIOBBIMM XapaKTe-
PUCTUKAMU: COTIPOTUBJICHUEM M3JTyde-
HUSI, BXOAHBIM COMPOTHUBICHUEM, KO-
3G GUIMEHTOM HamNpaBJIEHHOro Jaeiic-
U, KIIJ.

D} PeKTUBHOCTh MEYaTHBIX aHTCHH
MOXET OBITh OLICHEHA ITyTeM CPaBHEHUSI
X XapaKTEePUCTHUK C XapaKTepPUCTHKa-
MM aHTEHH, BBITTOJTHEHHBIX IO Tpaau-

LIMOHHBIM TEXHOJIOTHUSIM.
Jlns TiedaTHBIX aHTEHH Hauboliee
kputudHbIM gBisercs KIT. Dro obyc-

Puc. 3. Baemmnnii Bua nunoabnoii 1 mukponosnockosoii (IIATY) anrenn
Fig. 3. Appearance of the dipole and microstrip (PATCH) antennas
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a — calculated dependence; b — experimental dependence
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Puc. 6. UccaenoBanue
AHTEHHOT0 MOAYJsA B
0e39X0BOIi Kamepe
Fig. 6. Research of the
antenna module in an
anechoic chamber

Z§;

Puc. 7. Inarpamma HanpapjeHHOCTH Aunois Ha yacrory 900 MI'y
Fig. 7. Diagram of the dipole directivity of 900 MHz

Puc. 8. /Inarpamma nanpapieHHoctd ITATY-aHTeHHbI HA 4aCTOTY
5300 MTI'n

Fig. 8. Diagram of the PATCH antenna directivity of 5300 MHz




Ha puc. 5, a, b npuBeneHsl aHaJIOTUYHEBIE 3aBUCHUMOCTH
s [TATY-anrennsl Ha yactoty 5300 MI'H, BEITOIIHEHHOM
Ha muajekTpuke Rogers 4350.

IMonydyeHHbIe pPe3yabTaThl M3MEPEHUN COOTBETCTBYIOT
pacyeTHBIM JaHHBIM, YKa3bIBAlOT HA BO3MOXHOCTh MCIIOb-
30BaHUs MEYATHBIX TEXHOJIOTUH /ISl U3TOTOBJEHUSI AaHTEHH.

OnHako OAHUM U3 Haubosiee BAXHBIX KPUTEPUEB MPHU-
MEHHMOCTH TI€YaTHBIX aHTEHH SIBJISIETCS COOTBETCTBUE WX
IarpaMM HamnpaBJIEHHOCTU pAaCUETHBIM JaHHbBIM.

HccnenoBanve HampaBiIeHHOCTH MeYaTHBIX aHTEHH TIPO-
BOIMJIN B 6e39X0BOI Kamepe (puc. 6). JlaHHas Kamepa He sIB-
JIIeTCS METPOJIOTUIECKM aTTeCTOBAHHOM W TIO3BOJISIET TTOJTY-
YUTh JIMIIb OLIEHOYHBIE 3HAYEHWs HAITPaBJI€HHOCTH aHTEHH.

Ha puc. 7 npuBeneHa cHsiTasi B 6€33X0BOI KaMepe nua-
rpaMMa HarpaBJIeHHOCTM AMMOJs Ha yactoty 900 MT.

Ha puc. 8 npuBeneH aHasiornuHblit pe3yabrat wist [TATY-
aHTeHHBI Ha yactoty 5300 MTI.

DKCMepuMeHTaJIbHO YCTAaHOBJIEHO, YTO HallpaBJICHHBIC
CBOIMCTBa TEYATHBIX aHTCHH WICHTUYHBI HAIpaBICHHBIM
CBOICTBaM aHTEHH, BBITTOJIHEHHBIX IO KIACCUYECKUM TeX-
HOJIOTUSIM.

B xome uccnenoBaHus aHAJIOTMYHbBIE PE3yJIbTAaThl MOJTY-
YeHbI [UISl IPYTUX TUIOB aHTEHH W APYIMX YACTOTHBIX IHa-
Ma30HOB.

Bce TTOJTYYE€HHBIC SKCIIEPUMECHTAJIbHBIC XapaKTCPUCTUKH
Ne4YaTHbIX aHTCHH COOTBETCTBYIOT paCYECTHBLIM JAHHBIM U UX
3HAUYCHUA HE XYXE XapaKTCPUCTHUK aHTCHH, BbLIITOJTHCHHBIX
IO TPAaAUIIMOHHBIM TE€XHOJIOTUSM.

3akmoueHne

IMpumeHeHNe TIeYaTHBIX TEXHOJOTUIA /IS U3TOTOBJICHUS
BBICOKOUYACTOTHBIX PAAMOTEXHUUYECKUX MOIYJel SIBISIETCS
HOBBIM 3(()EKTUBHBIM TEXHOJOTMYECKUM HaIpaBIeHUEM.
[TeyaTHble TEXHOJOTUM YMPOIIAIOT MPOLIECC ONTUMU3ALMU
XapaKTEePUCTUK W3IETUIN, YMEHBIIAIOT UX CTOUMOCTh, 00ec-
reyrBasi BOCIIPOM3BOAMMOCTD TTapaMeTPOB MPU CEPUITHOM
uzrotosieHuu. [IpoBeneHHbIe UCCIEA0BAHUS C UCTIOIb30Ba-
HUEM Pa3IMYHBIX TMOJIOXKEK TMOKA3aIM TOJHYIO WIACHTUY-
HOCTb XapaKTePUCTHK aHTEHHBIX YCTPOMCTB, BBITIOJTHEHHBIX
TT0 TTIeYaTHBIM TEXHOJIOTUSM C XapaKTePUCTHKAMM TPaTUIIN-
OHHBIX aHTEHH B YAaCTOTHOM JIMAaIa30He OT COTeH Merarepiy
[0 €AVHUII TUTarepil.
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Introduction

There is a growing interest to the products of radio elec-
tronics made with the use of the printed technologies by the
quick-set method of drop-jet printing. The printed technol-
ogies are most widely applied for manufacturing of the low-
frequency radio-electronic devices. However, wide opportu-
nities of the drop-jet printing attract more and more attention
of the developers of the high-frequency radio equipment. The
indispensable elements of the high-frequency transmitting-
receiving modules are antennas.

The aim of the article is estimation of the opportunities of
the drop-jet method for printing of antennas of various de-
signs for the basic frequency bands.

Description of the drop-jet technology for printing of antennas

For manufacturing of the printed antennas the PixDroLP50
jet printer (fig. 1) was used. The conducting ink was deposited
on a substrate by a printing head.

The ink is an organic composition with silver nanoparti-
cles, which are in an organic envelope. During heating the
solvent evaporates, and the organic envelope disappears,
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which results in sintering of the nanoparticles in a uniform
thin layer. The technology allows us to implement a level-by-
level deposition.

During the research tests were done with deposition of the
ink on the substrates from various materials: polyimide films,
polycore, Rogers 4350. The choice of the substrate material
was determined by the frequency range of the manufactured
antenna [2].

The process of manufacturing of the printed antennas in-
cludes several stages:
cleaning of a surface for printing;

e printing of the conducting layers on the substrate surface;
e thermal processing of the composition;
e installation of a SMA socket.

At the first stage a preparation of the surface for printing
and deposition of ink is carried out.

The procedure of cleaning in the isopropyl alcohol ensures
equal contact angles for moistening of the substrate surface by
the ink.

The second stage is formation of the conductors by the
technology of jet printing and a consecutive deposition of sev-
eral conducting layers, which are necessary to ensure the de-
manded value of the resistance. Between the stages of the
consecutive deposition of the layers, drying is done in order
to remove the solvent and ensure a uniformity of deposition
of ink on the substrate surface. An example of the ink depo-
sition on polyimide is presented in fig. 2.

At the third stage the composition is annealed during
150 min at 230 °C for the final removal of the solvent, sin-
tering of the nanoparticles and ensuring of the optimal con-
ductivity.

At the fourth stage of the manufacturing process of the an-
tennas the installation of a SMA socket is carried out. The sock-
et is fixed to an antenna by a conducting two-component glue
(CW2400 CircuitWorks). The SMA socket is a design element
necessary for measurement of the antenna’s characteristics.

Fig. 3 presents an example of realization of the printed an-
tennas: versions of dipole and PATCH antennas.

Results of the research of characteristics
of the printed antennas

An antenna device should solve the tasks of transforma-
tion of the electric energy into electromagnetic energy and its
directed radiation in space [1].

The efficiency of solving of those tasks is determined by
the typical characteristics: resistance of radiation, input re-
sistance, directivity factor, and coefficient of efficiency.

The efficiency of the printed antennas can be estimated by
comparison of their characteristics with the characteristics of
the antennas made by traditional technologies.

For the printed antennas the most critical is the coefficient
of efficiency. This is due to a possible high active resistance
of the conducting elements of the antennas, which is con-
nected with the specific features of the technology of their
deposition and annealing, of the ink, and also of a possible in-
fluence of the skin effect.

However, as experiments show, the technology of a level-
by-level deposition of ink with a subsequent annealing allows
us to receive the active resistance of the conducting elements
of the printed antennas identical to the resistance of the cop-
per conductors of the final sizes.

During the work, for estimation of the efficiency of the
printed antennas a research was done of the half-wave dipoles
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and microstrip (PATCH) antennas for the frequencies of 900,
1600, 5300, and 7000 MHz.

During the research four materials of the substrates were
tested for their possible use in the jet printing technology:
polyimide, glass, Rogers 4350 and polycore. The criteria for
applicability of the materials were the losses (parameter S,
minus 3 dB), sustained in the frequency range, and a degree
of adhesion of the ink.

It was experimentally established that:

— the antennas made on the basis of Rogers 4350 material
had the greatest efficiency;

— the thickness and the frequency electrophysical prop-
erties of the polyimide did not allow us to use this dielectric
for production of PATCH antennas;

— the degree of adhesion with all the researched dielec-
trics, except glass, was sufficient to meet the required me-
chanical characteristics of the antennas. The use of the glass
substrates was expedient with application of additional ways
of protection of the printed surfaces.

Further, the analysis of the results of the research of a di-
pole antenna for the frequency of 900 MHz and a PATCH
antenna for the frequency of 5300 MHz is presented.

For the analysis of the influence of the specific features of
a design on the characteristics of the antennas a computer
modeling was done in HFSS applied software.

On the basis of the results of modeling, breadboard models
of the flat dipoles and PATCH antennas were developed.

On the basis of the developed technology, samples of the
antennas were made by the ink-jet printing method. For man-
ufacturing of the dipoles a polyimide film was used as a sub-
strate. For manufacturing of PATCH antennas various sub-
strate materials were used: polycore, glass, Rogers 4350.

During the experimental research the frequency depend-
ences of parameter Sy of the given antennas were obtained.
Fig. 4, a, b presents the calculated and experimental depend-
ences for the dipole frequency of 900 MHz.

Fig. 5, a, b presents similar dependences for 5300 MHz
frequency PATCH antenna made on dielectric Rogers 4350.

The results of the measurements correspond to the calcu-
lated data and testify to a possibility of the use of the printed
technologies for manufacturing of the antennas.

However, one of the most important criteria for applica-
bility of the printed antennas is the conformity of their direc-
tional diagrams to the calculated data.

Research of the directivity of the printed antennas was
done in an anechoic chamber (fig. 6). The given chamber was
not metrologically certified and allowed to receive only esti-
mated values of the antennas’ directivity.

Fig. 7 presents the diagrams of the directivity of a dipole
of 900 MHz. The diagrams demonstrate similar distortions,
presumably caused by the specific features of the manufac-
turing technologies of the printed antennas.

Fig. 8 presents similar results for the PATCH antenna of
5300 MHz.

It was experimentally established, that the directivity
properties of the printed antennas were identical to the direc-
tivity properties of the antennas made by the traditional tech-
nologies.

During the research, similar results were received for the
other types of antennas and the other frequency bands.

All the received experimental characteristics of the printed
antennas corresponded to the calculated data and their values
were not worse than the characteristics of the antennas made
by the traditional technologies.




Conclusion

Application of the printed technologies for manufacturing
of high-frequency radio engineering modules is a new and ef-
fective technological trend. The printed technologies simplify
the process of optimization of the products’ characteristics, re-
duce their costs, ensuring reproducibility of the parameters in
batch productions. The research carried out with the use of var-
ious substrates demonstrated a complete identity of the char-

acteristics of the antenna devices made by the printed technol-
ogies to the characteristics of the traditional antennas within the
range from hundreds of megahertz up to units of gigahertz.
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Beenenne

TexHosmorusi 3J1€KTPOCIMHHUHTIA U3BECTHA AECSATUIETHU-
SIMU U LIUPOKO UCTONIb3YeTCs AJISI MPOU3BOACTBA (DUIBTPOB
U HETKAHBIX MaTepUaoB ISl TEKCTUJIbHOM MPOMBILLIECH-
HocTu. C TOMOUIBIO JAaHHOW TEXHOJOTUM MPOU3BOISITCS
3JIEKTPONPOBOAA TONIIMHOMA B HECKOJBKO HAHOMETPOB. TH-
MUYHAsI YyCTAaHOBKA 3JEKTPOCIIMHHUHTA COCTOUT W3 IIIPH-

High Voltage

Power Supply
Polymer | + -
Solution |

Puc. 1. CxemaTHyHOe H300paxKeHHe YCTAHOBKH JIEKTPOCHMHHHHIA
Fig. 1. Schematic of the setup of electrospinning

Puc. 2. Konyc Teiizopa
Fig. 2. Taylor cone

1IEBOTO Hacoca, UCTOYHMKA BBICOKOTO HATIPSIKEHUS, UTJIBI 1
KosutekTopa (puc. 1).

JIOoBOJILHO XaOTMYHOE Cly4YailHOE OCaXIeHue BOJIOKOH
OCYIIIECTBJISIETCSI Ha OTHOCHTEILHOM JaJbHEM pPaCCTOSTHUM
(ot 300 mM) u mon HampspkeHuem 20...30 xB. bmarogaps
3JIEKTPOCTaTUIECKOMY OTTAJIKMBAHUIO PACTBOPEHHBIN IO-
JIIMEP WJIM pacIulaBleHHOE MOJMMEPHOE BOJOKHO PacTITH-
BaeTCs M BbITEKAET U3 TaK Ha3blBaeMoOro koHyca Teitnopa Ha
BpalarolieMcsi HAKOHeUYHUKe Wi urie (puc. 2). PactBopu-
TeJIb UCTapsieTcsl U3 pacTBopa B nosiete. B ciydae pacriiasa
BOJIOKHO 3aTBEpAEBAET BO BpeMsI MoJsieTa. 3aTeM CJelyeT 3a-
KpyuuBaHue (Whipping), KOTOpoe MPUBOAUT K JaIbHENIIIEMY
VIUTMHEHWIO BOJIOKHA U CO3[aeT XaOTUYECKOE OCAKACHUE Ha
kosutekTope (puc. 3). Ilpouecc 3akpyunBaHusi 0OyCIOBIEH
TEPEeHOCOM 3apsijia Ha TTIOBEPXHOCTh BOJIOKHA, YTO MPUBOIUT K
nepexoay OT OMMUYECKOIO K KOHBEKTUBHOMY ITOTOKY (puc. 4).
IMpouecc 3akpyurMBaHuUsl cO3AaeT Pe3KOe YMEHbILIEHWE Aua-
METpa BOJIOKHA U yBEJWYEeHUE JUIMHBI BOJIOKHA.

B nociennee BpeMsi MccienoBaHus B 00JIaCTU JIEKTPO-
CITIMHHUHIA COCPEIOTOYEHBI Ha HAHOTEXHOJIOTUSIX B 3JIEKTPO-
Huke. [Tpu paccrosHum ot 10 10 20 MM BO3MOXHO KOHTPO-
JIMpyeMoe ocaxeHUe BOJOKOH, UTO CO3aeT HOBbIE BO3MOXK-
HOCTU, TaKMe KaK HaHeceHue Mo 1abJoHy UM MacKMpoBa-
HUe s Tpollecca JuTorpaduu Wi MpSIMOE OCaXIeHUe
(byHKIIMOHAJIBHBIX MaTepUAaJIOB.

Marepuajbsl 1 IPpUMEHEHHE

B kayecTBe MCONIB3yeMOTro MaTepuaia, Kak MmoKa3biBaeT
TabJUIIAa HUXKE, TIOAXOAST BCE BUAbI TIOJTUMEPOB.

CyliecTByeT MHOTO TTapaMeTpPOB, BAMSIOIIMX HA cO3/a-
HYE€ HAHOIIPOBOAOB ITO TEXHOJOTMU DJIEKTPOCITMHHUHTA.
OTU mapaMeTpbl MOXHO DPa3AeJUTh Ha TPU TPYIILI: Tapa-
MeTpbl MaTepuasa, nmapaMmeTpbl Mpoliecca U yCJIOBUSI OKPY-
Xalllel cpebl.
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Puc. 3. IIpouecc o0pa3oBaHus MOJIMMEPHOI HUTH
Fig. 3. The process of formation of a polymer filament

Puc. 4. Tlepepacnpeneiienne 3apsaaa B npoIecce OTBEPAEBAHAS
Fig. 4. The diameters of the resulting fibers for different materials

Puc. 5. POM-u3o0paxennsi: a — cepeOpsiHbIii HAHONIPOBO, b — He
OTOXKEHHBIN; ¢ — TEPMUUYECKHU OTOXKEHHBIN; d — OTOXKEHHBIM
¢doTOHHO

Fig. 5. SEM images of: a — silver nanowires; b — not annealed; ¢ —
thermally annealed; d — annealed photonic

HenaBHue wucciaenoBaHusi BBISIBUIM MaTepuabl s
9JIEKTPOCITMHHUHTA, KOTOPbIE TIO3BOJISIIOT MOJy4YaTh IMPOBO-
JisilMe cepeOpsiHble HAHOMIPOBoJA Mocyie (POTOHHOTO OTXU-
ra Wiv TeEpMUYECKOTo CreKaHMUsI.

DTU HOBbIE, YHUKAJIbHbIE, 3aNlaTeHTOBaHHbIe YepHUJIA Ha
oCHOBe HaHouacTull cepedopa (AgNP) u TexHoIOrus 371eKT-
pOCIIMHHUHTA ObLTU pa3paboTaHbl opraHusanueir The Dow
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Chemical Company. Yepania nMeioT BapbupyeMble Hapa-
METpBI, a TAKXe YIYJIIEeHHOE COOTHOIIIEHNE HU3KOM BSI3KOC-
TH U cOlepXaHUs cepedpa Mo CPaBHEHUIO C IPYTUMM Uep-
HuiamMu. YepHuia MOryT OBITh OTOXKKEHBI 10 BBICOKOM IPO-
BOAMMOCTU C MOMOUIBIO KJIACCUYECKOTO TEPMMUECKOTO WU
(oroHHoro oTXMra (puc. 5). DAEKTPOCMIUHHUHT TTO3BOJISIET
HAHOCUTDb Yy3KWE€ JUHUU U TaKXKe MOAXOAMUT IJIsl CO3MaHUs
MPO3pavyHbIX MPOBOASIIMX TIEHOK Ha OOJIBIIUX MOMATOXKAX
(=225,4 mm).

Bo3MOXHBI paziuuHble MPUMEHEHUsT CepeOPsTHBIX HAHO-
MPOBOJIOB B 3JIEKTPOHUKE, K TIPUMEPY, CEHCOPHbIE DKPaHbI
st OLED/OPV, nipo3pauHble TpoBOASIIIME TICHKHY JIJ1sT 3a-
meHbl [TO, TpaH3MCTOPBI HA TMOKMX MOAJIOXKAX U Mpo3pad-
HbIe HarpeBaTeJbHbIe 3JeMeHTBI. TakKe JOMycKaeTcs U3ro-
TOBJICHUE MPO3PAYHBIX MTPOBOISAIINX CJIOEB W TUIEHOK, TTOC-
KOJIBKY BOJIOKHA IMAMETPOM MeHee 3...5 MKM He BUIHBI He-
BOOPYXEHHBIM TJI1a30M.

Co3maHne MeTalTMIeCKOW CETKU C TPUMEHEHUEM TeX-
HOJIOTUH 3JIEKTPOCITMHHUHTA SIBJISIETCS TIEPCIIEKTUBHOM TeX-
HOJIOTUEN M3-3a BBICOKOW MPOBOAVWMOCTHU TPU HU3KUX 3a-
Tparax (puc. 6).

Merannnyeckyio CeTKy MOXHO CO3[aBaTb C MOMOIIIbIO
aJIIUTUBHOM TEXHOJIOTUU HAaHECEHUS KOAKCUATbHBIX ITOJIH -

JlnameTpbl MOJy4aeMbIX BOJIOKOH ISl PA3JIMYHBIX MATEPHAJIOB
The charge redistribution in the curing process

Munu- Makcu-
MaJIbHBII MaJIbHBII
Marepuan Onucanue JMaMerTp, JaMeTp,
Material Description HM MKM
Minimum Maximum
diameter, nm| diameter, um
PVDF TMonusuHuMaeHGTOPUI 300 1,40
Polyvinylidene fluoride
PEO [MommaTuneH oKcum 400 1,30
Polyethylene oxide
PVA [TonMBUHUIOBBIN CITUPT 300 2,30
Polyvinyl Alcohol
PLLA TMommnakTum 400 3,00
Polylactide
Nylon6,6 | Heiinon 6,6 300 2,70
Nylon 6.6
Nylon6 Heition 6 100 1,00
Nylon 6
PET [Monustunenrepedranar 400 1,80
PolyEthylene Terepthalate
PS [Monucrupon 400 8,50
Polystyrene
PU [Monuyperan 400 1,20
Polyurethane
PMMA [MonmuMeTnaMeTaKpmIaT 900 3,00
Polymethyl methacrylate
PP [MonunponwuieH 1500 12,00
Polypropylene
PE Tonuatunex 1200 6,30
Polyethylene
PSU TMonucynbhoH 400 1,40
Polysulfone
PAN TNonakpIOHUTPUIT 300 5,00
Polyacrylonitrile
PCL TNonukamnpoaakToH 500 15,00
Polycaprolactone
PLGA TMonunakTuarvroauaa 1000 3,00
Polylacticacid
PES TMonucyabhoH 400 2,60
Polysulfone
PEG TTonMaTUIEHTTUKOIb 700 2,40
Polyethylene glycol
CA AlIeTaT LEeJUTIOIO3bI 400 5,10
Cellulose acetate
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Puc. 6. CooTHomeHnne CTOMMOCTH ¥ MPOBOAMMOCTH LIS PA3JIMIHBIX
TEXHOJIOTHil CO3JAHMSI CEHCOPHBIX IKPAHOB

Fig. 6. The ratio of the resistance and conductance for various technologies
to create touch screens
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Puc. 7. CpaBHeHHe mapamMeTpPoOB CETOK, MOJYYEHHBIX IJIEKTPOCIHH-
HUHTOM W JuTorpadueit
Fig. 7. Comparison of the parameters of the meshes obtained by electro-
spinning and lithography
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Puc. 8. IIpnmMepsl HeaBHUX MCCJIEIOBAHUI MPUMEHEHHS JEKTPOCITHMHHUHIA
Fig. 8 Examples of recent research applying electrospinning

e e e - -

Puc. 9. Ycranoska DM50-ENP
Fig. 9. DM50-ENP

Puc. 10. ITevararomas niardpopma DM50-ENP
Fig. 10. DM50-ENP printing platform
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MEpPHBIX/CepeOpsIHBIX HAHOUYACTUI[ MM C TIOMOIIbIO CyO-
TPaKTUBHOTO MeToaa (MackupoBaHue u utorpadust). I[loc-
JIeHUE WCCIIeIOBAHUS TTOKA3bIBAIOT BOBMOXHOCTD CO3IaHUS
Ha OCHOBE JJAaHHOHN TEXHOJOTUU CETOK C OOJBIIMMU 3Have-
HUSIMU YAEJIBbHOIO COIIPOTUBJICHUS U Ipo3pavyHoCcTU (puc. 7).

IToMUMO CeHCOpPHBIX SKPaHOB MOXET ObITh paCCMOTpEeHAa
BO3MOKHOCTb MPUMEHEHUSI IEKTPOCITMHHUHTA B TAKHUX 00-
JIaCTSIX, KaK MCTOYHUKMU MUTAHUS, aMsTh, OMOUYMIIbI, TeX-
Hosoruss MEMS u mMukposnekTpoHuka. biaarogapss KoHT-
pOJIMpyeMOMY aJJIUTUBHOMY OCAXXJIEHUIO TakKe BO3MOXKHO
npuMeHeHrne (GYHKUMOHAJIbHBIX KOMIIOHEHTOB, TaKUX Kak
TPAH3UCTOPHI ¥ THOKUE TTOMTOXKKY TSI MUKPORJIEKTPOHUKU.
HexoTopbie mprMepbl HeAaBHUX UCCIICAOBAHUN MTPUBEICHBI
Ha puc. 8.

VYcranoBka 1is co3aanus HaHonposoaos DMS0-ENP

st obecrieyeHUs aAIUTUBHON TEXHOJIOTUM MCTIONIb3Y-
eTcsl MHOTO(PYHKIIMOHAIbHASI M YHUBepcaibHas rargopma
npuHTepa (puc. 9). Ycranoska DM50-ENP ocyimecTsisier
co3faHre HAaHOTIPOBOIOB TI0 TEXHOJIOTUM JIEKTPOCTTMHHUH-
ra B omkHeM mose (puc. 10).

Dra mevarampiias IUiaTgopMa OCHOBaHA Ha CTPYMHOM
npuHtepe PiXDRO LP50 ot komnanuu Meyer Burger.

TexHUYECKHE XAPAKTEPUCTHKH

MaxkcuManbHBIH pa3Mep MOMIOXKHA . . . . . . . 327 x 227 MM
(A4)

TouHOCTb cUCTeMBI (TIOBTOPSIEMOCTb)

mocssMXuY ...................... +5 mxm (30)

makc. 500 mm/c
makc. 200 mm/c
+5 MM (30)
—1°/1°

CKOpPOCTh MPSIMOTO Xoma rmo ocu Y . ... .. ..
CKOpOCTb MepeMeLleHUsI IoO ocu X . . . ... ..
IToBTOpPSIEMOCTH MepeMellleHUsI TI0 ocu Z . . .
Bo3MOXHBI yron moBopoTa crona . . . . .. ..
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this process. A brief review of recent researches in electrospinning is made. In addition, the creating of conductive mesh for touch

screens using specialized silver inks is described.
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Introduction

Electrospinning technology is known for decades and
commonly used for producing filters and non-wovens for the
textile industry. By electrospinning wires of several nanome-
tres thick are produced. A typical electrospinning setup is
configured by a syringe pump, high voltage supply, needle and
collector (Fig. 1).

Traditionally a rather chaotic random deposition of fibres
is deployed on a relative far field spinning distance of about
300 mm and under 20 K to 30 K electrostatic voltage. By this
electrostatic repulsion a polymer solution or melted polymer
fibre is stretched and streaming out of a so called ‘Tailor cone’
at the spinning tip or needle (Fig. 2). The solvent evaporates
out of the solution during flight. In case of a melt the fibre so-
lidifies during flight. This is followed by whipping. The whip-
ping process causes the fibre to be elongated further and is
creating chaotically deposition on the collector (Fig. 3). The
whipping process is caused by the relocation of the charge to
the surface of the fibre, which causes the flow to go from
ohmic to convective characteristic (Reneker & Yarin, 2008).
The whipping process creates a drastic decrease in fibre di-
ameter and an increase in fibre length (Fig. 4).

Recently application research on electrospinning is fo-
cused on nanotechnology in electronics. By near field elec-
trospinning at about 10 to 20 mm distance, controlled depo-
sition of fibres creates new possibilities such as patterning and
masking for lithographic process or direct deposition of func-
tional materials.

Materials & Applications

For materials all kinds of polymers are applicable as un-
derneath table shows.

There are many parameters that effect the creation of na-
nowires with the electrospinning process. The parameters can
be distinguished into three groups: materials, process and en-
vironmental conditions.

Recent research presents electrospinning of coaxial na-
nofiber material. Production of silver nanowires is feasible be-
ing conductive after photonic curing of thermal sintering.

These new, unique, proprietary silver nanoparticle (AgNP)
inks and electrospinning deposition technology has been de-
veloped by The Dow Chemical Company. The inks have tun-
able properties, especially a significantly improved balance of
low viscosity and silver load versus other inks in the market.
The inks can be sintered to high conductivity using typical
photonic or thermal sintering methods (Fig. 5). The process
in combination with the inks enables deposition of narrow
lines and is also suitable for transparent conductive films on
large substrates (=50 inch) keeping excellent transmission, re-
sistivity and haze.

With conductive silver nanowires all kinds of applications
in electronics become feasible: OLED/OPV Electrodes,
Transparent Conductive Films for ITO replacement, Tran-
sistors on flexible substrates and for instance transparent heat-
ing functionality. As fibres below 3 to 5 microns are not visible
by naked eye, manufacturing transparent conductive layers
and films are enabled.

Creating metal mesh by electrospinning is an attractive
technology because of high conductivity at low cost (Fig. 6).

Metal mesh can be created in direct write mode by coaxial
polymer/silver-nanoparticle ink or by using a subtractive
method via masking and lithography. Recent research is
showing the capability of this technology creating great resis-
tivity and transparency properties (Fig. 7).

Besides Touch Screens research and development can be
performed and explored in fields like Batteries, Memory, Bio
chips, MEMS technology and Micro Electronics. By control-
led ‘direct write’ electrospinning deposition also functional
components like transistors and flexible substrates for micro-
electronics are possible applications. Underneath pictures
show some research examples from recent research (Fig. 8).
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Nano-Wire printing platform DM50-ENP

For enabling such a direct write mode a multifunctional
and versatile printer platform is introduced (Fig. 9). The
DMS50-ENP features a direct write mode for near field elec-
trospinning technology (Fig. 10).

This printing platform is based on the PiXDRO LP50
Inkjet Printer by Meyer Burger of which over the last decade
more the 200 units are sold worldwide.

General Specification:

Substrates max size . ................... 327 x 227 mm
(A4)
System accuracy X—Y axis Repeatability . . . . . +5 um (30)

Y-axis direct drive velocity . .. ............ max 500 mm/s

X-axis stepper motor driven velocity . ....... max 200 mm/s
+5 um (30)

—1°/1°

Z-axis stepper motor driven repeatability . . . . .
Rotate substrate table on Z-axis stroke. . . . . ..
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MEXAHOAKTUBUPYEMbBIE YABTPATUBKME KOH®OPMHbDIE
MHTETPUPYEMBIE PEKYTEPATOPbI DHEPTUA
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IIpedcmasner 0030p cO8PeMEHHBIX MEXHOAOSUMECKUX PeUUeHUT] U YCMPOUCME UHOUBUOYANbHOU MEXAHOAKMUBUDPYEMOU YAbMpPa-
2UOKOU KOHOPMHOU HAHOIHEPeeMUKU, UHMeSPUPYeMbIX C KOHCIMPYKMUGHBIMU dAeMeHmamu 00excobl U 00ysu, a makaice snudep-
ManbHO pasmeuaemvix HenocpeoCmeeHHo Ha NOBEPXHOCMU KOJCU UAU UMNAGHMUPYEMbIX 8 MeA0 4eN08eKd.

Karouegvie caosa: mexanoaxkmusupyemas yiompacubkas KOHGOPMHAS HAHOIHEPeeMUKA, UHOUBUOYANbHbIE CUCTEMbL IHEP20-
obecneueHus:, Nbe30HAH02EHePAMOopPbL, MPUOOHAHOEHEPAMOpPYL, eUOPUOHbIe HAHOIHEpeemuUYecKUe YCMpPOUCmea, dIHepeemu1eckKull

mexKcmuib

Ilepeuyen» 0003HAYEHMI HEKOTOPBIX (hU3MIECKUX BeTHIHH
M TEXHMYECKHX MapamMeTpoB

I, — TOK KOPOTKOIO 3aMbIKaHUS
J, — IUIOTHOCTb TOKA KOPOTKOIO 3aMblKaHUS
LT — xo3(pduLMeHT CBETOIPONMYyCKaHMS

P,,; — BBIXOIHAs MOLIHOCTD

P, — ynenpHas MOLIHOCTb Ha €JMHULLY OBEPXHOCTU

U,. — HanpsKeHHe XOJIOCTOIo Xoza

Ilepeyenn cokpameHnmii

AAM (anodized aluminum membrane) — aHOOMpPOBaH-
Hasl aJlloMMHUEeBass MeMOpaHa

CNT (carbon nanotubes) — yriiepogHbie HAHOTPYOKM

CVD (chemical vapor deposition) — XMMHUYECKOE OCaxkK-
JIeHUe U3 ra3oBoii (asbl

DSSC (dye-sensitized solar cell) — COTHEYHBI 3JIEMEHT
Ha CEHCUOMIM3UPOBAHHBIX KPACUTENSIX

FEP (fluorinated ethylene propylene) — comnojumep TeT-
padTopaTuiieHa U rekcadTopriponuieHa

G (graphene) — rpaden

ITO (indium tin oxide) — okcum MHAMS OJIOBa

KNLN — XUMUYECKOE COeIMHEHUE
0,942(K 450Nag 535)NbO3 — 0,058(LiNbO3)

Kt (kapton) — kanToH, ofgHa M3 pa3HOBUIHOCTEU TpO-
MBIIIUIEHHO BhIITycKaemoro PI

MWCNT (multi-walled carbon nanotubes) — MHoOro-
CTEHHbBIE YIJIEPOIHbIE HAHOTPYOKU

NPs (nanoparticles) — HaHOYaCTHUIIBI

NRs (nanorods) — HaHOCTEepPXKHU

NWs (nanowires) — HaHOBOJIOKHA

P(VDF-TrFE) (polyvinylidene (fluoride trichlorethy-
lene)) — momu(BUHUIUAEHDTOPUA-TPUDIIOOPOITUIICH)

P3HT (poly(3-hexylthiophene)) — nmonu(3-rekcunruodeH)

PC¢BM ([6,6]-phenyl-C61 butyric acid methylester) —
[6,6]dbennn-C61 MeTUIOBBIM 3PUpP OYTAHOBOM KUCIOTHI

PDMS (polydimethylsiloxane) — noauanuMeTUICUIOKCaH

PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate) — mnonu(3,4-3TUIIEHIMOKCUTUOMEH )ITOIH -
CTHpEH Cyb(oHaT

PEN (polyethylene naphthalate) — monausTiieHHadTanaT

PENG (piezoelectric nanogenerator) — Mbe30HaHOT€He-
paTop

PET (polyethylene terephthalate) — moau3aTUIEHTEPE-
(ranar

PI (polyimide) — momummmg

PMMA (polymethylmethacrylate) — monnmeTuIMETaK-
puiar

PMN-PT — XUMHUUYECKOe
0,65{Pb(Mgl/3Nb2/3)O3}—0,35{PbTiO3}

PPX (parylene) — mapuieH

PS (polystyrene) — moaucTUpoI;

PTFE (poli(tetrafluoroetylen)) — monurteTpacdTOpITUICH

PU (polyurethane) — mommyperan

PVC (polyvinyl chloride) — moaMBUHUIXIOPUT

PVDF (polyvinylidene fluoride) — moauBuHUIUICH-
¢ropun

PZT (lead zirconate titanate) — TUTaHAT IMPKOHAT CBUHIIA

R2R (roll-two-roll) — pyJoHHAas1 TEXHOJIOTHSI

RGO (reduced graphene oxide) — BoCCTaHOBJIEHHBII OK-
cun rpadeHa

RIE (reactive ion etching) — peakTUBHOEe MOHHOE TpaB-
JIeHHUe

TENG (triboelectric nanogenerator) — TprnOOHaHOTEeHE-
paTop

COCIMHCHUE
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Beenenne

CrtpemuTenbHass WMHTEUIEKTyaau3alusi COBPEMEHHON
TexHocdephl, odbecneynBalolleii KoMGOPTHYIO cpeay oOu-
TaHUSI 4YeJIOBeKa, CEerolHsi HEeBO3MOXHa 0e3 ameKBaTHBIX
TapMOHU3UPOBAHHBIX YHEPTETUYECKUX pelleHui. OgHuM
13 COBPEMEHHBIX HaMpaBieHUuit GopMUPOBaHUS UHTEIIEKTY-
aTbHON TeXHOChEephl SIBJISIETCS Pa3BUTUE WHAUBUAYATbHBIX
MHTEPAKTUBHBIX MYIbTUDYHKIIMOHAIBHBIX OMOWMHTETpUpYe-
MBIX M1aTHOPM, BKIIOYAsI MUKPO- U HAHOCHUCTEMBbI, KOOTIEPU-
pyeMble ¢ KOHCTPYKTUBHBIMM 3JIEMEHTaMU ONIEKIbI U OOYBH,
a TakKe dMUIEPMAIbHO pa3MeliaeMble HETTOCPEACTBEHHO Ha
MOBEPXHOCTU KOXU WM UMIUIAHTUPYEMbIE B TEJIO YeJIOBEKa.
Tem cambIM OTpenesIIOTCS OCHOBHBIE TPeOOBaHUS KO BCEM
(byHKIIMOHAILHBIM KOMIIOHEHTaM, BXOMASIIUM B UX COCTaB:
rMOKOCTh, KOH(OPMHOCTh 1 OMOCOBMECTUMOCTh [1—4].

Hcxons M3 cka3zaHHOTO BbILIE 1IEIbI0 JAaHHOW CTaTbU
SIBJISITICS 0030p COBPEMEHHBIX TEXHOJIOTUUYECKUX PEIIeHUIA
B 00JacTU CcO3MaHUsl MEeXaHOAKTUBUPYEMBIX (AaBjieHue,
TpeHUe, CKOJIbXEHUE) YIbTParnoOKMx KOH(MOPMHBIX SHEPro-
o0ecreynBaIlX MUKPO- U HAHO3JIEMEHTOB — peKyIepa-
TOPOB SHEPIUU.

IIne30HanorenepaTopnl

VYaprparubkve KoHGOPMHBIE Tbe30HAHOTEHEPATOPHI
(PENG) npencraBieHbl B HacTosIIee BpeMsi HA OCHOBE KakK
HEOpPraHMYeCKUX, TaK M OPraHWYEeCKUX Ibe303JIeKTpruiec-
KHUX MaTepuasoB.

He eop2anuvecKue nbe3oHanozenepamopbol

OcHogoit ynerparun6okux PENG Ha ocHOBe pacmnpocTtpa-
HEHHOTO Mbe303JIeKTpuuyeckoro marepuana ZnO ciayxuia
noajoxka u3 Al-donbru. Ilomioxka omHOro U3 IPOTOTH-
noB (puc. 1, a) [5] npeaBapuTesbHO MOKPbIBAIACh TOHKUM
(~2 Mmxm) PMMA-cnoeM, nogitoxka apyroro (puc. 1, b) [6] —
a”HonupoBaiack. Ha mosydyeHHbIE MUKPOIIOPUCThIE TTOKPbI-
THSI HaHOCWJICST TOHKUI ZnO-ciioil, KOTOPBI BOCIIPOU3BO-
T MOP(GOJIOTUIO MX TTIOBEPXHOCTU. DTO MO3BOJUIIO OMTU-

Puc. 1. YabrparnOkue nbe30HAHOTEHEPATOPbl: a, b — CTPYKTYypa;
¢, d, e — TIPOTOTUITBI

Fig. 1. Ultra-flexible piezoelectric nanogenerators: a, b — structure;
¢, d, e — prototypes
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Puc. 2. YabTpaToHKuii rHOKHii Ibe30HAHOTEHEPaTop
Fig. 2. Ultrathin flexible piezoelectric nanogenerator

MU3HUPOBATh CTPYKTYPY BEpTUKAIbHBIX MaccuBOB ZnO N'Ws
B MPOLECCE MX BbIpalllMBaHUsI TUAPOTEPMATIbHBIM METOIOM
(ITMHA BOJIOKOH cocTaBiisuia ~2 MKM). Ha 3akitounTtenibHOM
3Tafne MacCHUBBI HAHOBOJIOKOH ¢uKcupoBainch PMMA-mat-
pUIlIeii, TOMIIMHA KOTOPO# TakxXe cocTapisiia ~2 MKM. [loc-
JIe 3TOT0 HAaHOCHJIMCH Al-3JIeKTpoAbl TOIIIUMHON ~50 HM.

[Mpototumnsl (puc. 1, ¢, d, e) 6narogapst CBoeii JIETKOCTH
1 TUOKOCTHM MOTJIM MCIIOJIb30BaThCS B PA3JIMYHBIX YCIOBHUSIX.
Bynyuu npuKperieHHbIM K MOJOTHUILLY (hiara, OfMH U3 HUX
HCTOJIb30BaJl KOoJiebaHUsI TKaHU MOJ BO3IEWCTBUEM BETpa.
B yClIOBHSIX CKOPOCTH BO3IYIIHOIO ITOTOKA 10 6 M/C 3TOT
IPOTOTUI MMeN ciaepyloliue napamerpsl: U, — 200 mB,
I,. — 200 HA. [Ipyroii MPOTOTHUII, Pa3MELIEHHbIA KAK SHEPTO-
HE3aBUCUMBI BHICOKOUYBCTBUTEJBHBIN AaTYMK Ha KOXE JIM-
113, MO/l BO3AEMCTBUEM JABWXKEHUN BEK U MUMUUYECKUX MbILILL
umen cnenyowmue napamerpol: U, — 200 mB, [, — 2 HA.

Vaprpatonkuit rubkuit PENG (puc. 2) [7] ucnonb3oBai
SHEPrUIo IBMKEHUI YesIoBeKa 6J1aromapst COueTaHUIo B TIPO-
1ecce paboThl KaK M3rHOAaIolIMX, TaK U CKPyYMBaIOIIKUX BO3-
NEeNCTBUI. AKTUBHBII KOMITIOHEHT cTpyKTyphl Ha PET/ITO-
THOJIOXKE TIPEICTABIISLT COO0I TOHKMI (~87 HM) CJIOI TIOJIM -
Kkpucrajmmueckoro ZnO. Mopdoiorusi HaHOKpUCTAJLIMYEC-
KO CTPYKTYpPHBI OblJIa TAKOBA, YTO MO Mbe303JEKTPUUECKUM
BO3MOXHOCTSIM 3TOT CJIOM He YCTyIaJl OpUeHTUPOBAHHBIM
MaccUBaM HAHOBOJIOKOH. AKTUBHBIN CJIOi (hopMuUpOBaICs
LeHTpUGyTUpOBaHUEM, KaK U TOHKHE BCIIOMOTATEJbHBIC
ciou P3HT:PCyBM (~25 um) u PEDOT:PSS (~15 HM™m), Ko-
TOpblE ONTUMM3UPOBAIU TMPOLECCHl MEepeHOcCa CBOOOTHBIX
HOCHUTEJIe 3apsaaa K Ag-3J1eKTpoay. DIeKTPoa U3 Ag-MacThl
HaHocuJcs TpadapeTHoi mevaThlo. [IpoToTun, pa3MmeleH-
HBIIl Ha pyKe, UMel crenyolue napamerpel: U,. — 0,6 B,
Joe — 55 HA/CM2 ¥ MOT HMCIIOJIb30BaThC KaK BBICOKOYYBCT-
BUTENbHBIN naTyuk nedopmanuu. Boiee BbICOKMMU Tapa-
MeTpamu obJianana COBOKYMHOCTh MOCIEI0BaTeIbHO COeIM-
HEHHBIX IPOTOTUIIOB Oombwero pasmepa: Uy, — 1,4 B, J,. —
8,13 MkA/cm? [8].

CoBMellleHre aKTUBHBIX HAHOCTPYKTYp ZnO ¢ moammep-
HBIMM MaTpUllaMU, OO0JIAAIOIIUMU Tbe302JEKTPUIECKUMU
CBOIICTBAaMM, HAIIJIO NMPUMEHEHUE KaK B IUIAHAPHOM, TaK U
B BOJIOKOHHOM ynbTparnbkux PENG [9]. Kommno3uTHbiit
aKTUBHBIN CJIOM MpPEeACTaBisyl COOOM BepTHUKAJIbHBINA Mac-
cuB ZnO NWs B PVDF-marputie. [lnanapHsiii mpototumn
(puc. 3, a) Ha Kt-1omioxke B LeJISIX TTOBBILLIEHUSI €0 YyBCT-
BUTEJbHOCTU ObUI YCUJIEH NOMOJHUTENbHON PS-momiox-
Koi. OCHOBOIf KOaKCHMaJbHOTO BOJOKOHHOTO IPOTOTHUIIA
(puc. 3, b) ciayXuJIO 3J1aCTUYHOE LIEHTPAJIbHOE BOJIOKHO.
M B ToM u B apyrom ciydyae npuMeHsuch Au/Cr-31eKTpo-
npl. BeptukanbHbiil n pamuanbHblii MaccuBbl ZnO NWs B
Mpolecce CO3AaHUsI TPOTOTUNOB BhIPAIIMBATIUCH TMIPOTEP-
MaJIbHBIM METOIOM, TIOJIMMEpHasi MaTpuiia (opMrpoBajach
HeHTpUPyrupoBaHrueM. AKTUBUPOBAHUE IIhe30JIEKTPUIEC-




kux cBoiictB PVDF oGecrieunBanoch
(bopMoBaHUEM MPOTOTUIIOB B CHJIBHOM
9JIeKTpUYeckoM Tose. [lnaHapHbIl U
BOJIOKOHHBIN TTPOTOTUIIBI UMETU COOT-
BETCTBEHHO CJIeAyIOLIe TapaMeTphbl:
U,,—200un30mB, J,— 1012 HA/cM2.
IMpoToTnIbl, MHKATICYIMPOBaHHBIC TT0-
JIMMEpPHOI 000JIOUKOI, paccMaTpuBa-
JINCh KaK CaMOCTOSITEIbHBIC YCTPOUCT-
Ba (puc. 3, ¢), BosjokoHHbI1 PENG mor
MHTETPUPOBATLCSI B COCTAB IHEPreTH-
YeCKOTO TEKCTHUJIS.

B xauectBe anbrepHaTuBH ZnO, MOMUMO THUOPUIHBIX
peuleHuii, paccMaTpuBajcsl MaTepuan ¢ 0ojiee BHICOKMMU
NbE303JIEKTPUIECKMMHU XapakTepuctukamu — ZnSnO5 [10].
AKTUBHOI CTPYKTYpOIi Mpo3pauyHoro yiabTparoHkoro PENG
(puc. 4) cayxun xomnosuT ZnSnO3; NWs 8 PDMS-marpu-
ne. HanoBomokna mnuHO# 1o 800 MKM IIpeaCTaBIIsIA CO-
0011 JIEHTHI, CyXalolIrecs: K OJHOMY M3 KOHIIOB, M pacIoJa-
raJINCh He TIepIeHANKYISIpHO, a mapauiesibHo PET-nopnox-
Ke. MUHUATIOPHBIN TTPO3payHblii TPOTOTUI IO, ACHCTBUEM
JBIKEHUI TaJIblieB TIPU paboTe ¢ KOMIBIOTEPHOM MBILIbBIO
nmen crenyromye napamerpe: U, — 5,3 B, I, — 0,13 MxA.

OnactuuHocth TuOkoMy PENG OGosnbiuoii ruromaau
(puc. 5) Ha OCHOBE He MeHee PaclpOCTPAHEHHOTO Mbe303-
nexkrpuyeckoro Matepuana BaTiO5 obecnieunBana akTuBHas
KOMITO3UTHAsI CTPYKTypa Ha OCHOBE YIJIEPOMHBIX HaHOMATe-
puanoB [11]. OCHOBOI1 CUMMETPUYHOTO KOH(POPMHOIO IMpO-
TOTHUTIA CITYXXWu 1Be Kt-ITomIoXKy, Ha KOTOpble MarHETPOH-
HBIM OCaXIEHUEeM ObUTM HaHECEHBI KOMITO3UTHBIE 3JIEKTPOIbI
u3 ToHKuX cjioeB Au (~100 am) u Cr (~10 HM). AKTHBHas
CTpYKTypa (hopMUpOBAIACh LEHTPUDPYTUPOBAHUEM TIpEIBa-
PUTEJbHO MPUIOTOBJIEHHON KOMIIO3UTHOM CYCHEH3UM, KO-
Topas coaepxana PDMS-marpuny, BaTiO; NPs, Beipaiuen-
HbIe TUAPOTEPMATLHBIM MeTooM, a Takxke CNT mnu RGO
NPs. Ha ¢uHuIIHOI cTaguu MpoBOAMIACH MOJSIPU3aLU
CUJIbHBIM 3JIEKTPUYECKUM TMosieM. McnblTaHus MpoToTUNa
OOJIBIION TUIOIIAAM TTOKA3aIN CTA0MIBHOCTD XapaKTepUCTUK
nociie 3000 KOMOMHUPOBAHHBIX LIMKJIOB M3rM0a U pacTsoKe-
Hus. [IpoToTHI, B YCIOBUSIX MEXaHWUECKUX BO3IEUCTBMIA,
COIOCTaBUMBIX C COKpAIEHUSIMM MBIIII YeJIOBeKa, MMeEN
cinenytowue napamerpsl: U,. — 3,2 B, I, — 350 HA.

Tpebyemoe mist coznanus sHepreTudeckoro PENG-tek-
crwisad [12] couyeTaHWe IIbE303JEKTPUYECKUX CBOMCTB U
3JIACTUYHOCTU obecnieynBann KomnosutHslie BaTiO5/PVC-
BosokHa [ (puc. 6). Bxoasime B ux cocrap BaTiO; NWs
BBIPAIIMBAIIUCH B XOJie TIOCIeA0BAaTEIbHO MPOBOIUMBIX MPO-
1IECCOB TOMOXUMUYECKOTO0 CUHTE3a U TUAPOTEPMATIbHOTO
pocta. HaHoBosiokHa cMenmBaiuch ¢ rnopoiikom PVC, u u3
MOJIYYEHHO! CYCMeH3UU SKCTPY3UBHO BHITSTMBAIUCH KOMITO-
3WTHBIC BOJIOKHA muameTpoM ~60...70 MkMm. B 3Hepretudec-
kuit PENG-TekcTiib pydHOi BI3KY IIOMUMO KOMITO3UTHBIX
BOJIOKOH BXOAWJIM U30JMPYIOIINE XJOMKOBbIE BOJIOKHA 2 U
2]1eKTpo/bl 3 U3 ToHKOI Cu-npoBojoku. BHelHsIsi KoMMy-
Talusl OoCyllecTBIsuIach AByMs: Cu-aiekTpogaMu 4, pacio-
JIOXKEHHBIMU TMapajljie]IbHO KOMITIO3UTHBIM MbE30BOJIOKHAM.
TlepBOHAYAIBHO TIPOTOTHIT MCCIIEAOBAICS Ha TIOJTMMEPHOM
rMOKOM MOIJIOXKE 1 B AaJbHEMIIIeM MHTeTPUPOBAJICS B Ha-
JIOKOTHUK. B mociegHeM ciydae TpeboBajgach NOIMOJTHU-
TeJbHasT UBOJISALIMS MPOTOTUIIA OT KOHTaKTa ¢ Koxelt. Ilox
BO3IENCTBUEM IBUKEHUM PYKHU ITPOTOTUI SHEPTETUUECKOTO
PENG-TexcTuna umen cnenyioumue napamerpet: U,. — 1,9 B,
1. — 24 HA.

Puc. 3. I'nOpuanbie Nbe30HAHOTEHEPATOPDI: @, b — CTPYKTYpa; ¢ — BOJOKOHHBII MPOTOTHUIT
Fig. 3. Hybrid piezoelectric nanogenerators: a, b — structure; ¢ — fiber prototype

Puc. 4. TIpo3pauHblii yIbTPATOHKHiI IbE30HAHOTEHEPATOP
Fig. 4. Transparent ultrathin piezoelectric nanogenerator
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v

Puc. 5. KonopMHblii Nbe30HAHOTeHEPATOP OOIBIIOH IIOMATN: @ —
CTPYKTypa; 6 — MPOTOTUII

Fig. 5. Conformal piezoelectric nanogenerator of large area: a —
structure; b — prototype

Puc. 6. DHepreTHyecKuii TEKCTHIb HA OCHOBE TUTAHATA Dapus: | —
KOMITO3UTHBIE MThe303JIEKTPUIECKHE BOJIOKHA; 2 — XJIOTTKOBBIC BO-
JIOKHA; 3, 4 — MeIHbIe DJIEKTPOIbI

Fig. 6. Barium titanate-based energy textile: 1 — composite piezoelectric
fibers; 2 — cotton fibers; 3, 4 — copper electrodes
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Puc. 7. Kondopmublii nbe30HaHOTeHEPATOP
Fig. 7. Conformal piezoelectric nanogenerator

B npouecce cozpanust KonpopmHoro PENG (puc. 7) Ha
OCHOBE TPAIUIIMOHHOTO The303JIEKTPUUECKOTO MaTepuasa
PZT taxxe ObUla MCHOJb30BaHA MaTePUHCKAs MOMJIOXKKA
[13]. Si-nnactuHa noxpeiBanach (LEHTPUGDYTUPOBAHUEM )
BHauaje ToHKUM PDMS-cioem, 3arem cioemM aKTHUBHOTO
KOMIIO3UTA, KOTOPbI mpenactaBistl coboit cmecb CNT u
PZT NPs B PDMS-marpunie, u BHOBb PDMS-ciioem. Ioc-
Jie CYIIKM 3TOT CIHIBUY pa3pe3asicsl Ha parMeHThI 3 X 3 cMm,
KOTOpBbIE MepeHOCWINCh Ha MPeaBapUTEIbHO MOATOTOBIECH -
nyto PET/ITO-nomnoxky. ITocne noGaBaeHus: CHMMETpUY-
Hoii PET/ITO-noaoXKy MpoTOTUI OKOHYATEJIEHO (hOpMU-
poBajicsl B XOJe MOJSIpU3ALMU CUJIbHBIM DJEKTPUUYECKUM
MoJIeM.

IIpu nerkoM m3rude mnajbliaMy IPOTOTUII UMEJI CIIEIYIO-
e napamerpel: U, — 10 B, [, — 1,3 MxA. Macwra6bupy-

Puc. 8. BHoMMILIAHTHPYEMBIii Tbe30HAHOTEHEPATOP
Fig. 8. Bio-implantable piezoelectric nanogenerator

Puc. 9. KondopmHblii nbe30HAHOTEHEPATOP: @ — CTPYKTypa; b — Tec-
TUPOBAHME DBJIACTUYHOCTU; ¢ — WUIIOCTPALUS YCTONYUBOCTH K
BHEIIIHUM BO3IEHCTBUSIM

Fig. 9. Conformal piezoelectric nanogenerator: a — structure; b —
elasticity tests; ¢ — illustration of resistance against external actions
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€MOCTh TIPOIIECCOB OOecTieunya yBETH-
YeHWe pa3MepoB: MPOTOTUIT pa3Mepamu
30%30 cM uMen cienymoolue rmapamer-
per: U,. — 100 B, I, — 10 MxA. Crout
OTMeTUTD, uTO BBeAeHe CNT moBbIia-
JIO KaK 3JJACTUYHOCTb, TaK U CTPYKTYp-
HO€ COBEpIICHCTBO aKTUBHOTO CIIOS,
CYLIECTBEHHO BIMSIOIIEE Ha XapakTe-
puctuku PENG npu yBelnyeHUU €ro
pa3MepoB.

Bbicokue mbe302JIeKTpUIeckKre xa-
pakTepucTuku PZT (c yueToM BO3MOX-
HOCTE COBPEMEHHON WHKAIICYJISIINN),
0e3yCJI0BHO, TMpUBJEKATEIbHbI B CO3JIaHUU YJbTpaMUHHA-
TIopHBIX OroumItianTupyeMmbix PENG (puc. 8) [14].

Ha PI-nonoxke 6bl1a chopMupoBaHa aKTUBHAsI CTPYKTY-
pa u3 12 610KoB Mukporoiocok PZT (tonumHoit ~500 HM)
mexay Ti/Pt- m Cr/Au-siekTpogaMu aHAJOTUIHONW KOH-
(urypanuy; KOMMYTUPYIOLIMI Au-3JeKTPOA OTAESICS
PI-mackoii. OkoHuatenbHass Pl-uHkancymsiius oObsiCHSI-
JIach TeM, YTO 3TOT MaTepral OMOCOBMECTUM M MOXKET KOH-
TaKTUPOBaTh C TKaHSIMHU 4eJoBeueckoro Tena. [Ipororwur,
COBMEUICHHbIN € JaTYMKOM Ha DJaCTUYHON Si-TOIIOXKe,
3aKPeTUISICS Y TECTUPOBAJICS Ha CTEHKAX ceplla MOIOIbIT-
HBIX XUBOTHBIX. B aTHX ycnosusax U, npoToTHIa 10CTUTra-
Jo 3,7 B n obecrnieunBajio HOpMaibHYyI0 PabOTy OMOUMII-
JJAHTUPYEMOTO KapauoCcTUMYysiTopa. McibiTaHUS Ha TIpo-
YHOCTb BHYTPM XXMBOTO OpraHU3Ma He BbISIBUJIU 3aMETHOTO
CHIXXKEHUS pPabouynX XapaKTepUCTHK MPOTOTHUIIA ITOCTe
20 000 000 MKIOB pabOTHI.

B xondopmuoM ru6kom PENG [15] mnst co3maHus 1mo-
JIMMEPHOM MaTpULIbl aKTUBHOW CTPYKTYPhI OBLT UCITOJIB30-
BaH CWIMKOHOBBI KaydyK, Ha TOPSIIOK MPEBOCXOMSIINIA
PDMS no snactuuHoctu (puc. 9, a). KommnosutHas ak-
TUBHAsI CTPYKTypa coaepxkaina PMN-PT! NPs IUaMETPOM
~1 mxkm 1 CNT auamerpom ~20 HM U JUIMHOI ~10 MKM B 1o-
numepHoii Marpuile. Pactipenenernnast cetb CNT obecrnieun-
BaJla DJIEKTPUYECKUI KOHTAKT MEXIY HAaHOUACTUILIAMU U UX
CTPYKTYPUPOBaHUE MpM pacTskeHuu/cxatur. KoMmosut
(opMupoBaicst auCIIeprupoBaHUEM TPEIBAPUTETHHO TTPHU-
TOTOBJICHHBIX I'paHyJ aKTUBHBIX KOMIIOHEHTOB B PacTBOpE
MojauMepa € TOCHEAYIOIIMM OTXUIOM U TMOoJsipu3alueit
CWJIBHBIM 3JIEKTPUIECKUM TIOJIeM. DJIACTUYHBIC 3JIEKTPOIBI
MPEACTaBIISIIN COO0M B3aMMOIIPOHUKAIOIIYIO CETh YIbTpa-
IHHBIX (1o 50 mkm) Ag N'Ws. MexaHu4yeckue CBOMCTBa
MaTpUIbl CULJIMKOHOBOTO Kay4yyKa MO3BOJIMIN O00UTHCH Oe3
MCTIOJIb30BaHUS TIOTOXKKH.

DacTUYHOCTh MpoToTuna (puc. 9, b) OblIa TakOBa, YTO
OH BBIICPXKUBAJ LIMKJIMUYECKOe pacTskeHue/cxxatre Ha 200 %
0e3 3aMeTHOro ocjabjeHrsl paboynx XapakKTepUCTUK U TIPU
3TOM YCTOMYMBO (DYHKLIMOHUPOBAJT B YCIOBUSAX Pa3TUYHBIX
BHELIHUX BoaneicTBuii (puc. 9, c). [IporoTur, 3akpernaeH-
HbIIl Ha KOXe Mpearieubsi, MMesa Cleaylouue napaMmeTphl:
U,.— 4 B, I, — 500 HA.

st ynerparnokoro PENG 6o:bioit nomanu (puc. 10)
ObIT BEIOpaH uccienoBaHHbIN paHee matepuan KNLN [16].
Bricokast mucniepcHOCTh HAHOYACTHI 3TOTO MaTepraia CIo-
coOcTBOBajIa 0OJIbIIeil pABHOMEPHOCTH OOBEMHOIO pacIipe-
JIeJIeHUsT Tbe30MOTeHIMala TPU MX BKIIOYEHUU B CETEBYIO

! Bror Marepuail, Tak Xe Kak paccMaTpuBaemblit nanee KNLN,
npeBocxolst PZT mo mbe3osaeKTpUYecKuM XapaKTepUCTUKaM, Xa-
pakTepusyeTcs 00Jblleil CTeNeHbI0 6MOCOBMECTUMOCTH.




A KNLN

Puc. 10. Yabrparuokuii nbe3oHaHOreHepaToOp 0O0JBINOH MJIOMATA
Fig. 10. Ultra-flexible piezoelectric nanogenerator of large area

CTPYKTYPY HAaHOBOJIOKOH WJIM HAHOCTEPXKHEI MeTajula B Mo-
JIUMEPHOI MaTpuile.

Muxkpouactuiisl KNLN pasmepamu 1...3 MKM ObLTH 13-
TOTOBJIEHBI 0 KepaMMuYecKoil TexHoJioruu. WMcxomaHble
komnoHeHtsl — K,CO3, Na,CO3, Nb,O5 1 Li,CO3 — us-
MeJbYaIUCh U CMELIMBAINCH B TpeOyeMol mpornopiuu. 3a-
TE€M CYCIIEH3MSI UX CMECU B 3TaHOJE IMOABEeprajach BaKyyM-
HOI cylKe W KajJblMHUpoBaHUIO. [TojlydeHHBII MOpouIoK
Tocjie U3MeJTbUCHUS M MPOCEUBAHMS CIIEKAJICS U TIOBTOPHO
u3Menbyaics 10 GopMUPOBAHUS YaCTULL TPeOYyEMOTO pa3Me-
pa. Ha crnenytoniem sTane B MarHUTHON Melnanke GpopMu-
poBanachk paBHoMmepHas cycrieH3uss KNLN NPs u Cu NRs B
ataHose. [Tocie cyuiku rpaHysibl aKTUBHOIO HAHOKOMITO3M-
Ta cMelluBaauch ¢ pactBopom PDMS, cycneHsus nieHTpu-
¢yrupoBaHueM HaHOCHWJIACh Ha CTEKJISTHHYIO IUIacTUHY. [a-
Jiee YaCTMYHO OTBEPXKAECHHBII KOMIO3UTHBIA CJIOH MepeHo-
cuwics Ha PET/ITO-nonoxky. 3aBepiuanu (opmMupoBaHUe
nporotuna aodasieHue Bropoir PET/ITO-nmonnoxku, ¢u-
HMIIIHAST CYIlIKa W MOJISIpU3alUsl CUJIbHBIM 2JIEKTPUYECKUM
nosieM. [Iporotun pasmepamu 30X 30 cM umMen cienyroiine
napameTpsl: U, — 140 B, /. — 8 MKA. Jlns GyHKUMOHU-
pPOBaHUS MPOTOTUIIA MEHBLIETO pa3Mepa, pa3MellleHHOTo Ha
3aHeil KpBIIIKe CMapT(OHA, MOCTATOYHO OBLIO JIETKOIO
MIPUKOCHOBEHUSI MaJIblIa.

Opealm HeCKue nbe30Hano2enepamopbsl

B apounom kongpopmHom PENG (puc. 11) [17] akTus-
bl PVDF-cnoit 1 6b11 pa3meliieH Mexay AByMst Al-aiex-
Tponamu 2 u 3apukcupoBaH Ha yrpyro uzornyroit PET-mon-
Joxke 3. Takasi cTpyKTypa obyafgaeT AByMsl 3JIeKTpUUeCKU
HEUTPaJbHBIMM TTOJIOXKEHUSIMHA: U30THYTHIM W BBITIPSIMJICH-
HbeIM. ['eHepalys 2JeKTpUIECKON SHEPTUM MMeeT MECTO B
npoliecce rnepexoaa Mexny HUMM MPpY TPUIOXKEHUU U CHSI-
TUM BHEIIHETO MEXaHW4YeCKOTo Bo3aeicTBus. IlpoToTum
pasMepamu 2 X4 cMm 1 TommuHo#i 100 MKM UMen clleayroiine
napametpsr: U,, — 45,6 B, P, — 29,6 MkBr/cm?. Criektp
MPaKTHYECKOTO TIPUMEHEHMSI TPOCTOr0 U 3(D(HEKTUBHOIO
MPOTOTUIIA CYXKaeT OCOOEHHOCTH ero CTPYKTYPhl U peXuma
paboTHI.

XopolMMH CBOWCTBAMU U TIPOCTOTOM TTOYYEHHMSI TTHE30-
aeKkTpuueckoii B-dasbl otmuaercst marepuan P(VDF-TrFE).
ITockobKy 3TOT MaTepuana Mpo3payeH M 3JacTUYEH, TO
OCOOBII WHTEpeC TPEACTaBISIIOT COOTBETCTBYIOIIME aleK-
BaTHbIE CTPYKTYPHBIE pelleHUs 2JeKTponoB. KoHhopMHbBIit
npo3pauHblii anektpon (puc. 12) [18] dopmuposaics Ha
PEN-nonoxke MeTonoM HaHeceHUs Ag-CETKHU TOJIMMep-
HBIM Jie3BMeM U3 pacTBopa Ag NPs npu HU3Ko# Temmnepary-
pe. B xome mo3MpOBAaHHOTO TPEPHIBUCTOTO BIPHICKUBAHUS

pacTBopa II0M JIe3BUe TTOJTOCKU KUIKOC-
™™ (HOPMUPOBAINCH OJlarogapsl KaItwi-
JIipHOMY B3aumozeicTButo. [locie oT-
JXHATa TIONJIOXKA TOBOpayMBajiach Ha
90°, u mpouenypa nmosropsiack. ITomy-
YyeHHasi B pe3yJibTaTe CeTKa IMOKpbIBa-
nack G-1uieHKoM, nanee HEeHTpudyru-
poBanuem HaHocwicsi P(VDF-TrFE)-
CJION TOJIIIMHON ~5,5 MKM. 3aBepliato-
LM 3TarioM OBbIIO TepMUYECKOE BaKy-
YMHOE OocaxieHue (4epe3 Macky) moBep-
XHOCTHOTO ~ Ag-anekTpoaa. [lpororur
MocyIe TONSIPU3ALMK CUTBHBIM 3JIEKTPH-
YECKUM TIOJIEM MMeJl CIedyollue napa-
merpsl: Uy, — 4,8 B, J,. — 0,51 MKA/CMZ.

KoHdopMHOCTB 1 mpo3padyHOCTh yiabTparnbkoro PENG
He B MOCJENHIO ovyepeab omnpenesuiuch G-31eKTpoaaMmu
(puc. 13) [19]. Tonkas (~20 mxm) PDMS-nomnoxka dopmu-
poBayachk LeHTpudyrupoBanueM Ha Cu-¢onbre. [agee oHa
MOCJIeI0BaTeIbHO MOKpbIBaIach TpeMsi G-MOHOC/IOSIMU, BbI-
pallleHHBIMU Ha CTIeIMATbHO TTOATOTOBIEHHON Cu-TTOLUTOXKe
MeToaoM BiaxHoro nepeHoca. Tonkuiit P(VDF-TrFE)-cnoit
HaHOCWJICSI LIEHTPU(YTUPOBAHUEM C TMOCIEAYIOUIMM OTXU-
TOM, TIOCJIE YeTO Ha Hero TepeHocuics BTopoii G-3JIeKTpo/.
3aKJIIOYMTENbHBIMM dTanaMy CO3MaHUSl TMPOTOTUIMA ObUIU
TpaBJicHUE TIO/UTOXKHN 13 Cu-(oibru u mociemyomnias mo-
JIApU3als CTPYKTYPbl CWJIBHBIM BJEKTPUYECKUM ITOJIEM.
DNIaCTUYHBII MPOTOTUIN CPaBHUBAJCSI C aHAJOTOM TOMH Ke
CTPYKTYpBI, HO chopMUpoBaHHBIM Ha 00buHON PEN-mon-
noxke. OH xapakrepuszoBaicsi B 30 pa3 GoJbliieil YyBCTBU-
TEJIbHOCTBIO K BHEITHUM aKyCTUYECKUM KOJIeOaHUSIM (B TOM
qucie UpperyisapHbIM), HeXelld aHaior. B 3aBucumoct ot
4acTOTbI MU MOLIHOCTU BHELLIHEro Bo3aeiicteus U, anacTuy-
HOTO MpOoTOTUMA cOocTaBisio 10 4 B.

Boicokast 4yBCTBUTEILHOCTh M OMOCOBMECTUMOCTD YITb-
tparnokoro PENG Bo mHorom obecneunBaiack CNC-noa-

Puc. 11. Apounblii KOHGOPMHBIH OPraHUYECKHil Mbe30HAHOTEHEPa-
TOp: / — aKTUBHBIN CI0OM; 2 — 21eKTPobl; 3 — MOMIOXKA

Fig. 11. Arc conformal organic piezoelectric nanogenerator: 1 — active
PVDF layer; 2 — electrodes; 3 — substrate

P(VDF-TrEE)

Puc. 12. Yabrparuokmii KongopMHbIii Mbe30HAHOTEHEPATOP
Fig. 12. Ultra-flexible conformal piezoelectric nanogenerator
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Puc. 13. IIpo3paunblii y1pTparu0Kuii nbe30HAHOTeHEPATOP C rpade-
HOBBIMH 3JIEKTPOAAMH

Fig. 13. Transparent ultra-flexible piezoelectric nanogenerator with
graphene electrodes

Puc. 14. YabTparu0Kuii nbe30HAHOTeHEPATOP HA OYMAKHOI NONI0KKE
Fig. 14. Ultra-flexible piezoelectric nanogenerator on a paper substrate

JIOXXKO# B couetaHuu ¢ TOHKUM akTuBHbIM P(VDF-TrFE)-
cnoem (puc. 14) [20]. OcobeHHOCThIO TEXHOJIOTUU SIBISIIIOCH
pe3Koe oxJIaxkAeHre BbIpallleHHOM MJIEHKU MoJuMepa, YTo
MO3BOJIMJIO CYILIECTBEHHO CHMU3UTH MOPUCTOCTh. MHKarcy-
JISILIYSI IPOTOTHIIA OCYIIECTBIISLIaCh OnocoBMecTuMoii PPX-
000J104YKOi, KOTOopas MpuaaBaia MpoTOTUITY MeEXaHUIECKYIO
MIPOYHOCTH U 3allIUTY OT BHEIIHUX BO3MecTBIIA. B mpornecce
HCMBITAHUM MTPOTOTUIT (DUKCUPOBAJICS Ha PYKe C TTOMOIIIBIO
2JIACTUYHOM JIaTeKCHOM mnepuyatku. B Takux ycmosusax U,
npototuma gocturano 0,6 B.

-

Hononnenne PENG wucrnonb3oBaHrEeM TETJIOThI Yeso0-
BEUYECKOTO Tena’ OJaromapsi MUpPod3JIeKTpUuIecKomy 3 dekTy
MOXET HalTU MPUMEHEHUE B TMOPUIHBIX IHEPreTUUECKUX
YCTPOWCTBAX.

OCHOBOI TaKOTO YABTPAaruoKOro ruOpUIHOTO Mbe30,/ -
poHaHoreHeparopa (puc. 15) [21] cayxuna snaacThyHas
PDMS-niomioxka, B 00beMe KOTOpoit Obl1a cchopMrpoBaHa
CTPYKTYpa MOMEePEYHbIX MUKPOIOJI0COK (1rprHOoii 500 MKM
U BbICOTOM 7 MKM) Mbe30- 1 nupoasiekTpuka P(VDF-TrFE),
MOKPBITBIX Au-3JieKTpogaMu. PaccTossHre Mexmy MUKpPOTIO-
JlockaMu cocTaBiisuio 200 MKM. DIacTUYHBIA BEpXHUI 3JICK-
TPOJ MPEACTABISI COOOM yAbTPATOHKUI Ag-CIIO, MOKPBI-
ThIi1 ceThio Ag NWs. B yclioBusIX 0IHOBpeMEHHOI'O TEILIO0-
BOT'O Y MEXaHMYECKOTO BO3AEHCTBYSI MPOTOTUIT UMEJ CIIedy-
fomnme napamerpsl: U,. — 2,5 B, J,. — 570 HA/CM2 (AT~4°C,
MEXaHMYECKOE pacTsikeHrue — He 0ojee 15 %).

TpubonanoreHepaTopbl

braronapst 0cOGEHHOCTSIM U BO3MOXKHOCTU COBMELLEHUSI
pa3IuyYHbIX pexXuMoB ¢yHKIMoHupoBaHusi TENG opra-
HUYHO COUYETAIOTCS ¢ MHAWBUIYATbHBIMU WHTEPAKTUBHBIMU
MYJIbTU(YHKIIMOHAIBHBIMU IUIaT(OpMaMu.

Tpubonanozenepamoput c pexcumom
6epMuUKAAbHO20 Pa30eieHUs

IMnanapHas crpyktypa TENG ¢ pexXxrMoM BepTUKaIbHO-
TO pasziesieHus 6jarofapst yabTpaMaioi TONMIIUHE ONTUMAaTb-
Ha JUIsl co3daHusl TIPO3padyHbIX ycTpoilcTB. [Ipo3pauyHblit
TENG c pexXuMoM BepTHKaJIbHOTO pasaeieHust (puc. 16)
KOHCTPYKTHBHO IPEICTaBIsI co00il aBe ommHaKoBbIx PET-
MoI0XKHU ¢ rpo3paudbiMu ITO-anektponamu [22]. Ha on-
HY U3 HUX LIEHTpU(dyrrupoBaHreM HaHOCUICS ToHKu PDMS-
CJIOM, TIOCTIE YeTo MOUTOKKHN COBMEILATMCh TAKUM 00pa3oM,
yto0bl PDMS-cnoit koHtaktnpoBan ¢ ITO-amekTpomom.
DyHKIMOHATBHBIN 3a30p MEXIY aKTUBHBIMU CIIOSIMU 00eC-
MEeYMBAJICd KaK apOYHOM CTPYKTYpOM, TaK M IUIaHapHOM
CTPYKTYpOii, B KOTOPOI MCMOJb30BATUCH Pa3AeIUTEIbHbIE
yrioBeie PDMS-npoknanku.

IMpororun umen ciepyrowmue napamerpel: U, — 207 B,
I, — 7 MKA, LT — 75 %. Bpicokue ynenbHble XapaKkTepuc-
TUKH JIOTIOJHSIIa TEXHOJOTMYEeCKass COBMECTUMOCTb ¢ R2R-
npolieccamu, obJjeryaroiasi nMepeHoc B IMPOMBIILIEHHOE
TMPOU3BOJICTBO.

IIpo3paunocts u KoHpopmMHOCTh IaHapHoro TENG
(puc. 17) onpenensauch OPUTMHAIBLHBIM COUYETAHUEM KOM-
TIOHEHTOB ero CTpyKTYpHI [23]. G-MOHOCIION BRIPAIIBAINCH
CVD-MmeTonoM Ha MaTepUMHCKOM nomioxke n3 Cu-¢obru,
nocje 4yero mepeHocuwinch Ha PET-momnoxku. KomoOwu-
Hanust PET-mmomnoxxku u G-MOHOCIIOSI, HAPSIY C BEICOKOI
MPO3payHOCThIO, OOecreunBaga Mpoy-

Puc. 15. Yaprparn0Oknii ra0puaHblii nbe30/THPOHAHOTEHEPATOD
Fig. 15. Ultra-flexible hybrid piezo/pyroelectric nanogenerator
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HOCTb, TMOKOCTb U 3J1aCTUYHOCTb. B mpo-
TOTUTIE JBE TIOMIOXKH, pas3aeeHHbIC
MOJUMEPHBIMU  TIPOKJIAZIKaMU, ObLIU
coOpaHbl TAKUM 00pa3oM, YTO BHYTPEH-
Huii G-MOHOCION CIYyXWI OZHOBpE-
MEHHO aKTUBHBIM TpPUOO2JIEKTpUYEC-
KMM KOMIIOHEHTOM M 3JIEKTPOAOM, a
BHelIHU# — anekrpoaom, PET-mox-
JIOXKa KOTOPOTO SIBJISIIACh BTOPHIM aK-

2 Kak u3BecTHO, psd NMbE303JIEKTPUYECC-
KHUX MaTt€puajioB obnamaet OOAHOBPEMEHHO U
MUPOBTEKTPUIECKUMU CBOMCTBAMU.




Puc. 16. Ilpo3paunslii yIbTPATOHKHIA TPHOOHAHOTEHEPATOD
Fig. 16. Transparent ultrathin triboelectric nanogenerator

"gaar’ “@aar’

Puc. 17. IIpo3paunblii KOH(DOPMHBIH TPHOOHAHOTEHEPATOP
Fig. 17. Transparent conformal triboelectric nanogenerator

TuBHbIM KoMnioHeHTOM TENG. B monuduiimpoBaHHOM Ipo-
toturie G-MOHOCJIOM 3aMEHSUIMCh MHOTOCJIOMHOM YITOpSI-
noyeHHoi G-1uieHKoM. [TpOTOTUITBI UMENTN COOTBETCTBEHHO
cnenyiowne napamerpsl: U,. — 5B n 9 B, J,, — 500 HA/CM2
u 1,2 MKA/ em?.

Boamoxxnoctu koHpopMHBIX TENG ¢ pexxuMoM BepTH-
KaJIbHOTO paslefieHus] MEepPCreKTUBHBI ISl MHTerpauuu B
00YBb (3HepreTMYecKue CTeNbKM [24—25] 1 sHepreTUYeCKUe
KpOCCOBKM [26]).

Onnocnoitubiii TENG (puc. 18, a) npeacrasisiin coboit
coueranue PET/ITO-nomnoxku u snekrpoaa u3 Cu-doJb-
T'¥, MOKPBITOTO akTUBHBIM PDMS-crnoem. DddekTuBHOCTD
KOHTaKTa aKTUBHBIX MOJMMEPHBIX CIIOEB obecrieunBatach
MUKpopeabedHOM CTpyKTypoii moBepxHoctu PDMS-cios B
Buae noaycdep. B xauecTBe mMatepuana pasaenuTessi pac-
CMaTPUBAINCH XJIOMIOK, CMECh XJIONIKA M HEWJIOHA, a Takxke
okaszaBiuiicst Haubosee 3¢ddekTuBHBIM PU. Ha sHepreTu-
YeCcKHe XapaKTepUCTUKM MTpoToTUMNa pasMepamu 4,5 % 4,5 cm
BJIUSIM HE TOJBLKO BBIOOp MaTepuasia, HO TakKKe pa3Mephl,
YUCJIO U PACTIONIOXKEHUE Pa3ieaUTeNbHbIX 0J0KOB. ONTUMU-
3UPOBAHHBII TTPOTOTUT B TIPOIIECCE XOABOBI MMEIN CIIeIYIO-
mue napameTpsl: U, — 125 B, [, — 40 MKA.

OcHoBoit MHorocnoiiHoro TENG ciyxuia 3ursaroo0-
pazHas Kt-nmomnoxxka (puc. 18, b). OnuH U3 aKTUBHBIX CJIOEB
obu1 BoimoTHeH u3 PTFE, npyroit — u3 Al. IIpenBapurens-
HOe xuMHuyeckoe TpaBieHue Al-donabru obecrieunBaio Ha-
HOIIOPUCTYIO CTPYKTYpPY €€ MmoBepxHocTu. B pabouem moso-
xennu TENG ckiagbiBasicsi, 1 Bce €ro aKTMBHEIE KOMIIO-
HEHTbI, COOTBETCTBEHHO MapayljieIbHO COeAMHEHHbIE MEXIY
€000, 00eCITeYnBaIN PEXUM C BEPTUKAIBHBIM pa3ieicHU-
eM. [lpoToTumn, BCTpOEHHBIN B CTebKY 00yBU (B Haubosee

HarpykeHHbIe B Mpoliecce XOAbObl 00JIaCTH), UMEI CIeayI0-
mue mapametpsl: U,. — 220 B, I, — 600 MKA.
HanbHeitmmum paszsutueM MHorocioitHoro TENG Obiia
€ro MHTerpauusi HermocpeACcTBeHHO B 00yBb (puc. 19). 3ur-
3aroobpasHas Kt-mmomnoxkka sBisyiach OCHOBOW YCTPOMCT-
Ba, YMCJIO U3TMO0B (ciioeB) nocturaio 15. OTaenbHbIe yyacT-
KU TOAJIOXKHU TMOKPBIBAIMCH MOOYEPENHO C 00EUX CTOPOH
aktuBHbIMU Al- 1 FEP-ciosiMu, moBepx KOTOPBIX ocaxkia-
Jck Cu/Cr-anmextponbl. [t yimydilieHusl KOHTaKTa ToBepX-

HOCTb aKTHMBHBIX CJIO€B HaHOCTPYKTYpHUpPOBaIach TpaBJIE€HU-
eM. 15-cnoiinbiit iporotunnt TENG 7 pasmepamu 5,7 X5,2 cm
¥ TONIIMHOM 2,4 ¢cM MMes maccy Bcero 46 T u 0e3 3aTpyi-
HEHUIl MHTErpUPOBAJICS B MOJOIIBY KPOCCOBKU. DTOT MPO-
TOTHII TIPY CIIOKOMHO# X0nb0e MMeJT CJIeAyIoNe ITapaMeT-
pol: U,. — 380 B, P,,, (Ha BoIXoae npeobpasosares, obec-

Puc. 18. KondopmHbie TPHOOHAHOTEHEPATOPbI C PEXKUMOM BepPTH-
KaJIbHOTO pa3fejieHusi: ¢ — OJHOCJIOWHBIN;, b — MHOTOCTOWHBII
Fig. 18. Conformal triboelectric nanogenerators with vertical contact-
separation mode: a — single-layer; b — multilayer

Puc. 19. DueproHe3aBiucuMasi CIOPTHBHAS SKUMHAPOBKA: / — MHOTO-
CJIOMHBIN TPMOOHAHOTEHEPATOP, MHTETPUPOBAHHEIN B 00YBb; 2 — Il1a-
romep; 3 — IaTuMK CepAeYHOro puT™Ma; 4 — naTyrK TeMIepaTyphbl Tesia
Fig. 19. Energy-independent sportswear: 1 — multilayer triboelectric
nanogenerator integrated into footwear; 2 — pedometer; 3 — cardiac rate
sensor; 4 — body temperature sensor
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Puc. 20. Yabrparn0Kumii TpMOOHAHOT€HEPATOpP, MHTErpPHPOBAHHBII
B OIleXKIy: @ — CTPYKTypa; b — mpoToTun

Fig. 20. Ultra-flexible triboelectric nanogenerator integrated into clothes:
a — structure; b — prototype

TTEYNBAOIIETO COTIACOBAHUE IMAPaMETPOB C YCTPOMCTBAMU
HocuMoO 31ekTpoHukn) — 1,044 Bt. B mpoiiecce ucnbita-
Huii ocyie 180 000 pabGoyux IUKIOB CHUXEHUE XapaKTe-
puctuk TENG BoisiBeHo He O0bu10. KpoccoBku obecrieunBa-
JIM BHEPrOHE3aBUCUMOCTb CIIOPTUBHON 3KUMUPOBKU, B CO-
CTaB KOTOPOI BXOJWJIU JaTYMKU U MOHUTODPHI TEMITEPATYPbI
Tela U pUTMA cepilla, a TakKe IaroMep.

JIornYHbBIM AOTOTHEHUEM SHEPreTUYECKOH O0YBU MOXKET
cayxutb uHterpauus TENG B ogexay. CTpykTypa yjabTpa-
ruokoro TENG c pexxuMoM BepTUKaJIbHOTO paziesieHus [27]
B 3TOM Cjiyyae Oblla MakcHMaibHO objeryeHa (puc. 20, a),
TIPOTOTHUIT COCTOSIT U3 NIBYX HECOCTMHEHHBIX MEXIy COOOM
yacteil. [1ommoxXky Kak TaKOBbIe OTCYTCTBOBAIU, UX (PYHK-
LIMY BBITIOJIHSUIM JIBa CJI0s1 TKaHU pybaiuku (puc. 20, b). Ha
OIHOM M3 HUX OBLI pa3melleH 3yekTpon u3 Al-donbru, Ha
BTOopoM — siektpon u3 Cu-¢onbru ¢ PDMS-niokpbiTreMm.
PDMS-cnoit (popmupoBasicsi Ha BcriomorarejabHoii AAM
LeHTpudyrupoBanreM. HaHOCTPYKTypa IMMOBEpXHOCTH MeMO-
paHBbI MepenaBajgach MOJMMEPHOMY CJI0I0, KOTOPBIH Aajiee Ha-
HOUMITPUHTUHIOM TEPEHOCUJICSI Ha pa-

004yI0 OMIOXKY. ITpoToTHIT pasmepaMu P ———— — —

TEJLHOTO CcTaTu4ecKoro 3apsina. [loTeHuMan MmMOBEpXHOCTH
HETIOCPEACTBEHHO TT0CiIe 00paboTKM cocTasist 660 B, manee
oH cHuxajcsa 1o 470 B B Teuenue 30 4 U coxpaHsuics Kak
MUHUMYM B TeueHue 20 qHeil.

TTonyyeHHbIe BOJIOKHA IBYX BUAOB CIUIETAIMChH B TBUCT-
CTPYKTYpPY TAaKUM 00pa3oM, UTOObI IIPU CKPEIIEHUU KOHIIOB
BOJIOKOH OHHM OBUIA TIPOCTPAHCTBEHHO pa3leleHbl MEXIY
co6oii. BookHa 6€3 MOIMMEPHOTO MOKPHITUS 3a3€MIISLTUCH.
TIpy MOOKIIOUEHUM K BHEUIHEW LIEMU 3JEKTPOAHBIE CIION
BOJIOKOH TBUCT-CTPYKTYPBI TIproOpeTanu (Onaromapst ajiek-
TPOCTATUYECKON MHAYKLIMHU) TOJOXUTEIbHBIN 3apsii, CyM-
MapHO PaBHBIN OTPULIATETBHOMY 3apsiay MOJTUMEPHOTO CITOSI.
I1pu pacTszkeHUM BOJIOKHA COMVKAIKUCH pyT ¢ apyrom. [pu
9TOM 3apsiji, UHAYLIMPYEMbI Ha 2JIEKTpOie BOJIOKHA 63 Mo-
JIMMEPHOTO MOKPBITUS, BO3pACTas, IPUBOAS K MOSBICHUIO
MOTOKA 3JIEKTPOHOB M3 JIEKTPOJIa BTOPOTO BOJIOKHA, OasaH-
cupylolero papHoBecue. CTOUT OTMETUTb, YTO KaCaHUE BO-
JIOKOH He OKa3bIBaJIO BO3ACMCTBUS Ha TOBEPXHOCTHBIN 3a-
psia nuanekTpudyeckoro PTFE. B xone cxxaTust BoJokHa BoC-
CTaHaBJIMBAJIU MEPBOHAYAIbHYIO (POPMY, PACCTOSTHUE MEXTY
HUMH BO3PaCTaJio, YTO CO3AaBAJIO TTOTOK 3JIEKTPOHOB MEXIY
3JIeKTpoJaMu B 0OpaTHOM HaIpaBJIeHUHU.

[TpoToTum 13 ABYX BOJIOKOH JUIMHOM ~9 CM, CIIJIETEHHBIX
MexXay coboit 8 pa3, ObLJT MHTETPUPOBAH B OOBIYHYIO TKaHb.
Mpu cnabom pactskeHun (~2,15 %) P, mpoToTuna cocras-
qstna ~0,1 MKBT/CMZ, YTO COTMOCTaBUMO C 3HEprororpedie-
HUEM MUHUATIOPHBIX OMOIATYNKOB.

OcHoBoii sHepretnyeckoro TENG-tekctuns (puc. 22)
[29] sBnsnvch PET-BonokHa ¢ 371eKTPOJIUTUYECKUM Ag-TIOK-
puiTeM. Ha 3THX BOJIOKHaX TMAPOTEPMATbHBIM METOIOM
BBIpAIMBAINCh paguaibHble MaccuBbl ZnO N'Ws, KoTophie
CIIY>XUJIU CTPYKTYPHBIM 1A0JIOHOM IS HAHOCHMOTO Ha HUX
ToHKoro PDMS-cnos. M3 moiy4eHHbIX BOJIOKOH TKAaJlOCh
MOJIOTHO, BTOPOE MOJOTHO TKAajOCh U3 METAIIM3UPOBAH-
HBIX BOJIOKOH. [10710THA CKpeTuIsIIUCh MEXIy COOOI IO TOP-
aM, oopa3sysl mpocTpaHCTBeHHO pacnpeaeneHHbiii TENG

7%2 cMm u TomuuHoi 0,8 MM mpu cro-
KOIHOI X0nb0e MMel cieaylolye rnapa-

|
: I 2 / &
verpsr: Uy, — 83 B, J, — 0,32 mxA/em?. | = s =
Bonokonnsiit TENG ¢ TBUCT-CTpyK- | /
|

Typoii (puc. 21) [28] ObL1 co3maH Ha oc-

3

HOBE BOJIOKOH IPOMBILIJIEHHO BBIITYC-
KaeMoil XJIOIKOBO TKaHU AUMaMETPOM
~240 MKM. DTH BOJIOKHA TIpEABAPUTEIb-
HO 00pabaThIBaJUCh PAacTBOPOM a30T-
HOM KUCJIOTBI JUISI TIOBBILLIEHUS] THIPO-
¢dunbHOCTM TOBepxHOCTU. Jlanee oHM

Puc. 21. BoioKOHHBIii TPUOOHAHOTEHEPATOP M €r0 WHTErPALMs B TKAHb: / — XJIOTIKOBOE BO-
JIOKHO; 2 — 3JIeKTpO[; 3 — aKTHUBHBIN CJIOM

Fig. 21. Fiber triboelectric nanogenerator and its integration into a fabric: 1 — cotton fiber; 2 —
electrode; 3 — active layer

nokpeiBaiucb  MWCNT-a5ekTpogom
U3 TPEeABAPUTENIBHO MPUTOTOBIEHHbIX
HaHouepHUJI. YacTh BOJOKOH MOKPbI-
BaJlaChb aKTHMBHBIM CJIO€M TPUOOIIEKT-
puuecku otpuuarenbHoro PTFE, nua-
MEeTp TMOJYYEHHBIX KOaKCHAJIbHBIX BO-

JIOKOH cocTaBJsia ~500 MxM. CTpyKTypa r"lf I J,{.:uh
TTOJIMMEPHOTO CJIOSI TIPENCTaBIIsia Co- : =

06oii coBokynHOCTh oBadbHBIX PTFE
NPs nuamerpom He 6osee 200 M. Bo-
JIOKHA C TTOJTUMEPHBIM TTOKPBITUEM OBI-
JIM TIOJIIPU30BaHbl CUJIBHBIM 3JIEKTPH-
YECKHM TI0JIeM, UTO MPUBEJIO K 00pa3o-
BaHWI0O Ha MX TOBEPXHOCTHU OTpUILIA-
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Puc. 22. DHepreTHyecKuil TPHOOIIEKTPUIECKHIi TEKCTHIb
Fig. 22. Triboelectric energy textile




Puc. 23. AHTe/ieKTyaIbHas SHEProHe3aBUCHMMAas oaexaa: [ — Tpu-
OoHaHOTeHepaTop; 2 — ONCIUIe; 3 — CBeTOOUOMABI, 4 — aBTOMO-
OUJIBHBIN Opesok; 5 — OJIOK ynpaBieHMUsI

Fig. 23. Energy-independent smart clothes: 1 — triboelectric
nanogenerator; 2 — display; 3 — LEDs; 4 — key fob; 5 — control unit

C PEXMMOM BEPTUKAJIBHOTO pasfeieHUs] aKTUBHBIX Ag- U
PDMS-cnoeB. OcoOeHHOCTSIMU TMPENTOKEHHOIO PeIIeHUS
ObUTO KaK MaclUTaOMpOBaHMWE IUIOLIAAM YCTPOMCTBA, TaK U
(opMupoBaHUEe MHOTOCIOUHBIX CTPYKTYp. OQHOCIONHbIIA 1
YEThIPEXCAOUHBIM MPOTOTUIIBI OAUHAKOBOM MJIOLIAAN UME-
JIM COOTBETCTBEHHO cieayomune napamerpel: U, — 120 n
170 B, I, — 65 1 120 MKA.

OnTuMHu3upoBaHHBIN TpexcioitHblil ipoToTunn TENG 1
ObUI MHTETPUPOBAH B MHTEJUIEKTYaJIbHYIO 9HEProHe3aBu-
cumyto onexny (puc. 23) [29]. Kpome Hero, B ee cocTaB
Bxonmwiu LC-aucrieit 2, 1ecTb 3eJIeHBIX CBETOAMOIOB 3
MOJACBETKU PUCYHKA, 3aKpeTUICHHBbI Ha MaHXeTe Opesok
aBTOMOOMJIBHOI CUTHaiIu3auuu 4 v OJIOK ymnpaBieHUs 5 B
criermasibHOM KapMmaHe. DyHKIIMOHWPOBaHWE BCeX KOMIIO-
HEHTOB B MPOLIECCE MCMBITAHUI TMOJTHOCThIO ObecrieunBa-
sock sHepreTuueckuM TENG-TekcTuiem.

Tpubozenepamoput ¢ pexcumom ckoavicenus (caatidepot)

OcHoBy yabTparn6okoro jgeHtouHoro TENG-cnaitmepa
[30] cocraBnsinu Tonkue PTFE-nmompnoxku. CpopmupoBaH-
Hble Ha HUX MIEHTUYHBIE 3JIEKTPOAbI MPEICTABIISIIA COOOM
nonepeyHble Ti-MUKpPOIOJ0oCcKU ToauHON 20 HM, coeau-
HEHHbIE MEeXIYy COOOl C OJHOI CTOPOHBI MOMIOXKKU BIOJIb
HarpaBJieHUs CKoJibxkeHust (puc. 24, a, b). PacctositHue Mex-
Iy MUKPOTIOJIOCKAMHU 3JIEKTPOIOB PABHSJIOCH UX IIUPHUHE,
MpU 3TOM 3JIEKTPOAbl ObLIM MPOCTPAHCTBEHHO CMEIIEHbI
JIPYT OTHOCUTEJILHO Jpyra Ha TMOJOBUHY IIMPUHBI MUKPO-
nosocku. KoHTakTupyoolne MexXIy co00il MOBEpXHOCTU
MOUTOKEK OBIITM MOAM(PULIMPOBAHBI TAKUM 00pa30oM, YTO UX
CTPYKTypa Tpenctasisiia coboii coBokymHocTs PTFE NPs
(puc. 24, ¢).

IMonrorosneHnHsie ucxonunie yacTu TENG mexaHuuecku
HE COeNUHSIIUCH MeXY co00M, a pa3MellaIMCh HA B3AaMMHO
cMelarumxcs oobekrax. BHelIHre u BHyTpeHHUE 3JIeKT-
pOIBI ABYX YacTell KOMMYTHUPOBAIMCH MEXIY COOOM, IprUIeM

HociaeaHre 00pa30BEIBAIM TaK HA3bIBAE€MBIN 0A30BEIN 3JICK-
Tpon. VICXOmMHBIM SABJISLIOCH TIOJIOXKEHUE, TP KOTOPOM MUK-
POMOJIOCHl BEPXHUX U HUXKHMX DJEKTPOJOB MOJHOCTHIO Me-
PEKpPBIBAIM IPYT Apyra. DNEeKTPoAbl ObUTM CUHXPOHU3MPOBA-
HBI KOHCTPYKLIMEN ciaiaepa, uX Nepuoandeckast CTpykKTypa
3JIEKTPOJIOB obecrieurBaia UMKJIMYECKYIO BOCIIPOU3BOAM -
MOCTb MPOLIECCOB MPU MPSIMOM M 0OpaTHOM IBUKEHUM.
HoctonHctBoM JeHTouHOTo TENG sBIs/IOCH MCIIOJB-
30BaHME BHEIIHUX BO3ACHCTBUI HU3KOI 4acCTOTHI (HANpu-
Mep, IBVKEHWI HOTY TIpH Xoas0e). B mpoiiecce ncmbiTaHmit
OpoTOTUIl ¢ 3(P(PeKTUBHON IUIOLIAAbI0 KOHTaKTa 20 CM2,
pa3MellleHHbIE Ha BHYTPEHHEW IOBEPXHOCTU M Ha MOI-
KJajgke OproK, umen cuenyiomue napamerpel: U, — 700 B,
I, — 7,5 MKA. CKOpOCTb B3aMHOTO CMELLEHH YacTeil po-
TOTUIIA TIPU CIIOKOWHON Xoab0e He mpesbiiana 10 m/c.
OHepretnueckuit jeHTouHbI# TENG-TeKCTUIb ¢ pexu-
MOM CKOJIbXE€HHUSI ObLI MHTErpMpoBaH B oaexay (puc. 25)
[31]. Beirnsigeno sto cnenytoum obpaszom. PET-BonokHa
MeTaITU3upOBaATUCh Ni-000/104KOM, YACTh MX Aajiee TTOKPhI-
Bajach PPX-o06omnoukoii. [Tonocku mupuHon 4 MM U 1IM-
HOI 35 MM, COTKaHHBIEC M3 BOJJOKOH pa3JMYHOTO BUA, Ha-
Hocwmch Ha Kt-nmomnoxku. CTpyKTypa MOJIOCOK, 1O CYTH,
BOCIIPOU3BOIMIIA CTPYKTYPY, UCTIOJIb30BAaHHYIO paHee B JIEH-
touHoM TENG-cnaiinepe. IIpocTpaHCTBEHHO pa3iesieHHbIE

Puc. 24. TpudboHaHOreHepaTop-ciaaiiiep: ¢ — CTPYKTypa JICHThI; b —
MPOTOTHII JIEHTBI; ¢ — HAHOCTPYKTYPa MOJUMEPHOI MOIIOXKKHU
Fig. 24. Sliding triboelectric nanogenerator: a — ribbon structure; b —
ribbon prototype; ¢ — polymer substrate nanostructure

TENG

/////iﬂﬂﬂ[\\\\\&\\

O,\(N

PET-sonoxna MINi [/PPX

Puc. 25. DHepreTnyeckmii TPHO0IJIEKTPUYECKHIA TEKCTHIIb, HHTErPH-
POBAaHHbIA B OJEXKIY

Fig. 25. Triboelectric energy textile integrated into clothes
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MOJIOXKW MHTETPUPOBAINUCH B pydalliKy: OIHAa — B PyKas,
BTOpasi — B KOPIYCHYIO YacTh, MX COBMEILIEHNE U KOHTaKT
Mpu IBUKEHUsSIX pyku obpaszoBbiBaii TENG ¢ pexumom
CKOJIbXXEHUSI.

IIpotorun sHeprernyeckoro TENG-TeKcTUIIS B pexXu-
M€ CITOKOMHOM X0Ab0bI MMEJ Clefyloliye napaMmerpsl: U, —
120 B, I, — 15 MxA. CKOpOCTb B3aMMHOIO CMELIEHMS CO-
craBHbIX yacteii TENG He nipeBbinana 0,75 m/c.

CoueTtaHue IBYX PeXXMMOB pabOThHl — pexXuMa BEepTH-

KaJIbHOTO pa3acI€HUs U peKMUMa CKOJIB2XKEHUA — CTaJIO OC-

Puc. 26. T'uOpunanbiii SHepreTHIECKMii TEKCTHIb
Fig. 26. Hybrid energy textile

Puc. 27. IIpo3paunblii 0JJHO3IEKTPOHbIA TPUOOHAHOTEHEPATOP: @ — KJIABUATYPHBIN; b —

9KpaHHBbIU, ¢ — MaTPUUYHBIA

Fig. 27. Transparent single-electrode triboelectric nanogenerator: a — keyboard; b — display;

¢ — matrix

HoBo# sHepretnyeckoro TENG-texctmns (puc. 26) [32].
TonumuHa ero cocrasnsiia 0,34 MM, a UHTerpalusi B OObIU-
HYIO TKaHb MTPOBOAMJIACH B MPOLECCE U3TOTOBJIEHMUSI.

B TENG-Ttekctune coueranuch Cu-3yeKTpo/ (OH Xe ak-
TUBHBIN TPUOOITEKTPUUECKUI CIION) IUaMeTpoM ~33 MKM U
KOMITO3UTHBIN 3JIEKTPO/I, IPEACTABISIBLIMI COOOI MOJIOCKU
Cu-donbru tonmuuHon ~30 MkM u mmpuHoi ~300 MKM,
MOKPBITHIE C ABYX CTOPOH TPUOOIIEKTPUUECKU aKTHUBHBIMU
PTFE-cnosmu tonumnHoit ~33 mkM. [lpororun TENG-
TEKCTUJIS TUTOIIAABIO 4 X4 ¢M, MHTETPUPOBAHHBIN B IIEPCTSI-
HYIO TKaHb, ObLIT TOMOJHEH MPOTOTUIIOM
DSSC-rekctuns momansio 4x1 cwm.
B coBokymHocTM TMOpUAHOE SHEPTETH-
YeCcKOe YCTPOMCTBO MMEJIO CIEAYIOLINe
napametpsl: U,, — 80 B, I/, — 0,2 MA.
B npouecce xonpObl Mpu COJTHEYHOM
ceere P, nocturana 0,8 MBT, uTo 6bU10
IOCTAaTOYHO IJII THUTAHWUS HapyYHBIX
3JIEKTPOHHBIX 4YacoB wiu 3apsiaku LIB
cMmaptdoHa.

0Oonoasexmpoonsie
mpubonanozenepamopbt

u mpubonanozenepamopol

C PeHCUMOM GHEUlHe20 31eKmpooa

ITpo3pauHsblii OJTHOBJICKTPOIHbII
TENG HakneuBayicsl Ha KJIaBUIIM Kja-
BUATypbl KOMITbIOTEpAa WJIM Ha 3KpaH
cmaptgona [33]. I[poTorun mpeacraB-
Jisin coboit mpo3paunbiii [TO-3nexrpon,
NOKpHITEII TOHKUM (400 Mmxm) PDMS-
cioeM. [TupaMunaabHBI MUKpOpPETbed
TTOBEPXHOCTH 3TOTO CJIOST (POpMUpOBAIICS
B Mpoliecce BbIpalllMBaHUs Ha Si-Tofi-
Joxke. IIpoTOTUIT GOJBIIMX Pa3MEpOB
(4,5%6,5 cM) TIpu JIETKOM KacaHWUM €ro
MajablaMyd UMeN CIeAylolIue MapameT-
psi: U, — 100 B, J,. — 8 MmxA/m?. TIpo-
TOTUIIBI MEHBIIMX pa3mepoB (1 X1 cm)
OBbLIM HaKJeeHbl Ha KJIaBUIIKM HOYTOYKa
M Ha 9KpaH cMapThoHa B MecTax Haubo-
Jlee yactoro Kacanus (puc. 27, a, b). Ans
3alIMTBl OT BHELIHMX MEXaHUYeCKHUX
MOBPEXICHUM OHU MPEABAPUTETHLHO H-

Puc. 28. Kondopmublii TpHOOHAHOrEeHEPATOP: ¢ — CTPYKTYPa 3JIEKTPOAOB; b — 3JaCTUYHBIE
3JIEKTPOMIBI; ¢ — TMPOTOTHUIT
Fig. 28. Conformal triboelectric nanogenerator: a — electrode structure; b — elastic electrodes;
¢ — prototype
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KarcyampoBauch. DTU MPOTOTHUIIBI MTPU
TeX e YCIOBUSIX MMEJIU CIIeAYIOIINE Ma-
pametpsr: U,. — 60 B, I, — 3,5 MKA.
JanbHelIIMM pa3BUTUEM HWOEU CTall
npototut (puc. 27, ¢), KOTOPbIii MOXET
HCTIONB30BaThCs KaK TeHepaTop WM Kak
SHEpProHe3aBUCUMMasl MaTpulla BbICOKO-
YYBCTBUTEIBHBIX TAKTUIBHBIX JaTYUKOB.

KoHgpopMHBIIT  OTHO3JIEKTPOIHBIM
TENG nipu pa3MellieHUM Ha TeJjie Yesio-
BeKa MpuHUMa Tpedyemyio dopmy [34].
Ero ominuunTesbHOM 0COOEHHOCTBIO Obl-
JIO UCIOJIb30BaHUE KaK H3THOarouIuX,
TaK M PACTATUBAIOIINX BHELTHMX MeXa-
HUYECKUX BO3LAECHCTBUMA.

OCHOBY ylIbTparuokoro KoHGpOpM-
HOTO TIPOTOTHIIA COCTABJISUINA JBE BBICO-
KO3JIaCTUYHBIE CIELMATIbHO TMPUTOTOB-
seHHele PDMS-nomnoxku. Metogom




9% “.. &

Puc. 29. DHepreTuyeckuii TpHO0INEKTPUYECKHI TEKCTUIb
Fig. 29. Triboelectric energy textile

MarHeTPOHHOTO OCAXACHUS Ha HUX ObLJIM B JIBa 3Tarna HaHe-
cenbl Cu-snexkTpoanl. BHavyane ¢ moMollbio CrielraJbHONK
Macku (hopMHUpOBaIaCh CTPYKTYpa MapajuiebHbIX 3Ur3arooo-
pPa3HBIX MHUKPOIIOJIOC, KOTOPYIO aBTOPBI Ha3Baiu "3MEUHBIM
y30poM", Jajiee OHa MOKpPbIBAJaCh yabTpaTOHKUM Cu-cioeM
(puc. 28, a, b). CepnueBUHON COHABUY-CTPYKTYPbI Obl1a TOH-
kast Kt-rureHKa, ToBepXHOCTh KOTOPOU C IBYX CTOPOH Oblia
HaHOCTPYKTypupoBaHa ¢ mnoMolibio RIE. BoiaHooGpasHas
(opMa nmpunaBanace mieHke TepMooOpaboOTKOi ¢ mocieny-
IOIIM OBICTPBIM OXJIaXKACHUEM OJIaromapsi BHICOKOM TepMO-
IJACTUYHOCTU KanToHa. B mpoliecce COOPKU COHABUY-
CTPYKTYpa MEXaHMUYECKU cKperuisuiach o kpasim Kt-ieHra-
mu (puc. 28, ¢), pa3Mephl IIPOTOTUIA COCTABISLIN 7,5 X 5 CM.

[TosnyyeHHbIIE TakKUM 00Opa3oM MPOTOTUI MPeACTaBIsII
coboii nBa omHO3IeKTpoaHBIX TENG B pexxuMme BepTUKalb-
HOTO pasfesieHMs, KOTOpbie ObUTM CUHXPOHU3UPOBAHbI OJa-
rojapsi napajuiejibHOi uHTerpauuu. B cpaBHeHUU ¢ MpoTO-
TUTIOM Ha OCHOBe TUIocKoi Kt-TieHku, mapamerpsl aac-
TMYHOTO npororuna OsuiM Beie B 70 pas: U,, — 700 B,
I, — 75 MKA.

Duepretuueckuii. TENG-TeKCTWIb C PeXXUMOM aKTHUB-
HOTO BHEITHETO CJI0SI BHEIITHUM BUIOM HATTOMUHAJ LIMHOBKY
[35]. Ero ocHOBY cocrabisui 1mojocku (290X 7 MMm) Tpubo-
2JIEKTpUYECKY aKTUBHBIX HeiioHa u PET, a Takke anekT-
poaHblie Tosiocku (270X 5 MM) XJIONKOBOW TKaHU, BOJIOKHA
KOTOPOI ObUIM IMOKPHITHI TOHKUM Ag-ciioeM. C IOMOIIbIO
CKOTYa 3JIEKTPOAHbBIE MOJOCKU 3aKPEIUISUIUCH B MTPOTOTUTIE
MEXIy IByMSI aKpUJIOoBbIMU Tojiockamu u PET-monockamMu
CcoOTBeTCTBeHHO. [lonyyeHHBIE TaKUM 00Opa3oM 3JIEeKTPO-
JIbI, KOTOpbIe aBTOPHI HAa3BaJM HEMJIOHOBBIMU (~360 MKM
TOJIIMHON) M TOJUACTePOBBIMU (~460 MKM TOJIIINHOI),
CILIETAIUCh, DJEKTPOABl OMHOTO BUAA MAapaieIbHO KOM-
MYTHPOBAJIUCh.

MyabTUPEXUMHBII ~ MeXaHU3M  (YHKIIMOHUPOBAHUS
(coyeTarolMil peXXUM BEPTUKAJIBHOTO pa3eieHUs U PEeXUM
cKonbxeHust) sHepretudeckoro TENG-tekcTuisa ObLUI CBS-
3aH C OCOOEHHOCTSIMM €ro CTPYKTYpbl M pa3zHOOOpas3neM
BHEIIHUX BO3ACHCTBUI ITPU UCITOJIB30BAHNU B COCTABE OICK-
bl Wi 00yBU. CTOUT OTMETUTh, UTO aKTUBHBIM BHEITHUM
CJI0€M MOIJIM CJIYXHUTb TOJIOCKM Pa3MYHBIX MaTepHasoB:
aKpuia, MojauscTepa, XJomnka, Oymaru. B peaqbHbIX ycIoBU-
X paboTel couetanue pexuMoB TENG ompenensiioch Kak

nedopmanMeit ero CTpyKTyphl B 11€JIOM, TaK U TTapaMeTpamMu
nedopMupyoinx Bo3aectsuii. [Iporotun B nepopmupo-
BaHHOM COCTOSIHUM U B OTCYTCTBUE AedopMaliui UMesa co-
OTBETCTBEHHO cieayomue nmapamerpsl: U,. — 100 u 25 B,
I, — 2,5u 1,2 MKA. KOHKpETHOE cOoYeTaHUE PEXUMOB pa-
6otbl 3Heprernuyeckoro TENG-tekctunsa Oymer ompene-

JISIThCSI MHTETpaLueil B 00yBb unu onexay (puc. 29) [35].

3akinouenue

TIpencraBneHHBINM KpaTKUii 0630p MO3BOJISIET C YBEPEH-
HOCTBIO TOBOPUTH O TOM, UTO YCTPOICTBA MeXaHOAKTUBUPY-
€MOM1 yJIbTparuokoi KOHGOPMHO HAHOHEPTeTUKU, UHTET-
pupyemMbie B OeXK1y, 00yBb, SMUACPMATbHbIC WM UMILIaH-
TUpYeMbIe B TEJIO YeJIOBeKa, CErOMHs MPEICTaBISIIOT CO00it
OIIHO U3 Haubosiee MHHOBAIIMOHHBIX HaIpaBJeHUN pa3BU-
TUS UHTEJUIEKTYaJIbHOM TeXHOCHEPHI.
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The article presents an overview of modern devices of individual mechanoactivated ultra-flexible conformal nanoenergetics. The
materials science basis and technological solutions of mechanically activated (pressure, friction, sliding) ultraflexible conformal en-
ergy-supplying micro- and nanoelements — energy recuperators are considered. Modern solutions of piezo-nanogenerators based
on traditional nanostructures (zinc oxide, barium titanate, lead zirconate titanate) and promising inorganic and organic active ma-
terials, as well as tribonogenerators with vertical separation mode, slip regime, single-electrode regime and external electrode mode
are presented. The demonstrated functionality of ultra-flexible conformal nanogenerators for use as non-volatile high-sensitivity sen-
sors, as well as for creating hybrid power devices based on them. The possibilities of integrating conformal ultra-flexible nanoen-
ergetics devices with structural elements of clothing and footwear, as well as their epidermal placement directly on the surface of the
skin or implantation in the human body, are provided by a combination of ultraflexibility, conformance, transparency and bio-
compatibility in mechanically activated nano-generators. Conformal ultra-flexible nanoenergetics devices allow to provide the non-
volatile needs of interactive multi-functional platforms (artificial skin, electronic skin, intelligent textiles), oriented to the develop-
ment of the personified intellectual technosphere as an integral part of the currently emerging comfortable environment.

Keywords: mechanically activated conformal ultra-flexible nano-energy, individual power supply systems, piezo nanogenerators,

tribo nanogenerators, hybrid nanoenergetic devices, energy textiles.
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Physical quantities and technical parameter notations:

I, — short-circuit current

J. — short-circuit current density
LT — light transmission coefficient
P,,; — output power

P, — specific power per unit area
U,. — open-circuit voltage

Abbreviations:

AAM — anodized aluminum membrane

CNT — carbon nanotubes

CVD — chemical vapor deposition

DSSC — dye-sensitized solar cell

FEP — fluorinated ethylene propylene

G — graphene

ITO — indium tin oxide

KNLN — chemical
0,942(K 4g0Nag 535)NbO3; — 0,058(LiNbO5)

Kt —’Kaptoﬁ, a kind of commercially produced PI

MWCNT — multi-walled carbon nanotubes

NPs — nanoparticles

NRs — nanorods

NWs — nanowires

P(VDF-TrFE) — poly[(vinylidenefluoride-co-trifluor-
oethylene]

P3HT — poly(3-hexylthiophene)

PC4BM — [6,6]-phenyl-C61 butyric acid methylester

PDMS — polydimethylsiloxane

PEDOT:PSS — poly(3,4-cthylenedioxythiophene) poly-
styrene sulfonate

PEN — polyethylene naphthalate

PENG — piezoelectric nanogenerator

PET — polyethylene terephthalate

PI — polyimide

PMMA — polymethylmethacrylate

PMN-PT — chemical
0,65{Pb(Mg]/3Nb2/3)03}-0,35{PbTiO3}

PPX — parylene

PS — polystyrene

PTFE — poly(tetrafluoroetylene)

PU — polyurethane

PVC — polyvinyl chloride

PVDF — polyvinylidene fluoride

PZT — lead zirconate titanate

R2R — roll-two-roll

RGO — reduced graphene oxide

RIE — reactive ion etching

TENG — triboelectric nanogenerator

compound

compound

Introduction

Rapid smartization of the technosphere responsible for
human environment comfort is impossible without adequately
harmonized power engineering solutions. One of the direc-
tions of smart technosphere formation is creation of individ-
ual interactive multifunctional platforms capable of being in-
tegrated with biological objects, including micro- and nano-

systems, or can be combined with the structural components
of clothes or footwear, or fixed epidermally on skin surface,
or implanted into a human body. Thus, the main require-
ments to the functional constituents of the said micro- and
nanosystems are determined to be flexibility, conformity, and
biocompatibility [1—4].

The purpose of the present paper is the overview of tech-
nologic solutions in the field of mechanically-activated (by
pressure, friction, or sliding) ultra-flexible conformal energy-
supply micro- and nano-elements (energy recuperators).

Piezoelectric nanogenerators

Ultra-flexible conformal piezoelectric nanogenerators
(PENGsSs) based on inorganic and organic piezoelectric ma-
terials are presented.

Inorganic piezoelectric nanogenerators

Ultra-flexible PENGs were based on ZnO piezoelectric
on Al foil substrate. The substrate of one of the prototypes
(Fig. 1, a) [5] was preliminary coated with a thin (2 pm)
PMMA layer; the other prototype’s (Fig. 1, b) [6] substrate
was anodized. The microporous coatings were covered with a
thin ZnO layer replicating their surface morphology. This
provided the possibility to optimize the structure of vertical
ZnO NW arrays in the course of their hydrothermal growth
(the wire length was about 2 um). Finally, the nanowire arrays
were fixed with a 2 um thick PMMA matrix. After that, Al
electrodes of thickness about 50 nm were formed.

Due to their low weight and flexibility, the prototypes pre-
sented in the Figs. 1, ¢, d, e could be used in various condi-
tions. Being attached to a flag, one of them harvested energy
from a flag fabric waved by the wind. At the air flow rate up
to 6 m/s, the characteristics of the prototype were as follows:
U,. = 200 mV and I, = 200 nA. Parameters of another pro-
totype located on a face skin as an independent highly sensible
transducer were U, = 200 mV and /. = 2 nA; these being due
to the eyelids’ and facial muscles’ movements.

Ultrathin flexible PENG (Fig. 2) [7] was subject to bend-
ing and twisting actions from human body movements and
used the energy generated thereof. The active component of
the structure on a PET/ITO substrate was a thin (about 87 nm)
layer of polycrystalline ZnO. The morphology of the nanoc-
rystal structure was such that the layer’s piezoelectric resource
was not inferior to that of an oriented nanowire array. The ac-
tive layer was formed by whirling, as well as thin interme-
diate layers of P3HT:PCyBM (~25 nm) and PEDOT:PSS
(~15 nm), which optimized free charge carrier transport to
the Ag electrode. Ag-ink electrode was formed by the silk-
screening technique. A prototype located on an arm possessed
the parameters U,. = 0,6 V, J,. = 55 nA/cm? and could be
used as a highly sensitive deformation pickup. Higher perform-
ances were demonstrated by a set of concatenated prototypes
of bigger dimensions: U,. = 1,4V, J,. = 8.133 ]J.A/sz [8].

Hybridization of active ZnO nanostructures and polymer
matrices with piezoelectric properties was used in both plane-
type- and fiber ultra-flexible PENGs [10]. A vertical ZnO
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NW array in PVDF matrix served as a composite active layer.
To increase the sensitivity of a planar prototype (Fig. 3, @) on
a Kt substrate, it was equipped with an additional PS sub-
strate. Elastic central fiber was the base of a coaxial fiber pro-
totype (Fig. 3, b). Au/Cr counter electrodes were used in both
cases. In the course of the prototypes manufacture, the ver-
tical and radial ZnO NW arrays were grown hydrothermally
and the polymer matrix was formed by whirling. Activation of
the piezoelectric properties of PVDF was achieved by the pro-
totype formation in a strong electric field. Planar and fiber
prototypes had the electrical outputs of U, 200 and 30 mV
and J,, 10 and 2 nA/cmz, correspondingly. Prototypes encap-
sulated with a polymer coating were viewed upon as the in-
dividual devices (Fig. 3, ¢); the fiber PENG could have been
integrated into an energy textile.

Besides the hybrid solutions, ZnSnO; [10], a material with
higher piezoelectric characteristics, was considered an alter-
native to ZnO. The active components of a transparent ul-
trathin PENG (Fig. 4) were composite ZnSnO; NWs in
PDMS matrix. Up to 800 um long ribbons narrowing to one
end were used as the nanofibers placed not at right angle, but
parallel to the PET substrate. The output parameters of the
minuscule transparent prototype under the action of finger
movements made at working with a computer mouse were
U,=53Vand I, = 0.13 pA.

Active composite structure based on carbon nanomaterials
[11] imparted elasticity to a flexible PENG of a larger area
based on the popular piezoelectric material BaTiO3. Two Kt
substrates with magnetron-sputtered composite electrodes of
thin Au (~100 nm) and Cr (~10 nm) layers (Fig. 5) served the
base of a conformal prototype. The active component was
formed by whirling a preliminary prepared suspension con-
taining PDMS matrix, hydrothermally grown BaTiO; NPs,
and CNT- or RGO NPs. At the final stage, polarization with
a strong electric field was realized. The prototype of a larger
area (Fig. 5) was tested to demonstrate the performance sta-
bility after 3000 bending and extension cycles. In conditions
comparable to those of human muscle contraction, the pa-
rameters of the prototype made U,. = 3.2V and [, = 350 nA.

Composite BaTiO3/PVC fibers (Fig. 6) provided for the
combination of piezoelectric properties and elasticity nec-
essary for energy PENG-textile [12] development. BaTiO;
NWs, the composite fiber’s component, were obtained by
topochemical synthesis and hydrothermal growth. The na-
nofibers were mixed with PVC powder, and the suspension
was extruded to form the composite fibers 60 to 70 um in di-
ameter. Besides the composite fibers, the hand-knitted energy
textile contained also insulating cotton fibers (2) and thin Cu-
wire electrodes (3). The external commutation was realized
with two Cu electrodes (4) parallel to the composite piezoe-
lectric fibers. Initially, the prototype on a flexible polymer
substrate was studied and later it was integrated into an elbow
pad. This version required the prototype additional isolation
from contact with the skin. Under the effect of arm move-
ment, the energy PENG-textile prototype had the following
parameters: Uy, = 1.9 V and [, = 24 nA.

In the course of a conformal PENG (Fig. 7) development
on the basis of PZT (the usual piezoelectric material), a
mother substrate was used [13]. A silicon plate was whirl-
coated at first with a thin PDMS layer, then with a layer of
active composite (CNT/PZT NP mixture) in PDMS matrix
and, finally, again with a PDMS layer. After drying, the sand-

494 HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 19, Ne 8, 2017

wich was cut into the 3 X3 cm fragments, which were trans-
fered onto a prepared PET/ITO substrate. After addition of a
symmetric PET/ITO substrate, the prototype fabrication was
completed with the polarization under the effect of a strong
electric field. A light flexure of fingers produced the following
electrical outputs of the prototype: U,.= 10 Vand /.= 1,3 pA.
Scalability of the production processes ensured the possibil-
ity to increase the size of the prototype; the parameters of a
prototype of the area 30x30 cm were U, = 100 V and
I, = 10 pA. It worth mentioning that introduction of CNT
increased the active layer’s elasticity and structural perfection,
the latter essentially affecting PENG’s characteristics at an
increase in the prototype dimensions.

High piezoelectric characteristics of PZT (with a glance to
the encapsulation resources) are surely attractive for ultra-
miniature bio-implantable PENG creation (Fig. 8) [14].

An active structure of 12 about 500 nm thick PZT micro-
strip blocks was formed on a PI substrate between Ti/Pt- and
Cr/Au electrodes of similar configuration; the crosspoint / in-
terconnecting Au electrode was separated using a PI mask.
The final PI encapsulation was caused by the biocompatibility
of the material and its possible contact with tissues of a human
body. The prototype combined with a sensor on an elastic Si
substrate was fixed and tested on the cardiac walls of exper-
imental animals. In these conditions, the prototype’s U,
reached 3,7 V, which provided for the normal operation of an
implanted pacemaker. Structural test inside a living organism
did not reveal any considerable decrease in the prototype’s
performances after 20 000 000 work cycles.

Silicon rubber, being an order of magnitude superior to
PDMS in elasticity, was used to form a polymer matrix in a
conformal flexible PENG (Fig. 9, @) [15]. Composite active
structure contained PMN-PT! NPs about 1 pm in diameter
and CNTs of the length about 10 um with the diameter of ap-
proximately 20 nm in a polymer matrix. The distributed CNT
network provided electric contact between the nanoparticles
and their structuring under extension-compaction. The com-
posite was formed by preliminary prepared active component
grains dispersion in a polymer solution with subsequent an-
nealing and polarization by a strong electric field application.
An interpenetrating network of ultra-long (up to 50 um) Ag
NWs was used as the elastic electrodes. Mechanical properties
of the silicon-rubber matrix made it possible to avoid using a
substrate.

High elasticity of the fabricated prototype (Fig. 9, b) pro-
vided that it endured cyclic 200 % extension/compaction
without any noticeable deterioration of performances and
demonstrated stable operation under various external actions
(Fig. 9, ¢). The electric characteristics of the prototype fixed
on a forearm skin were U,, = 4 V and /. = 500 nA.

For an ultra-flexible large-area PENG (Fig. 10), the ear-
lier studied KNLN material was chosen [16]. High dispersity
of the nanoparticles of the material favors better homogeneity
of piezoelectric potential volumetric distribution on PENG
inclusion into the net structure of nanofibers or metal nano-
rods in a polymer matrix.

KNLN microparticles of the size 1 to 3 um were fabricat-
ed by a ceramic technology. The initial components (K,CO3,

1 PMN-PT, like KNLN considered below, is superior to PZT in
piezoelectric characteristics and have higher biocompatibility level.




Na,COj3, Nb,Og, and Li,COj3) were ground and mixed in the
required ratio. The mixture suspension in ethanol was then
dried in vacuum and calcined. The powder obtained was
ground and sieved; further, the material was sintered and
ground again until the particles of the required size were
formed. At the following stage, a homogeneous suspension of
KNLN NPs and Cu NRs in ethanol was obtained using a
magnetic stirrer. After drying, active nanocomposite grains
were mixed with RDMS solution, and the suspension was ap-
plied onto a glass plate by whirl-coating. Partly cured com-
posite layer was then transferred onto a PET/ITO substrate.
Finally, another PET/ITO substrate was added with the sub-
sequent finishing drying and polarization in a strong electric
field. The parameters of the fabricated 30 30 cm prototype
were U,. = 140 V and I, = 8 uA. A slight touch with a finger
was enough for functioning of the prototype of a smaller size
fixed to a smartphone back cover.

Organic piezoelectric nanogenerators

In an arc conformal PENG (Fig. 11) [17], active PVDF
layer 1 was placed between two Al electrodes 2 and fixed on
an elastically bent PET substrate 3. In the structure of this
kind, there are two electrically neutral positions: the bent
and straightened ones. Energy generation takes place in the
course of transition between these positions, when an exter-
nal mechanical action is applied or removed. An about 100 pm
thick prototype 2x%4 cm in size possessed the parameters
U,. = 45.6 Vand P,=29.6 uW/cm?. Application range of this
simple and efficient prototype was restricted by the specifics
of its structure and mode of operation.

Advantages of P(VDF-TrFE) material are the good prop-
erties and easiness of piezoelectric B-phase fabrication. The
material’s transparency and elasticity make the related struc-
tural decisions and electrode design of special interest. The
conformal transparent electrode (Fig. 12) [18] was formed on
a PEN substrate by Ag grid application using a polymer blade
and Ag NPs solution at low temperature. In the course of
measured interrupted solution injection under the blade,
strips of liquid were formed due to the capillary interaction.
After the annealing, the substrate was turned around 90°,
and the procedure was repeated. The grid thus formed was
then coated with a graphene film, and about 5,5 pm thick
P(VDF-TrFE) coating was applied by whirling. The final step
was surface Ag electrode formation by vacuum thermal evap-
oration deposition using a mask. After polarization in a strong
electric field, the prototype’s parameters were U,.= 4.8 V and
J.=0.51 pA/cm?.

G Electrodes determined the conformity and transpar-
ency of an ultra-flexible PENG presented in the Fig. 13 [19].
A thin (~20 pm) PDMS substrate was formed on a Cu foil by
whirling. Further, it was successively coated with three G
monolayers grown on a specially prepared Cu substrate by the
wet transfer technique. A thin P(VDF-TrFE) layer was ap-
plied by whirl-coating and annealing. After that, the second
G electrode was transferred onto it. The final stages of the
prototype fabrication were Cu-foil substrate etching followed
with the structure polarization with a strong electric field. The
elastic prototype was compared to the analog with the same
structure formed on a usual PEN substrate. Sensitivity of the
elastic prototype to external acoustic vibrations (including ir-
regular ones) was 30 times higher than that of the analog. De-

pending on the frequency and power of external action, U,
of the elastic prototype made up to 4 V.

High sensitivity and biocompatibility of the ultra-flexible
PENG to a large extent were due to the combination of CTC
substrate and the thin active P(VDF-TrFE) layer (Fig. 14)
[20]. The feature of the technology was abrupt cooling of the
grown polymer film, which resulted in considerable decrease
in its porosity. The prototype was encapsulated in a biocom-
patible PPX coating to provide it with the mechanical
strength and protection against external actions. During test-
ing, the prototype was fixed on a hand with an elastic latex
glove. In these conditions U, of the prototype reached 0.6 V.

Supplementing the PENG with the capacity of scavenging
human body heat? due to the pyroelectric effect can be used
in hybrid energy equipment.

An ultraflexible hybrid piezo/pyroelectric nanogenerator
(Fig. 15) [21] was based on an elastic PDMS substrate; inside
it, a structure of lateral microstrips (500 um wide and 7 pm
high) of the piezo- and pyroelectric P(VDF-TrEE) covered
with Au electrodes was formed. The space between the
microstrips made 200 um. The elastic top electrode consist-
ed of an ultrathin Ag layer covered with a network of Ag NWs.
Under simultaneous thermal and mechanical action, the pro-
totype’s parameters were U,. = 2.5 V and J,. = 570 nA/cm?
(AT ~ 24 °C; mechanical stretching not exceeding 15 %).

Triboelectric nanogenerators

Thanks to the specifics and the possibility to combine dif-
ferent modes of functioning, TENGs can easily be combined
with individual interactive multifunction platforms.

Triboelectric nanogenerators with vertical
contact-separation mode

Due to their ultra-small thickness, plane-type nanogen-
erators with vertical contact-separation mode are optimal for
transparent devices creation. The transparent vertical con-
tact-separation TENG (Fig. 16) design implied two similar
PET substrates with transparent ITO electrodes [22]. One of
the substrates was whirl-coated with a thin PDMS layer and
then the substrates were matched in such a way that PDMS
layer contacted the ITO electrode. Presence of a functional
gap between the layers was ensured by both arc and planar
structure, where separating angular PDMS spacers were used.

The prototype’s parameters were U,. =207 V, I, =7 A,
and LT 75 %. The high specific characteristics were supple-
mented with the technologic compatibility with R2R proc-
esses, this being favorable for the industrial production.

Transparency and conformity of a TENG presented in
the Fig. 17 were determined by the original combination of
its structural components [23]. Graphene monolayers were
grown by CVD technique on a Cu-foil mother substrate, and
then transferred onto PET substrates. Besides high transpar-
ency, the combination of PET substrate with G monolayer
provided for the TENG’s strength, flexibility, and elasticity.
In the prototype, two substrates separated with polymer spac-
ers were assembled in such a way that the inner G monolayer
served at the same time as the active triboelectric component
and an electrode, while the outer G monolayer functioned as

2 A number of piezoelectric materials are known to possess
pyroelectric properties as well.
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an electrode, whose PET substrate was another active compo-
nent of the TENG. In the modified prototype, G layers were
replaced with a multilayer ordered G film. The parameters of
the prototypes were U,. =5V and 9 V and J,. = 500 nA/cm?
and 1.2 pA/sz, respectively.

Conformal TENGs with the vertical contact-separation
mode are promising for integration into footwear (energy in-
soles [24, 25] and energy jogging shoes [26]).

Single-layer TENG (Fig. 18, @) was a combination of
PET/ITO substrate with a Cu-foil electrode coated with ac-
tive PDMS layer. Active polymer layers contact efficiency
was ensured by PDMS layer’s microrelief structure in the
shape of hemispheres. Cotton, cotton-nylon mix, and PU
were considered as the spacer materials, of which the latter
turned out to be the most efficient. Energy characteristics of
the 4.5%4.5 cm prototype were dependant not only on the
choice of the material, but also on isolation units dimensions,
amount, and location. The optimized prototype’s perform-
ances at walking were U,. = 125 V and I, = 40 pA.

A multilayer TENG was based on a zigzag Kt substrate
(Fig. 18, b). One of the active layers was realized using PTFE,
for the other Al was used. Al foil was preliminary chemically
etched, which provided for the nanoporous structure of its
surface. In running position, the TENG folded up, and all its
active components connected accordingly in parallel realized
the vertical contact-separation mode of operation. The pa-
rameters of the prototype built in an insole of a footwear (into
the areas the most stressed at walking) were U,. = 220 V and
1. = 600 pA.

Further development of the multilayer TENG was its in-
tegration into footwear (Fig. 19). The number of bends (lay-
ers) of the zigzag Kt substrate (on which the device was based)
reached 15. Certain areas of the substrate were coated from
the both sides by turns with active Al- and FEP layers, onto
which Cu/Cr electrodes were deposited. To enhance the con-
tact, the surface of the active layers was nanostructured by
etching. 15-Layer prototype with the area of 5.7 cm*5.2 cm
and thickness of 2.4 cm had the mass of 46 g and was easily
built into a jogging shoe sole. At quiet walking, this prototype
had the following parameters: U,. = 380 V and P,,, = 1.044 W
(at the output of a converter providing for matching the
parameters with the portable electronic devices). Testing
(180 000 cycles) did not reveal any deterioration of TENG’s
performances. The jogging shoes provided for the complete
energy independence of sporting equipment, which com-
prised body temperature- and cardiac rhythm sensors and -
monitors and a pedometer.

Clothes with integrated TENGs is a logical supplement to
energy shoes. In this case, the structure of an ultra-flexible
vertical contact-separation TENG [27] was made as light as
possible (Fig. 20, a); the prototype comprised two separate
parts. Two layers of the shirt fabric performed the functions
of the substrates (Fig. 20, b). One of the shirt fabric layers
beared an Al-foil electrode, the other beared an Cu-foil elec-
trode with a PDMS coating. PDMS layer was formed by
whirling on an additional AAM. The membrane surface na-
nostructure was reproduced by the polymer layer and further
transferred onto a working substrate by nano-imprinting. The
electric characteristics of the 0,8 mm thick prototype of the
size 7x2 cm were U, = 83 Vand J,, = 0.32 uA/cm? (at quiet
walking).
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A fiber TENG with a twist structure (Fig. 21) [28] was cre-
ated on the basis of commercial cotton fabric fibers 7 about
240 um in diameter. To enhance the hydrophilic properties of
the surface, the fibers were preliminary treated with a nitric
acid solution. Then the fibers were covered with MWCNT
electrode layer 2 of preliminary prepared nano-ink. Some part
of the fibers was covered with a layer of triboelectrically neg-
ative PTFE; the diameter of the obtained coaxial fibers made
about 500 um. The polymer layer’s structure was a set of oval
PTFE Nps not more than 200 nm in diameter. Polymer-coat-
ed fibers polarization with a strong electric field resulted in
static negative charge formation on their surface. After the
treatment, the surface potential made 660 V; it lowered to
470 V in 30 hours and remained stable for at least 20 days.

The obtained fibers of two kinds were twisted in such a
way that at fiber ends binding there was some space left be-
tween them. Fibers without the polymer coating were earthed.
Upon connection to an external circuit, the electrode layers
of the twist structure’s fibers acquired a positive charge (due
to electrostatic induction), which, in total, was equal to the
negative charge of the polymer layer. Under tension, the fib-
ers approached each other, making higher the charge induced
at the bare electrode fiber, this leading to the appearance of
a balancing electron flow from the electrode of the fibers of
the second kind. It is important to note that touching of the
fibers did not considerably affect the surface charge of the di-
electric PTFE coating. During the compaction, the fibers re-
covered the initial shape and the distance between them in-
creased, this generating a backward electron flow between the
electrodes.

The prototype comprising two fibers about 9 cm long
twisted together 8 times was integrated into a usual fabric. On
a weak tension (~2.15 %), P, of the prototype was 0.1 uW/sz,
which was comparable to the energy consumption of a min-
iature biosensor.

Energy TENG textile (Fig. 22) [29] was based on PET fib-
ers with the electroplated Ag coating. Radial ZnO NW arrays
were grown on the fibers by the hydrothermal technique. The
arrays served the structural pattern for a thin PDMS layer ap-
plied onto them, and from the coated fibers a cloth was wo-
ven; another cloth was woven from the metallized fibers. They
fastened the ends of the cloths, thus obtaining spatially dis-
tributed TENG of active Ag- and PDMS layers in vertical
contact-separation mode. The features of the offered solution
were both the device’s area scaling, and multilayer structures
formation. Single- and four-layer prototypes of the same area
had U,, equal to 120 V and 170 V and the I, of 65 pA and
120 pA, respectively.

Optimized three-layer prototype was built into a smart
energy-independent clothes (Fig. 23) [29]. Additionally, the
clothes contained an LC display, six green image lighting
LEDs, a key fob, and a control unit in a special pocket. The
above components operation was fully supplied using the en-
ergy textile.

Triboelectric nanogenerators with an in-plane sliding mode

For the base of ultra-flexible sliding ribbon TENG [30],
thin PTFE substrates were used. The identical electrodes
formed thereon were 20 nm thick lateral Ti microstrips at-
tached to each other at one side of the substrate along the slid-
ing direction (Fig. 24, a, b). The space between the electrode




strips equaled their width; the electrodes were shifted in
space relatively to one another by the distance equal to a half
of the strip width. Contacting substrate surfaces were mod-
ified in such a way that their structure presented an ensemble
of PTFE NPs (Fig. 24, ¢).

The prepared initial parts of the TENG were not attached
mechanically to one another but placed on mutually displac-
ing objects. The inner and outer electrodes of the both parts
were intercommutated, the outer electrodes forming the base
contact. Initial position was the one, in which the microstrips
of the top- and bottom electrodes overlapped completely. The
electrodes synchronization was implied by TENG’s sliding
design, the electrodes’ periodic structure provided for the
process repeatability on forward and backward motion.

Harvesting the energy of external actions of low frequency
(a leg motion at walking) is the advantage of the ribbon
TENG. The performances of the tested prototype with the ef-
ficient contact area of 20 cm?, placed on trousers’ inner sur-
face and lining were U,. = 700 V and I, = 7.5 pA. At quiet
walking, the rate of prototype’s parts relative displacement did
not exceed 10 m/s.

Energy ribbon sliding TENG-textile integration into
clothes (Fig. 25) [31] was realized following the procedure be-
low. PET fibers were metallized with a Ni coating, and a part
of them was further covered with a PPX coating. Strips (4 mm
wide and 35 mm long) woven of fibers of different kinds were
deposited onto Kt substrates. The stripes’ structure was, ac-
tually, that of the ones previously used in the ribbon sliding
TENG. The space-separated substrates were integrated into a
shirt, one of them into a sleeve, the other one into a body part;
the superposition and contact of the substrates on arm motion
formed a sliding-mode TENG.

Performances of the energy textile prototype were U, =
=120 V and /. = 15 pA. Speed of TENG’s components rel-
ative displacement was 0.75 m/s.

Combination of two operation modes, that is, vertical
contact-separation mode and sliding mode, became the ba-
sis of energy TENG-textile (Fig. 26) development [32]. The
TENG-textile thickness was 0.34 mm; its integration into an
ordinary fabric was realized in the course of fabrication.

In the TENG-textile, Cu electrode (that served at the
same time a triboelectric layer) ~33 um in diameter and a
composite electrode (Cu-foil strips about 30 um thick and
~300 um wide) with the both sides covered with the triboe-
lectrically active approximately 33 pum thick PTFE layers
were combined. A prototype of the TENG-textile with the
area of 4 x4 cm integrated into a woolen fabric was supple-
mented with a 4% 1 cm prototype of DSSC textile. In general,
the hybrid energy device’s parameters were U,. = 80 V and
I, = 0.2 mA. At walking by sunlight, P, value reached
0,8 mW, which quite sufficed for electronic wristwatch supply
or LIB smartphone charging.

Single-electrode triboelectric nanogenerators

and triboelectric nanogenerators with an external electrode
mode/attached-electrode contact-mode triboelectric
nanogenerators

A transparent single-electrode TENG was glued to PC
keyboard keys or smartphone display [33]. The prototype was
a transparent ITO electrode coated with a thin (~400 um)
PDMS layer. Pyramidal microrelief of the layer’s surface was

formed in the course of growing on a Si substrate. Character-
istics of a prototype of a larger size (4,5X 6,5 cm) under a slight
touch with the fingers were U,, = 100 V and J,, = 8 pA/m>.
Smaller prototypes (1 X 1 cm) were glued to the notebook keys
and a smartphone display at the sites of the most frequent
touch (Fig. 27, a, b). The prototypes were preliminary encap-
sulated to protect them against external mechanical actions.
In the same conditions, the parameters of these prototypes
were Uy, = 60 Vand [, = 3.5 pA.

A prototype presented in the Fig. 27, c is further devel-
opment of the idea. It can be used as a generator or as a free-
standing matrix of highly sensitive tactile sensors.

A conformal single-electrode TENG took the required
shape, when fixed on a human body [34]. Its feature was the
use of both bending and stretching external mechanical ac-
tions.

The ultra-flexible conformal prototype was based on two
specially fabricated highly elastic PDMS substrates. Copper
electrodes were deposited onto the substrates by two-stage
magnetron sputtering. At first, a structure of parallel zigzag
microstrips (called by the authors a "snake pattern") was
formed using a special mask; further it was covered with an
ultrathin Cu layer (Fig. 28, a, b). The core of the sandwich
structure was a thin Kt film with the surface nanostructured
from the both sides by RIE. Thanks to the high thermoplas-
ticity of Kapton, thermal treatment with the rapid cooling of
the film was used to form the undulation. When assembled,
the edges of the sandwich structure were mechanically fas-
tened with Kt bands (Fig. 28, ¢); the prototype dimensions
were 7.5%X5 cm.

The obtained prototype comprised two single-electrode
TENGs in vertical contact-separation mode synchronized
due to the parallel integration. As compared to the plane Kt
film based prototype, the parameters of the elastic prototype
were 70 times higher: U,. = 700 V and I, = 75 pA.

Energy TENG-textile with the active outer layer looked
like a floor mat [35]. Triboelectrically active nylon- and PET
strips (290 X 7 mm), and also the electrode strips (270 X 5 mm)
of a cotton fabric with the fibers coated with a thin Ag layer
were the base of the TENG-textile. The electrode strips were
fixed in the prototype between two acryl- and PET strips with
a Scotch tape. The electrodes obtained (named by the authors
"nylon-" (~360 pum thick) and "polyester (~460 pum thick)
electrodes") were twisted, and electrodes of the same type
were commutated in parallel.

The multimode mechanism (combining vertical contact-
separation mode and sliding mode) of energy TENG-textile
functioning is connected with its structural features and the
variety of external actions at its use as the component of
clothes or footwear. It is necessary to note that the active out-
er layer could be made of the strips of various materials: acryl,
polyester, cotton, or paper. In real operation conditions, the
combination of TENG’s modes was determined by both its
structure deformation in general and the deforming actions’
parameters. In the deformed state and in the absence of de-
formation, the prototype’s parameters were U,. = 100 V and
25 Vand [, = 2.5 pA and 1.2 uA, respectively. The specific
combination of the energy TENG-textile operation modes
will be dictated by its integration into clothes or footwear
(Fig. 29) [35].
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Conclusion

The present brief overview confirms our certainty that the
devices of mechanically activated ultra-flexible conformal na-
noenergetics integrated with clothes and footwear, epidermal,
or implanted into a human body are one of the most inno-
vative development lines of the intelligent technosphere.
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MHTEAAEKTYAAbHASA UCKYCCTBEHHASA KOXA —
3MUAEPMAAbHBIM MOHUTOPUHI U KOPPEKLIMAA BUOOBLEKTOB
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Paccmompennvl cospemenroe cocmosiHue U nepcneKmuesl pa3eumusi UHOUBUDYANbHbIX UHMEPAKMUBHBIX MYAbMUGYHKUUOHANb-
HbIX CEHCOPHbIX U KOPPEKMUPYIOUWUX OUOUHMEeSPUPYEMbIX NAAMGOPM, BKAIOUAS MUKPO- U HAHOCUCHEMbL, INUOEPMAAbHO pa3me-
laemble HENOCPEOCHBEHHO HA NOBEPXHOCMU KOJICU U KOONEepupyemble ¢ KOHCMPYKMUBHbIMU dAeMeHmamu 00excovl. JlaHHbie KOHC-
MPYKMUBHO-MEXHON02UMeCKUe PeuleHUsl, OCHOBAHHbIe HA cUOKOU NeYamHol d1eKmpoHuKe U oomoHukKe, A6A310mces Haubosee npo-
2PeccusHbIMU 6 001acmu (HOPMUPOBAHUSL COBDEMEHHOU UHMENIeKMYAAbHOU NePCOHUPUUUPOBAHHOU OUOmMEXHOCHeDbL.

Karoueevie caosa: UHmMeANeKmydaibHasA UCKYCCmMEeHHAA Koca, UHmepaKmueHas My./lbmu¢yHlCull0Ha./leaﬂ nﬂamd)opMa, 9NeK-

MPOHHAS KOMNCA, INUOEPMANbHBIL MOHUMOPUHE, (POMOHHAA KOMCA, MPAHCINUOEPMANbHAS KOPPEKYUsL

Ilepeyenn cokpameHmii

CB (black carbon) — 4epHBbIil rpadut

CFP (carbon fibers paper) — Oymara u3 yrJiepoIHBIX MUK~
POBOJIOKOH

CMF (carbon microfibers) — yrineponHbie MUKPOBOJIOKHA

CNT (carbon nanotubes) — yrjiaeponHble HAHOTPYOKU

ECG (electrocardiography) — anekrpoxkapauorpagusi

EGaln (eutectic gallium-indium) — »BTekTHYecKas ra-
JIM-UHAMEBas KUAKOCTh

EMG (electromyography) — anekrpomuorpadus

EMIM/TFSI (1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide — 1-3Tun-3-mMeTuninmMuaaszon oOuc-
(TpudTOpMETUIICYILOOHUIT) UM,

FD (photo detector) — doTomeTeKTOp

GOx (glucose oxidase) — IIIOKO300KCHIa3a

LCO (LiCoO,) — kobanbTaT IUTHs

LIB (lithium-ion battery) — JMTUA-UOHHBIN aKKYMYJISITOD

LOx (lactate oxidase) — JakraTr okcumasa

LTO (Li4Ti5O,,) — TTaHAT IUTUA

MWCNT (multi-walled carbon nanotubes) — MHoOro-
CTCHHBIE YIJIEPOJHbIC HAHOTPYOKHU

NFC (near field communication) — OJMXHsISI 6ECKOH-
TaKTHas CBSI3b

NPs (nanoparticles) — HaHOYACTUILIBI

NWs (nanowires) — HaHOBOJIOKHA

OFET (organic field-effect transistor) — opraHuyecKuii
TMOJIEBOI TPaH3UCTOP

OLED (organic light-emitting diode) — opraHuyeckuii
CBETOIMON

P(VDF-TrFE) — (polyvinylidene (fluoride trichlorethy-
lene)) — noau(BUHWINIAEHOTOPUA-TPUDIIOOPOITUIICH)

PB (prussian blue) — 6epiuHCKast 1a3ypb

PDMS (polydimethylsiloxane) — ImoIuauMeTIICHIOKCAH

PEDOT (poly(3,4-ethylenedioxythiophene) — monu(3,4-
STUJIEHAUOKCUTUODEH)

PEDOT:PSS — (poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate) — nmonu(3,4-3TMIIEHIMOKCUTUODEH )TTOJH -
CTUpPEH CybdoHAT

PEGDA (poly(ethylene glycol) diacrylate — nonu (3Tu-
JICHTJIMKOJTb) AWAKPYJIAT

PEIE (polyethylenimine ethoxylated) — 3ToKcHJIMpOBaH-
HbIIi TTOJIUITUIEHUMUH

PENG (piezoelectric nanogenerator) — IIbe30HAHOTEHE-
paTop

PET (polyethylene terephthalate) — monuaTuiieHTEpe-
¢ranar

PI (polyimide) — monuummun

PU (polyurethane) — monmyperan

PVA (polyvinyl acetate) — nmoJuBUHUIALIETAT

PVB (polyvinyl butyral) — nonmBUHUIOYTUPAIIb

PVDF (polyvinylidene fluoride) — mnoauBUHUIUICH-
¢dropun

Re (rectenna) — pekteHHa

RFID (radio frequency identification) — pagro4yacroTHast
UIeHTU(UKALIUS

RGO (reduced graphene oxide) — BoccTaHOBJIEHHBII OK-
cun rpadeHa

SC (supercapacitor) — CynepKOHAEHCAaTOp

Sr® (gas sensor) — JaTYMK ra3oB

N (humidity sensor) — maTYMK BJIAXKHOCTU

Sr™ (motion sensor) — JATYUK ABUXKEHUS

StP (pressure sensor) — IaTYMK AaBIECHUS

Sr® (strain sensor) — gaT4uK AeOpMaLK

Sr%¢ (skin conductance sensor) — IaTYUK MPOBOAUMOCTHU
KOXU

Sr! (temperature sensor) — JaTYNK TeMIIEPATYpbl
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SSC (symmetric supercapacitor) — CUMMETPUYHBIIA Cy-
MePKOHIEHCATOD

TEG (thermoelectric generator) — TepMoreHepaTop

TENG (triboelectric nanogenerator) — TpuOOHaHOTEHE-
paTtop

TFT (thin-film transistor) — TOHKOIUIEHOYHBbII TpaH-
3UCTOP

uv (ultraviolet) — ynabTpaduoIeTOBBIN

VOC (volatile organic compounds) — JeTyuyre opraHu-
YECKUE COCTUHEHUS

uLED (micro light-emitting diode) — MukpocBeToaMON

Beenenue

VYenexu OMoMeIuIMHCKUX, (dapMalleBTUYECKUX U DJIeK-
TPOHHBIX TEXHOJIOTUI TTO3BOJIWJIM HE TOJBKO CYILIECTBEHHO
TTOBBICUTH Ka4eCTBO M MPOAOJIKUTEIBHOCTh YeJIOBEUECKOM
JKM3HM, HO U BO MHOTOM OIPENEIUTh COBPEMEHHOE MOHM-
MaHUe UHTEJJIEKTYalIbHOI OuMoTexHOoCcdephl ¢ OpUeHTaLUe
Ha ee nmepcoHupukanuio [1—4]. OgHUM U3 COBPEMEHHBIX
HanpaBJleHUI Pa3BUTHSI IEPCOHUDUIIMPOBAHHON OUoMenu-
LIMHCKOH TeXHOCdephl SIBISIETCS] pa3BUTHE WHAWBUAYaJIb-
HBIX UHTEPAKTUBHBIX MYJbTUDYHKIIMOHATBHBIX CEHCOPHBIX
U KOPPEKTUPYIOIIMX OMOUHTETPUPYEMBIX TIaT(HOPM, BKIIIO-
yasi MUKPO- U HAHOCHCTEMBI, KOOTIEpUPYyeMble ¢ KOHCTPYK-
TUBHBIMU 3JIEMEHTAaMU ONEXIbl U OOYBU, 3MUAEPMATLHO
pa3melllaeMble HEMOCPEJACTBEHHO Ha MOBEPXHOCTH KOXHU, a
Takke MMILIAHTUpPYyeMble B TeJlo 4yesnoBeka (puc. 1) [5].

Llenplo maHHOI CTaTbU SBJSIETCS 0030p COBPEMEHHOIO
COCTOSIHUSI UHTEPAKTUBHBIX MYJbTU(GYHKIIMOHAIBHBIX THO-
PUIOHBIX MUKDPO- M HaHOIUIaT(OpM, pa3MelllaeMbIX HEIoc-
PENCTBEHHO Ha KOXe yeJoBeka — HaumboJjiee 4acTo Ha3biBa-
eMBbIX 3JIEKTPOHHOU KoXel, unm "e-koxei". UXx ocHOBHOe
Ha3zHaueHUEe — dBIUIAEePMaIbHAsI CEHCOpUKa (MOHUTOPHUHT)
U, IO BOBMOXHOCTHU, NMCEBIOMHBA3MBHAasl aKkTUBHas (hapma-
KoJsiornyeckasl 1 Hepapmakojiornueckasi TpaHCIMUAepMaib-
Hasi KOppeKIIus.

MHTepaKTUBHOCTb MPOSIBJASIETCSI MO CYILIECTBY B BO3-
MOXHOCTH pealn3alliy OBYX CIIOCO00B (DYHKIIMOHUPOBA-

Puc. 1. UnTe/ekTyaibHble OHOMHTErpupyemble miaTdopmbr: [ — 31eKTpodu3ronornyec-
KM€ JaTYMKU FOJOBHOTO MO3ra; 2 — 3JIeKTPOHHBII I1a3; 3 — MYJbTUCEHCOpPHAs dIuUIep-
MaJibHasl iaThopma; 4 — 3JeKTPOHHBIE COCYbI; 5 — 2IeKTPObUINOIOTMIECKHUE TaTYNKH
cepiua; 6 — 3HepreTuyeckasi Koxa; 7 — ruardopma TpaHCIMUAEPMATBbHON KOPPEKLIMH;
& — doToHHas Koxa; 9 — MyabTUDYHKIIMOHATbHAS 3JIEKTPOHHAST KOXa

Fig. 1. Intellectual biointegrable platforms: 1 — electrophysiological brain sensors; 2 — electronic
eye; 3 — multisensor epidermal platform; 4 — electronic vessels; 5 — electrophysiological heart
sensors;, 6 — energy skin; 7 — platform of transepidermal correction; 8§ — photon skin; 9 —

multifunctional electronic skin
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HUsI, 00eCIeYnBaIOIIMX BBITIOJIHEHUE MYJIbTU(YHKIIMOHAb-
HOI m1aT(OpMOIi CEHCOPHBIX MJIM KOPPEKTUPYIOIINX MPO-
LIelyp HAa OCHOBE MPUHSTHS PElIeHUI 3a cUeT COOCTBEHHOI
CEHCOPHOI 00paTHOI CBSI3U C MOJIb30BaTeIeM (YEJTOBEKOM)
WJIM B PEXVME YIaJIeHHOTO JA0CTYIa Yepe3 MHTErpUpOBaHHBIM
MHGOOPMALIMOHHBIM KaHaJl, OMpeAesIONniA BO3MOXHOCTh
WCIIOIb30BaHMS BHEITHUX YITPABJISIIONINX BO3IEHCTBUIA.

DHEProHe3aBUCUMOCTb MHTEPAKTUBHBIM IIaThOpMam
MPUIAIOT UHTETPUPOBAHHBIE YCTPOMCTBA THOPUIHONW HAHO-
SHEPreTUKW: HAHOT€HepaTOphl, PEKYINEPUPYIOIINe SHEPTHIO
opranuzma (PENG, TENG, TEG) uiu sHepruio okpyxato-
el cpeabl (PEKTeHHbI), M YCTPOWCTBA XpaHEHMS BJIEKTPO-
suepruu (LIB, SC) [6—11]'.

WMHTepakTUBHBIE MYJbTUDYHKIMOHATbHBIE TIaT(HOPMBbI
(e-Koxa) 1Mo CBOMM CBOMCTBAM IOJKHBI ObITh MAaKCUMaJIbHO
MpUOIMKEHBI K €eCTECTBEHHOI YeI0BeueCcKoil Koxe. TeM ca-
MBIM OTIPENEJISTIOTCSI OCHOBHBIC TPeOOBaHUSI KO BCeM (DYHK-
IIMOHAJIBHBIM KOMITOHEHTaM, BXOISIINM B WX COCTaB: TMO-
KOCTb, 3JJaCTUYHOCTh, OMOCOBMECTUMOCTb, CIIOCOOHOCTb K
CaMOBOCCTaHOBJICHUIO. [Ipy anumepMaaIbHOM pa3MellieHUn
1aThopM B psIie CITyyaeB BaskHa npo3paqucn)2, criocobceT-
BYIOIlIasi HE3aMETHOCTU YCTPOMCTBA (€CM OHO HE CKPBITO
onexaoii) st okpyxatomux [12, 13].

OnuaepMaibHbIii MOHUTOPHHT — 3JIEKTPOHHASI KOXKA

MOHUTOPUHT OMOMETPUUYECKUX TMapameTpoB (Temrepa-
TYpBI TeJla, CepACYHOTr0 PUTMA, apTepUaTbLHOTO NABJICHUSI,
colepXKaHus KUCIOPOa U TIIIOKO3bI B KPOBU, JAbIXaTEJIbHO-
rO pUTMa, MBIIIEYHOTO TOHYCA, ABUTATEIbHON aKTUBHOCTH)
OCYIICCTBIISIETCSI B peXXMME peaJbHOrO BpeMeHU. Bribop
MecTa pa3MelleHus! T1aTdopMbl Ha TeJie OTNpenesieTcsl KOH-
TPOJUPYEMBIMA OMOMETPUYECKUMHU TapaMeTpamMu (ONTH-
MaJIbHBI 3aMsCThe, MPEATUIeYbe, TOPJIO, cepaeyHas 00J1acTb,
LIUKOJIIOTKK). MyabTU(hYHKIIMOHATBHBIE pelneHus [14—16],
coueTaomme naTdyuku gapnaenHus (SrP), meopmauun (Sré),
temmepatypsl (Srt), BIakHOCTH (Srh), neykeHus (Sr™) wia
KOHTPOJISI OMOMETPUYECKUX TapaMeTpoB, MOTYT ObITb JO-
TIOJIHEHBI (a B pslie ClyyaeB — WHTETPUPOBAHBI) YCTPOMCT-
BaMM KOHTPOJIS TTapaMeTPOB OKPYXKaro-
et cpeasl — poronerekropamu (FD) u
JaT4NKaMu razoB (Sr8). OCOOGEHHOCTBIO
SMUAEPMATBHOTO MOHUTOPUHTA SIBJISIET-
csl TOT (aKT, YTO OMOMETPUUYECKUE CUT-
HaJTbI B IECSTKY pa3 caabee, 4eM B 30HIM -
PYIOLLIUX CUCTEMaX.

Hanee mpencraBieHbl COBPEMEHHbBIE
pa3pabOTKM MHTEPAKTUBHBIX MYJIbTH-
(GYHKIMOHABHBIX CEHCOPHBIX ILIaT-
¢dopM 3nuaepMaTbHOTO MOHUTOPUHTA.

MynbTrceHcopHas ruiatdopmMa Mo-
HUTOPUHIA, pasMELIeHHas Ha 3alsic-
The, TO3BOJIsIa KOHTPOJIUPOBATh (HU-
3UOJIOTUYECKUIT CTPECC, UCXOIs U3 CO-

! BHeproHesaBHCHMOCTD OCOGEHHO aK-
TyaJlbHa, KOTJa B COCTaB MHTEPAKTHBHOM
maaTGopMbl BXOASIT MH(POPMAIIMOHHBIE TUC-
MJIEU WM YCTPOMCTBA OTOOpakeHust nHMOp-
mauuu (LLED, OLED).

2 [Mpo3pauHOCTh TAKKE CYLICCTBEHHA,
€CIM B COCTaB MHTEPAKTUBHON IIaT(OpMbI
BXOIUT OJIOK TpaHCIepMalbHOrO BBOAA TeX
WJTY MHBIX MTpenapaToB, yIpaBieHue KOTOPBIM
MOXET OCYILUECTBJISITbCS DJCKTPUYECKU WU
TEPMUUYECKHU.




BOKYITHOCTU TaKWX TapaMeTpOB OpraHW3Ma, KakK 4JacToTa
ImyJbca, TeMIIepaTypa U 3JIEKTPOIIPOBOTHOCTh KOXU (puc. 2)
[17]. OcHoBy mnatgopmbl coctapisiia PI-momioxka [ Ton-
mHoi 50 MxM. ITbe3oamexTpuueckuii SrP 2 Bximouan B ce-
0s1 aktuBHbIE P(VDF-TrFE)-cnoii 3 (20 MkMm), a Takxke Ag-
u Al-aextponst (0,5 MkM) 4, 5. TepMope3icTHBHEIN St* 71
PE3UCTUBHBIIA Sr°¢ § HAXOOWIMCE B HETTOCPEACTBEHHOM KOH-
TakTe ¢ Koxeil. BMecte ¢ KoHTakTHBIMM Al-3nekTpogamu 9
(0,5 MKM) OHU pacroyiaraiuch Ha U30JIUPYIOLIEN TPOMEXKY-
TOYHOM MOMIJIOXKE 6 U3 1'[ap1/m<3Ha—C3 . Paamepnl MynbTHCEH-
COpHOI IIaTOPMBbI COCTABISIN 24,7 X 15 MM IpY TOJILMHE
70 MKM.

ITockonbKy MoKa3aHust JaTYMKOB B PeXMMeE OHJIAH Mnepe-
JIAIOTCS Ha armapaTtypy AMarHOCTUKM, UCTIOIh30BaIach BCIIO-
Morarte/ibHasi KOHTAKTHasI TUIONIAKA UTsl CUTHAJTBHBIX TTPOBO-
JIOB U MPOBOIOB MuUTaHus Sr°°. Jlnana3oH U3MepeHuii TeMIe-
patypsl koxu coctasisit 30...40 °C (4yBCTBUTEIBHOCTb SI* —
0,31 Om/°C), snekTpornpoBogHOCTU Koxu — 2...20 MKCMm
(ayBcTBUTENBEHOCTE ST°¢ — 0,28 MKB/0,02 MxCwMm). /Inanaszon
KOHTPOJISI 4acTOTHI Tysibca coctaisut 50...220 ynapoB/MUH
(u3mepsiemoe aasierue — 40...120 MM PT. CT., YYBCTBUTEJIb-
HocTb — 35 MB/MM pT. cT.). Cpok City>kObl MYJIBTUCEHCOPHOI
m1aTOpMBI 1O OLIEHKE aBTOPOB COCTAaBIISLT 9 ITHEiA.

Crour OTMETUTH, YTO B JAHHOM CJjy4dac IIpyu TUArHOC-
THUKE (I)I/I?)I/IOJ'[OI‘I/I‘{CCKOI‘O CTpeCCa BPEMEHHOC pacIpeaciic-
HUEC 4YaCTOTHI ITyJbCa CJIYXWUJIO OCHOBOW [JJI aHaIu3a W3-
MEHYMBOCTHU CEPACYHOIO pUTMA, a M3MECHCHUE OJJICKTPO-
INPOBOAHOCTHU KOXHW — IJId OUEHKNW MHTCHCUBHOCTHU ITIOTO-
OTACJIICHUS.

BuoxuMuyeckuii aHaau3 TOTOBBIAEICHUI, TMO3BOJISAIO-
LU KOHTPOJIMPOBATh 00€3BOXMBAHUE opraHM3Ma4, obec-
reynBajga MHTEpaKTUBHAs TulaTpopma, Ha3BaHHAasl aBTOpa-
mu "yMHBIM" 6pacietom (puc. 3) [18].

Mopaynb AaTYUKOB, MPEACTABISIONIMNI €000l MaccuB
Ag/Cr-anextponoB Ha PET-momnoxke ¢ u3oisuueit TuieH-
Koit napuneHa-C, obecrieurBajl KOHTPOJIb TEMIIEPaTyphl KO-
KU, METaOOJINTOB U 3JICKTPOJIMTOB MoTa. B ammepomeTpu-
YeCKHUX JaT4yMKax MeTaO0OJUTOB (IJIIOKO3bl M JaKTaTa) Ha
pabouue saeKTponabl 1, 2 moBepx PB-ci10s1° GBLTM HAHECEHBI
COOTBETCTBEHHO KOMMO3UTHbIe GOx- u LOX-MOKpbITUS B
MaTpulle XMTO3aHa. B TMOTEeHLMOMETpUUYECKUX AaT4yMKax
3JIEKTPOJIUTOB (MOHOB Kaslusl U HATpusl) Ha pabouyue dIeKT-
ponbl 4, 5 HAHOCWIMCH KOMITO3UTHBIE MOHHO-CEIEKTUBHBIE
nokpeitusi B PEDOT:PSS-Marpuiie, Ha 3TaJOHHBII 6 —
koMno3utHoe PVB/CNT-nokpsiTre. JlaHHBIE BCEX YeThIpeX
JIaTYMKOB, COBMECTHO C JaHHBIMU PE3UCTUBHOTO Stt 7 g
KOMIIEHCALIMM TeMITepaTypHOl 3aBUCMMOCTHM JaTYUKOB, MOC-
Tynajv B MOIYJIb 00paboTKU § 1 MUKpoOIpolieccop 9 ¢ moc-
JIeAyoLIe nepeaadyeii pe3yabTaTtoB B PEXKMME OHJIAMH Yyepe3
Bluetooth-monynb 10 Ha cmapTdoH nosib3oBarteisi. Moaynb
00paboTKM M TIepeJayn JaHHBIX ObUI peajM30BaH MO CTaH-
JIAPTHOM TEXHOJIOTUM Ha T’MOKOi1 neyaTHoii riare. OmHOBpe-
MEHHOE UCITI0JIb30BaHKE ABYX "YMHBIX" YCTPOMCTB (OMHOIO —
B BUJE OpaciieTa Ha 3amscThe, IPYroro — B BUJE oOpyya Ha

3 CaMu ZAaTIMKN TaKKe BBIMOIHEHBI M3 AMIOMUHMS TONLMHOI
0,5 MKM.

4 CocTosiHue, IMarHOCTUPOBaTh KOTOPOE MPAKTUYECKU BaxKHO
BO MHOTHX CJTy4asiX, OT MOHUTOPUHTA (PU3NIECKMX HATPY30K JI0 Ira-
THOCTUYECKON MEIULIMHBI.

5 BBenenue GepanMHCKON Jla3ypu B JaHHOM CJly4ae MUCKIII0Yaio

HEOOXOAMMOCTbh BHELIHEro MCTOYHWKA MUTaHUS [JIs1 aKTUBALUU
JAaTYUKOB.

Puc. 2. MynbTHCceHCOpHas mIaT¢opMa KOHTPOIs (pH3HOIOTHIECKOTO
crpecca: /| — TOMIOXKKA; 2 — JaTYMK JAaBlIeHUs:; 3 — aKTUBHBIN
ciioit; 4, 5, 9 — 31eKTpoIbl; 6 — U30JMPYIOLLAs MOAIOXKKa; 7 — aaT-
YUK TeMIepaTypbl: § — JaTYMK NTPOBOJUMOCTH KOXU

Fig.2. Multisensor platform for control of a physiological stress: 1 —
substrate; 2 — pressure sensor; 3 — active layer; 4, 5, 9 — electrodes;
6 — insulating substrate; 7 — temperature sensor: 8 — skin conductance
sensor

Puc. 3. NnTepakTuBHas My ibTHYHKIMOHAIbHAS MIAT(HOPMA KOHT-
poJisi 00e3BOKMBAHMA: [—3 — IaTYMKU METabOJIUTOB; 4—6 — nat-
YUKU 3JIEKTPOJUTOB; 7 — HATUYMK TeMIIEpaTyphl; & — MOAYJb 0Opa-
060TKM curHasioB; 9 — mukporpoieccop; /0 — Bluetooth-monynb

Fig. 3. Interactive multifunctional platform for control of dehydration:
1—3 — metabolite sensors; 4—6 — sensors of electrolytes; 7 — tem-
perature sensor; § — module for signal processing; 9 — microprocessor;
10 — Bluetooth module

roJIoBe) 00eCcTeYnBaio HeMPePbIBHBIIT MOHUTOPUHT 00€3BO-
JKMBAHUsS OpraHM3Ma Mo IelicTBUeM DU3NUECKUX Harpy30K.

AHaJIU3 UHTEHCUBHOCTHU MOTOOTAEAEHUS ObUT UCMOJb30-
BaH U B MYJIbTUCEHCOPHOM TiaTdopMe s KOHTposst hu-
3u4ecKuX Harpysok (puc. 4) [19]. Sr*¢ I, usmepsiouuii sek-
TPUYECKOE COMPOTUBJIEHUE KOXM B 3aBUCUMOCTU OT BJaX-
Hoctu, 0T monorHeH ECG-anexrpogaMu 2 misk KOHTPOJIS
pPUTMa CEPALIA U EMKOCTHBIM St° 3 U1l KOHTPOJIS IOKAJIBHBIX
nedopmanmii Koy 1o Bo3neicTBrueM HU3NYECKUX Harpy-
30K. JlaTuMKM, pa3MellIeHHbIC Ha CaMOKJIeSIIIIeiiCsT 2J1acTUd-
HOI CHJIMKOHOBOM MOJIOXKE, ObUTA BBITTOJIHEHBI U3 TPOBO-
nsuiero komnosuta Ag NWs B PDMS-marpuiie, 1usnekT-
puyeckas mpokianka Sr® — u3 skodurexca. Moayib obpa-
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Puc. 4. ntepakTuBHas MyibTH(hYHKIMOHAIbHAS IIAT(OPMA KOHT-
pouist pu3HUecKnX HArpy30K: / — JaTYMK MPOBOJUMOCTHU KOXU; 2 —
9JIEKTPOIbI; 3 — IaTYMK AedopMaun; 4 — MOLYJIb 00pabOTKH U Tie-
pelayu JaHHBIX; 5 — JUTUI-UOHHBII aKKyMyJIsTOp

Fig. 4. Interactive multifunctional platform for control of the physical
activities: 1 — skin conductance sensor; 2 — electrodes; 3 — strain
sensor; 4 — data processing and transmission module; 5 — lithium-ion
battery

OOTKM ¥ Tiepelayn TaHHBIX 4 Ha TMOKOM TeYaTHOM TuiaTte 1
LIB 5 Obl1M moMelleHbl B MOJIMMEPHYIO, HalleyaTaHHYIO Ha
3D-npuHTEepe, 00004YKy. DTa 000J0UKa pa3Mmeliaiach Ha
TTOIJTOXKE MOJIYJISI TaTYNKOB, KOMMYTAIIUST OCYIIECTBIISAIACH

FPUFEDOT:PS5/Ag NWs

Puc. 5. MyabTucencopHas miatgopMa MOHMTOPHHIA MbIIMIEYHOH AKTMBHOCTH W TeMmepa-

TYpBI Tea

Fig. 5. Multisensor platform for monitoring of the muscular activity and body temperature

TMOKMM TUIOCKMM KabesieM. DHeprornorpedaeHue MyabTh-
¢yHKIMOHaNBHO r1aTdopmel He TipeBbiiiano 40 MBt, mpo-
OJDKUTEbHOCTD €€ paboThl 0e3 moa3apsiaku LIB nocturana
37 4. B coBokymnHocTH maTdopmMa obecrieunBaia B pexxume
OHJIAiiH MOHUTOPUHI BO3AEHCTBUS (PU3MUECKUX HATrpy30K
Ha OpraHusM.

MynbrriceHcopHas Tuiatdopma, odecreymBamoIas Mo-
HUTOPUHT MBIILIEYHOM aKTUBHOCTU M MOBEPXHOCTHOTO pac-
npeaeneHus: Temrepatypbl koxu (puc. 5) [20], mo3Bojsiia
KOHTPOJIMPOBATh KaK BO3IEMCTBHE (PU3MUECKUX HaArpy3ok
(TIpu pa3MellleHUH Ha 3arsICThe), TaK U Mpoliecc MUThs (Mpu
pa3MelleHUr Ha ropie).

CylleCTBeHHO pacCIlMPUTh BO3MOXHOCTH 3TOM 1uiatgop-
MBI ITO3BOJIUJIO COUYETAHUE €€ BIACTUYHOCTU U MPO3PAUYHOCTH.
Sr' B maHHOM ciydae mpencrapisul co6oit OFET-Marpuiy
pasMepoM 4 X 4 mexay asyms PDMS-nomnoxkamu. B kax-
nyio OFET-crpykrypy Bxomunu PU/PEDOT:PSS-anekr-
ponsbl (CTOK, 3aTBOP M MCTOK), nuanektpuueckuit PU-cnoit
u TepMouyBcTBUTENbHBIE RGO/PU-Kkanan. Pe3ucTuBHbIM
Sr® ¢ aktuBHbiM PU/PEDOT:PSS/Ag NWs-3j1eMeHTOM Ha
PDMS-nomnoxke pasmemiancs noBepx OFET-marpuiisbi,
PDMS-nonnoxku ckperisiiuch Mexay coboii. Tloce a-
MUWHMPOBAaHUSI MYJbTUCEHCOPHAs MaaTdopMa ¢ MOMOILbIO
caMoKJiesierocst MmokpuiTusi pukcuponansach Ha tene. Ha
JNAHHOM 3Tare pa3paboTKM Bce KOMMYTAIMU TJIaTHOPMbI
(mepemaya CUTHAJIOB JAaTYMKOB W MUTAHHWE) OBbLIA TPO-
BOIHBIMU.

Brnaronapsi BbICOKOIl TEpMOUYBCTBUTEIbHOCTH, 3HaAUe-
HU€ KOTOPOI COXPaHSJIOCh 0€3 CYIIECTBEHHBIX MOTEPh MOC-
se 10 000 ko 30 %-ro pacTsKEHMUsl/CXKaTusi, MyJIbTH-
ceHcopHasl riatdopma obecreurBaia MPOAOKUTENbHBIN
MOHMTOPHUHT TEMIIEPaTypHOTO pacipeaeieHUsT KOXU U MbI-
LLIEYHOW aKTUBHOCTHU.

MynbTudyHKIMOHAbHAS miart-
dopmMa MOHMTOpPWHTA ITWHAMUYECKOMN
aKTMBHOCTHM BKJIIOYasia B cebs1 1Ba MO-
NyJisl: 3aMeHsIeMblil (ChbeMHBII) U pa3-
MelllaeMblii HEIOCPEACTBEHHO Ha Tele
(puc. 6) [21]. OCHOBOI TTOCIIEAHETO SIB-
nstack  PET-momnmoxka, 371acTMYHOCTB
KOTOpOM oOecreuymBaja IpUAaHHAs el
CTpYKTypa Kupuramu. Ha atoit momiox-
Ke OB pa3MelleH TMpenBapuTesIbHO Ha-
MeYaTaHHbI TpexocHbI® Sr™, a Takxe
HaneyataHbl ECG-251eKTponbl U pe3uc-
TuBHbI St'. Bee 2/1eKTPOIb! 1 KOMMYTa-
LMK OBUIM U3TOTOBJICHBI U3 CEPEeOPSHBIX
HaHOUYepHUJ. B aKTUBHBIX 2JI€MEHTax
Sr® (B cocraBe Sr™) GbLI MUCIOJIBL3OBAH
Ag NPs/CNT-kKoMIo3uT, B aKTUBHOM
snemente Sr* — PEDOT:PSS/CNT-
KOMIT03UT. Ha Tesie Moaynb 3aKperuisii-
Ccd [IBYCTOPDOHHEH KIIEMKOMW JIEHTOM.
CbeMHBI, He MpeaHa3HAuYeHHBINA ISt
HeTIoCPEICTBEHHOTO KOHTAKTa C TEJIOM,
moayib Ha Pl-nmoaioxke BKITtoyas B ce-
051 uv-FD c aktuBHbIM ZnO NWs-cnoem
n TFT-maTtpumy ¢ moaynpoBOIHUKO-
BoiMu CNT-kaHajnaMu, KoTopasi MC-
MOJIb30BAIaCh JJISI TIOBBIIICHUS] YYBCT-
puteabHocT uv-FD u St UtoGwl He

Puc. 6. Myabtndynkunonansias miar¢opMa MOHATOPHHTA THHAMHYECKOH aKTHBHOCTH
Fig. 6. Multifunctional platform for monitoring of the dynamic activity
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VXYOIIUTh TUOKOCTh M BJACTUYHOCTb MYJIBTUCEHCOPHOM
mIaTGhOPMBI, 71T KOMMYTAllUM CheMHOTO MOMYJIST MCIOJb-
3oBauch EGaln/Ag-koHTakThl. CTOUT OTMETMTh, YTO Ha
JIAHHOM 3Tare MCCAeI0BAIUCH BOBMOXHOCTUA CaMOMl MYJib-
TUPYHKIMOHAJIBHOM IIAT(OPMBI, IS MOAKIIOUEHUS 3JIeK-
TPONMUTAHUS U TIepeJayy CUTHAIOB UCITONb30BANICS TTOCKUI
ruoKuit Kabenb.

COBOKYIHBIE BO3MOXHOCTU MYJbTUGYHKIIMOHAIBHOMN
m1aTopMbI 00eCTIEUNBAIA MOHUTOPUHT B OHJIAH-pexXnMe
TIOJIOKEHHUS TeJla B IIPOCTPAHCTBE (BepTUKATBHOE, TOPU3OH-
TajlbHOE, HAKJIOHHOE), TUHAMUKU ABUXKEHUs (HEMOABUXK-
HOCTb, X0Ab0a M Oer Pas3INYHONM CTeTIeHW WHTEHCUBHOCTH),
a TaKkke (QYHKIIMOHAIBHOE COCTOSTHUE OpraHu3Ma Mpu ¢hu-
3UYEeCKMX HArpy3Kax ¢ y4eTOM BO3JEHCTBUS COTHEUHOTO OC-
BelLlEHUS BHE MOMELIEHHUS.

MynbruceHcopHas riargopma (puc. 7) [22] MoxXeT ObITh
peayn3oBaHa [Isl obecrieueHus Kak aMuaepMaibHOTO MOHM-
TOpUHTa, Tak U 3((HEKTUBHOTO OECKOHTAKTHOTO YEJIOBEKO-
MAaILIMHHOTO MHTepdeiica.

Dra 1mnaropMa mpeacTaBisia coboit marpuiy (6X6)
TpexX MOJyJeil TaTYMKOB, OCHOBOW BCEX MOIYJEH CIIyXWUIU
OyMaXkKHBbIE TIOUTOXKHU ¢ HalleYaTaHHBIMU Ha HUX U3 Ag-Ha-
HOUYEpHUJI 3JIeKTpomamMu TpedyeMoil koHdurypauuu. Em-
KOCTHOI1 Sr-MOJIyJTb GBUT IIOCTPOCH HA M3MEHEHUH SJICKT-
pOU3NIECKUX CBOMCTB OyMaru B 3aBUCHMOCTH OT BJIaXK-
HocTH. I'pahuTOBOE MOKPHITUE, HAHECEHHOE OOBIYHBIM Ka-
paHzaloM, TpUAaBajio maTdyukaM pH-4yBCTBUTETHLHOCTD.
B pe3ncTUBHOM Sr'-MOIy/Ie HCIIOB30BaTACh 3aBHCHMOCTD
MPOBOJMMOCTU Ag-3JIEKTPOOB OT Temneparypbl. KoHCT-
PYKTUBHOE pELIEHUE EMKOCTHOrO SrP-Momyinsi, B KOTOpOM
aKTUBHBII MOPUCTHINA CJION NAaTYMKOB ObUT JOIOJHEH BO3-
JIYIIHBIM 3a30POM, CYILIECTBEHHO MOBBICUIO YYBCTBUTEIb-
HOCTb. Pe3ynpTaroMm crana ceHcopHasi mMarpula, OCYLIEeCT-
BJISIIONAs] B OHJIAWH-PEXUMe MOHUTOPUHT He TOJIBKO (hU3M-
YECKOTro KOHTAKTa C MajJbllaMH, HO U UX MapaMeTpoB. bosee
TOTO, MYJIBTHCEHCOpHas TuaTopMa MOTJIa JeCcTBOBaTh B
OECKOHTAaKTHOM peXHMe: IMPU MPUOJMKEHUM Ha PacCTOsI-
HUe OavKe 13 cM 3/IeKTPOMarHUTHOE MoJjie MajiblieB U3Me-
HSUIO €eMKOCThb JaTYUKOB.

CoueTaHWe HETPUBUATBHBIX BO3MOXKXHOCTEN MOHMTO-
pUHTA MYyJITBTH(PYHKIMOHATBEHOM TUTaT(MOPMBI ¥ SHEproHe3a-
BUCUMOCTD (puc. 8) [23] cTaio BO3MOXHBIM OJIaromapsi eIm-
HOMY TEXHOJIOTUYECKOMY MOJXOIY K €€ CO3/IaHMIO.

Ha PDMS-nonnoxke (tonuuuoir 500 MKM) MHOTo-
byHKIIMOHATBEHON TIIaTGOPMBI pa3MelleHbl CeMb 2JieMeH-
TOB: UEThIpPe COeIMHEHHBIX Mapauie]ibHO Mexay coboit SSC
M TPU PE3UCTUBHBIX gatumka (uv-FD, SrP u Sr®).

OCHOBOI BCEX 3TUX 3JIEMEHTOB CIIYXXWJIa KOMIO3UTHAs
mwienka u3 PVDF NWs ¢ RGO-nokpriTuem. B mpoliecce
dopmupoBanust SSC Ag/PVDF NWs/RGO-a1ekTpoas! Ha-
HOCWJINCh Ha MOAJIOXKY MHOTO(GYHKIMOHAJIbHOI I1atdop-
MbI, a JOMOJHSIOLIME UX CUMMETPUYHBIE 3JIEKTPOAbI — Ha
a"ajiornyHble PDMS-niomioxku tpedyeMbIx pa3mepos. [1o-
JIydeHHEBIE 3JIeKTpOIbl, pa3neieHHbIe IieHoYHbIM CFP-cema-
paTopoM, OKOHYATEIbHO CKpeIIsIuch rejieBbiM PVA/KOH-
BJIEKTPOJIUTOM, KOTOPBIM MCITOJIb30BAJICS TakKxke uist (pu-
HMIITHOW WHKATCYISIIUU. YaedbHas 00beMHas MOIIHOCTh
kaxnoro SSC gocrurana 5,03 MBT/CM3 , YIeJbHast 00beMHas
sHeprust — 0,07 mBr - '{/CM3. PabGouee BbIXogHOE Hampsike-
Hue SSC B coBokynHoCTHU cocTaBisiio 0,4 B.

B pe3ucTUMBHBIX JaTYMKaXx MYJbTUDYHKIIMOHATbHOM
maaTdhopMbl UCTIOIb30BAJIMCh CBOICTBA rpacdeHa, a UMEHHO
3aBUCHUMOCTb YIEJTLHOTO CONTPOTUBIICHUSI OT UHTEHCUBHOCTH

Puc. 7. MynbrHceHcopHas miaT¢gopMa MOHMTOPHHTA MapamMeTpoB
OKpy2Kalouei cpeabl
Fig. 7. Multisensor platform for monitoring of the environment parameters

Puc. 8. MynbTndynkunonansuas niaargopma MonutTopunra ¢pusu-
YeCKOro COCTOSIHMSI M MAPAMETPOB OKPYXKAIOIIEH cpeabl

Fig. 8 Multifunctional platform for monitoring of the physical state and
environment parameters

Majaouiero U3aydyeHus: (MakcuMalibHasi YyBCTBUTEJIbHOCTh
uv-FD cooTBeTcTBOBaNa AJIMHE BOJIHBI MaJalOIIEero U3jTyde-
HUs 233 HM) WK OT KOHIeHTpaunu TokcnyHbix VOC (are-
TOHa, ToJyosa, hopMalbleruaa U Ap.). 3aBUCUMOCTb MPO-
BOJIVMOCTHM KOMITO3UTHOM TJIEHKU OT BHEIIHUX MeXaHU4YeC-
KMX BO3ICWCTBUM, CBI3aHHAsd C YIUIOTHEHMEM HaHOBOJIO-
KOHHOW CeTH, 06eCTIeYrIa BEICOKYIO YyBCTBUTENLHOCTD SrP,
pacimpsisi TEM CaMbIM BO3MOXHOE MPUMEHEHHUE.

IIpu pasmeleHun MyIbTUOYHKIMOHAIBHON ILIaT¢hOp-
MBI Ha 3arsacTbe SrP obecrneunBag He TOJILKO MOHUTOPUHT B
peXMMe OHJIAH YacTOTHI MyJIbca, HO U BOCTIPOM3BOIUI €TO
TOHKYIO CTPYKTYPY, XapaKTe€pHU3yIolllyl0 OCOOEHHOCTU Cep-
JIEYHOTO PUTMA, MO3BOJIsISI O0Jiee TOYHO OLIEHUTDh (pusnyec-
Koe cocrosiHue. [1pu pa3melieHuy Ha ropsie BO3MOXKXHOCTH
SrP mo3BOJISAIM MCTIONB30BaTh €70 B CUCTEMAX Pacrio3HaBa-
HUSI TOJI0Ca WU MpeoOpa3oBaHUs aKyCTUYECKUX TOJIOCOBBIX
KOMaH]1 B 2JIEKTPUYECKHUE CUTHAIIBI, YTO MIEPCIIEKTUBHO B Ye-
JIOBEKO-MalllMHHBIX MHTepdeiicax, 0COOEHHO TPU UCITONb-
30BaHMU OECIIPOBOIHBIX KOMMYHMKaLmii mis 3apsiga SSC n
rnepenayu CUTHAJIOB AATYMKOB.

IMonHast sHeproHe3aBUCUMOCTh MYJbTU(PYHKIIMOHATb-
Holt ruiatgopmel (puc. 9) [24] siBunack pe3ysibTaTOM MHTET-
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‘ OHJIAlTH-peXUMe MOHUTOPUHT YacCTOTHI
| Mnysibca, JBUXEHUS TajblieB PYKU, TJ10-
: TaTeJbHbIX IBUXKEHUI, a TakKe rojoca.
| MynbTudyHkimoHanbHast aaThop-
: Ma, KaK M KoxXa YesloBeKa, MOMHUMO
|

|

|

|

Sré

MOHMTOPWHTA, MOXET o0JamaTh W 3a-
LIUTHBIMU aHTUOAKTEPUATBHBIMU (QYH-
kuusmu (puc. 10) [25]. PET-tkaHb ¢

pessmamaRRRRE RS

Puc. 9. Duepronesapucumas MyabTuYHKIMOHAIbHAS MIaTdOPMA MOHUTOPHHTA (u3NYec-

KOr0 COCTOSIHMSI M BO3JeiCTBUI BHELIHE# cpebl

Fig. 9. Non-volatile multifunctional platform for monitoring of the physical state and environment

influences

Puc. 10. Dueprone3aBucumas MyabTH(YHKIHOHAIbHAS AHTHOAKTEpUAIbHAA MIAT(OPMA
Fig. 10. Non-volatile multifunctional antibacterial platform

pauuM B ee cocTaB He TOIbKO MUKPOSSC, HO M PEKTEHHBI
ISl X 3apsiia B Ipoliecce padoThl Ojaromaps pekynepaiu
9JIEKTPOMATHUTHOTO U3JTYYEHUSI U3 OKPYXKaIollei Cpe/ibl.

B kauecTBe OCHOBBI TIaTGOPMBI ObLTa MCIOJb30BaHa
MHOTroCJOHasa IoioxKa 13 3Koduiekca Ha PET-ocHoBe.
Oo6ecneunTsb TpebyeMylo 21aCTUYHOCTH MTO3BOJIMIIA BHYTPEH -
a1 EGaln-koMmmyranus.

IMnanapubie MukpoSSC Ha PET-momnoxkax npeacraB-
nsam coboit MWCNT-2/1eKTpoabl, MOKPBITHIE TBEPIbIM
PEGDA/EMIM/TFSI-anekrponaurom. Re Ha PI-momwioxke,
BKJIIOYaBILIAsi B ce0s1 aHTEHHY M YMHOXUTEJb HaNpPsSIKeHUs,
KOMMYyTHUpOBasiach ¢ Tiatdopmoii Ag NWs/Au-anekrpona-
MH. AKTUBHBIM 3JIEMEHTOM MHTETPaJIbHOIO JaT4YnuKa, COBMe-
nrarorero GyHkuun uv-FD u S8, aBisiach KOMITO3UTHASI
SnO, NWs/MWCNT-mienka. [yaabHble BO3MOXHOCTH B
JIAHHOM CJIy4yae OTpeaessiIuCh KaK COBOKYITHOCTbIO YMEHb-
IIEHUST KOHLIEHTpaIluKU cBOOOMHBIX HocuTeseir (B MWCNT
p-tuna u SnO, NWs n-Tuna) npu B3aMMOIEHCTBUM C acop-
OMPOBAaHHBIMU Ha OBEPXHOCTU MoJjieKynamu NO,, ¢ o1HOi
CTOPOHBI, TaK U TMOsIBJeHUEM (POTOTOKA MOJ BO3AEHCTBUEM
Majaloiero U3IydeHusl. AKTUBHBIM 3JIEMEHT PEe3UCTUBHOTO
St mpencTaBiAa coGoi MIEHKY (hparMEHTUPOBAHHOM Tpa-
¢eHoBoit neHsl Ha PDMS-nionnoxxke.

BoixomHoe HampsikeHue Re mias 3apsma mMukpoSSC
(1,5 B) obecnieunBasoch MpM HAXOXACHUU Ha PACCTOSIHUU
~70 cm ot cmaptdoHa, momrHocTh OMMU B nmamasone
950...980 MI'u He npeBbilnana Oe30MacCHBIX 3HAYEHUA.
YnenbHast 00beMHast MOIITHOCTb MUKPOSSC B COBOKYITHOC-
™ gocturaia 12,6 BT/CM3 , YAenbHas 00beMHasi SHepTUsi —
1,5 mBt - ‘{/CM3.

B 3aBHCcUMOCTH OT pa3MelleHuss MyJbTU(hYHKIIMOHAIb-
HOI TIaTGOPMEL Ha Tesie Sr° B €€ cOCTaBe 00eCreunBa B
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COTOBOW CTPYKTYpOi ObUIa TIOKpPHITA
mbe3oasiekTpudeckumM PVDF/ZnO NPs-
KOMITO3UTOM. DJIEKTpOAbl, 00aagao-
1Me pacnpeie/eHHONW MPOCTPAHCTBEH-
HOM CTPYKTYpOIi, 3aBepllUa)ii CTPYKTYpPY
mianapHoro PENG. CoueraHue B ak-
TUBHOM 3JIEMEHTE OPTaHNYECKOTO TTOK-
DPBITUSI U paclipeaesieHHOM CeTu Heopra-
HI4YecKnx 3D-HaHOYaCTHII 0OeCTIeUHIIO
KaK MacIITabupyeMOCTb CTPYKTYPHI, TaK
U HETPUBUATIbHYIO (DYHKIIMOHAIBHOCTD
MYJIBTUCEHCOPHOU TIaTHOPMEI.

PENG paGotan B nyajlbHOM pexXu-
Me — TIOI BO3ICMCTBUEM BHEIIHETO
JnapjieHus win npu aedopmanuu. [pu
pa3MelleHU MYJbTHCEHCOPHOM TaT-
dopmbl Ha crube JokTss PENG, kak
SHEPTOHE3ABUCUMBIN Sr, obecreunBa
MOHMTOPHUHT B OHJIalfH-peXUMe TBUTA-
TEJbHON aKTUBHOCTM PYKWM U MaJIbLIEB.
IMpu pa3MmeleHUH Ha 3anscThe SrP-mar-
pulia TpeacTaBisia co00i TaKTUIBHYIO
CEHCOpHYI0 TlaHesdb. BHe 3aBHcHMOCTH
OT BBIOOpPa MecTa pa3MellleHHWs] Ha ITOBEpXHOCTH Tela,
MYJIBTUCEHCOpPHas IjaTdopMa Mo3BoJisiia OCYIIECTBISITh B
OHJIAH-pEXMME MOHUTOPUHT TTapaMeTPOB OKPYXaIOIIETo
BO3IyXa: KOHLEHTpalMK Kuciaopoaa (Sr®) u/uim oTHOCH-
TEJbHON BJIAXXHOCTU (Srh). DHEpProHe3aBUCUMOCTh BCEX pe-
KMMOB TaTYNKOB 0OeCITeurBajia IBUTaTeIbHasi aKTUBHOCTb.
Bonee Toro, ¢orokaramurnyeckuit addexr ZnO NPs mox
JEACTBUEM COJTHEYHOTO M3JTyYeHMsI, YCUICHHBIN Mbe303d-
dexroMm PENG, obecrnieunBaa caMOOUYHIIIEHUE TTOBEPXHOCTH
TIaThOPMBbI OT Pa3IMYHBIX OPTaHUYECKUX 3arps3HUTENCH,
JIOTIOJTHUTEIBHO MpUIaBasl il aHTUOaKTepUabHbIE CBOMCTBA.

OnuaepMaibHbIii MOHUTOPUHT — (OTOHHAA KOXKA

Bo3moxHOCTH TMOKOI (DOTOHMKHU AeMOHCTpUpyeT "¢o-
TOHHAas Koxa" — Takoe Ha3BaHME MYJbTU(YHKIIMOHAIBHON
mwratopme (puc. 11) [26] manu ee aBTOpPHI.

DyHKIMOHATIbHBIE BO3MOXKHOCTU YJIBTPATOHKON (emau-
HULIBI MUKPOMETPOB) TIIAaTMOPMBI OMPEAeISIIUCh BXOMAS-
mumu B ee coctaB OLED — tpexuBeTHBIMU (3€JIE€HBIN,
KpacHBbIi, CHHUIT) U OAHOLBETHBIMU, a TakKe FD Bunumo-
ro auanazoHa. OcHoBo#i miaTdopmbl Obut Pl-miomnoxkm,
JUTSI MTACCUBALMM AKTUBHBIX CTPYKTYP MCIIONb30BAIUCH IBYX-
cioiiHble napuieH/SiOH-nokpbITHS.

[Ba omHO1BeTHBIX (KpacHbIil 1 3eneHbiit) OLED 1, cos-
meeHHble ¢ FD 2, nmpencrasisiiy coboii JaTYNKU YaCTOThI
MyJabCa W HACBIIIEHHOCTH KMCJIOPOJAOM KPOBM B KamuJUIsi-
pax majblia pyku (MyJibC-OKCUMETp J3) TOMIUHON ~30 MKM
BMeCTe C caMoKJesllencs mieHkoi. B nanHom ciaydae FD
(ukcupoBan nsmeHeHusi, BHocumbie B OLED-u3nyyeHue,
OTpaXkeHHOE OT MSTKHX IOIKOXHBIX TKaHeW W Kanmujuisap-
HBIX COCYyI0B. MOHUTOPUHT B OHJIAH-peXUMe KOHTPOJIM-
PYEMBIX IapaMEeTPOB C IMTOMOIIBIO TpeXBeTHEIX OLED-mumc-




Puc. 11. Muorodynkuuonassnas miargopma ("doronnasa koxa"):
1 — opraHumyeckue cBeTonuoabl; 2 — (GOTOAETEKTOP; 3 — MYyJIbC-0K-
cuMeTp; 4 — AucCIIen

Fig. 11. Multifunctional platform ("photon skin"): 1 — organic light-
emitting diodes; 2 — photodetector; 3 — pulse-oximeter; 4 — displays

Puc. 12. MyabTH(YHKIHOHAIbHAS IaT¢GOPMAa MOHUTOPHHTA M CTHMYJISIIIAA MbIIIEYHOTO TO-
Hyca: | — snekTpoMuorpaduueckue 37eKTpoabl; 2 — JaTIYMK TeMIepaTypbl; 3 — maTdyuMK

,Z[e(bOpMaLII/II/I; 4— QJIEKTPOAbI CTUMYJIALMN MBILIILL

Fig. 12. Multifunctional platform for monitoring and stimulation of the muscular tone: 1 —
electromyographic electrodes; 2 — temperature sensor;, 3 — strain sensor, 4 — electrodes for

stimulation of muscles

TIeeB 4, pa3MeleHHBIX HETIOCPEICTBEHHO Ha KOXe, OCYIIECT-
BJISIICSL KaK B aHAJIOTOBOM, TaK M B LIM(MPOBOM DPEXUMAX.
VYapTpaMaias TOJIIMHA U ITIOCKKE TTPO3payHbie TUOKKE Ka-
6eJTM TTO3BOJISUTA pa3MellaTh AUCIIICH Aaxke Ha jmie. [1po-
JOJIKUTETbHOCTh CPOKA UX CITYKOBI — 10 29 4 — XOPOIIIO 10-
MOJTHSETCS CIOCOOHOCTBIO BblIepXuBaTh 10 1000 1MKIOB
PACTSIKEHUST/CXKATHS.

TpancanuaepmManbHas KOppeKuus

MOHMTOPUHT U CTUMYJISILIMSI MBILIIEUHOTO TOHYCa coye-
TalOTCA B WHTEPAKTUBHOW MYJIbTH(YHKIIMOHATBHOW TIIaT-
dopme (puc. 12) [27], ocHOBO# KOTOPOI CIYXUT yJIbTpa-
ToHKast (60 MKM) MOMIOXKA U3 CUIIMKOHOBOTO 3JlacCTOMepa
Ha BCIIOMOTaTeJIbHON BomopacTBopuMoii PVA-mnommoxke.
B coctaB mnargopmbl Bxonuiu EMG-snektpoasl I MOHU-
TOpPUHTa OMO2JIEKTPUUYECKUX MBIIIEUHbIX TTOTEHIIMAIOB, pe-
suctuBHbIe SI' 2 1 Sr° 3, a TakKe 3JIeKTPOLBl CTUMYJISILIUK
mblin 4. TommuHa akTuBHBIX Cr/Au-3J1eMEHTOB U KOM-
MyTalluu, UHKANCyIupoBaHHbIX PI-mMackaMu, He mpeBbiiiia-
sa 200 HM, YTO B COYETAHUU C CEPIAHTMHHOUN CTPYKTYypOi
obecneyrBano TpedyeMyto 2JIaCTUIHOCTD IPU HaKJIeMBaHUN
miatopMbl Ha BbIOpaHHbBIE yyacTKu Tejia. MHTepakTuB-
HOCTb T1aThOpMBbI (Os1arogapsi pa3neeHUo KaHAIOB MOHU-
TOPUHTA U CTUMYJISILMM), TO3BOJISIONIAs KOPPEKTUPOBATh
CTUMYJISILIMIO MBIILIEYHOTO TOHYCA B OHJIAH-peXUMe, Mpei-
CTaBJIsIET MHTEPEC HE TOJBKO I peadbu-
JMTauMn’, HO W JUIsi CIIOPTUBHON Menu-
LINHEI.

KonuenryanbHass pa3paboTKa MyJb-
TU(QYHKLIMOHATBHON T1J1aT(OPMBI  MO-
HUTOPWMHTA W BBOJA JIEKAPCTBEHHBIX
npenapatoB (puc. 13) [28] Obu1a npea-
craBieHa Ha PI-momioxke TOMIMHON
250 mxM. B ee cocTtaB Bxomwiau pesuc-
tuBHBIA Stt ], eMkocTHas StP-matpuua 2,
JiekapcTBeHHast momra 3 1 KaTtyuika oec-
TIPOBOJIHOW CBSI3U 4.

Sr' ¢ aktuBHbiM PDMS/CNT-3ne-
MEHTOM OJjaromapsi BbICOKON UYyBCTBM-
TEJTBbHOCTH TIO3BOJISUT KOHTPOJMPOBATH
U3MEHEeHHe TeMIepaTypbl KOXU B 3aBU-
CHUMOCTM OT TpHeMa Topsueil THUIIH,
SrP-marpuna 1 KaTynka 6ecrpoBOIHOM
CBSI3U, HaleyaTaHHble Ha TOMJIOXKe
Ag-HaHOYepHUIaMH, (HOPMUPOBATU B
pexXuMe OHJIaH 0eCIIpOBOTHON CHUTHAI
BBEJIEHUS JIEKAPCTBEHHOTrO Ipernapara.
JlexapcTBeHHasi ToMma TpeAcTaBisiia
coboit ynpyruiit PDMS-pesepByap, nipu
HaXXaTuu MaJiblieM Ha KOTOPbIN Tpena-
paT TOCTyIajl Ha KOXY 4epe3 MHUKpO-
CTpYIHBII kaHan®. Ilopor cpabatbiBa-
HUST TIPU HAXXKaTUHM COOTBETCTBOBAJT JIEeT-
KOMY HaXXaTHWIO TaJIbLIeM PYKH.

Bonblueit 3aKkoHYeHHOCTBIO 00aaa-
Jla WHTEepaKTHUBHAas MYJbTU(GYHKIIO-
HaJbHas TuTaThopma i MOHMUTOPUHTA

Puc. 13. MyabTu(yHKIHOHAIbHAA WIATGOPMA TUATHOCTHKH W BBEIECHHS JIEKAPCTBEHHBIX
npenaparoB: / — IaTYMK TeMIepaTyphbl; 2 — AaTYMK AaBIeHUsT; 3 — JieKapcTBEHHAsI TIOMIIa;
4 — Karyika OecIpOBOIHON CBSI3U

Fig. 13. Multifunctional platform for diagnostics and introduction of medical preparations:
1 — temperature sensor; 2 — pressure sensor; 3 — medicinal pump; 4 — wireless communication

coil

7 OcHoBHOE npenHa3HaYeHWe 3TOM MHO-
royHKIMOHAIBHOI II1aT(GOPMBI.

8 JIJIst TOJTHOLIEHHOM MOJKOXHON MHB-
eKIMM paccMaTpMBaeTcsl MCMOJb30BaHUE
MUKPOUTJIBI.
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Puc. 14. UnrepakTuBHas MyJabTH(QYHKUHOHANbHAA MiIaTdopmMa 1 MOHMTOPHHIA W
JeyeHus quadeta: / — JAaTYMK INIIOKO3bL; 2 — AATYMK KUCJIOTHOCTU; 3 — 3JIEKTPOIbI;
4 — maTYMK BIAKHOCTH; 5 — MaT4uK nedopMaiiuu; 6 — HarpeBaTeib; 7 — AaTYUK TEM-

mepaTypbl; § — MacCUB MUKPOUTI

Fig. 14. Interactive multifunctional platform for monitoring and treatment of diabetes: 1 —

HOM PEXMMCE I10 3apaHeC MPEAYCMOTPEHHO-
My pacliMCaHMIO WMJIM Ha OCHOBAHMM JaH-
HbIX MOAYJISI MOHUTOPUHTA.

HurerpupoBannas cucrema
"@-TeKcTHIb — F-KoxKa"

PaznuuHble 371€MEHTBI MHTEPAKTUBHBIX
maaTdhopM, pa3MelIeHHbIX Ha TeJjie, U IiaT-
GopM, MHTETPUPOBAHHBIX B OACKIY, MOTYT
JOIOJHATE apyT apyra (puc. 15) [30]. B naH-
HOM CJTydae HEMOCPeACTBEHHO Ha pyKe pac-
MOJIaTaINCh 3JaCTUYHBIE JHEPTreTHYECKUe
KOMIIOHeHTbl — LIB 71 oavH U3 aKTUBHBIX
komrnoHeHToB TENG ¢ pexumom BepTU-
KaJILHOTO pa3nesieHusT 2, OTBETHBIN 3JIeMEHT
KOTOPOTO ObUT MHTEIpUpPOBaH B onexay. I'e-
Hepanus snekrposHepru TENG obecrieun-
Bajlachb KOHTAKTOM TPUOOANEKTPUUECKU aK-
TuBHBIX TIeHOK PEIE 3 u skodnekca 4 Ha
MPOBOISAIINX HEMJIOHOBBIX MOMJTIOXKAX TTPU
IBIKEHUM PYKOM B Tpoliecce XOAbObI MU
6era. BeixogHas moiHocth TENG B ycio-
BUSIX XOIBOBI CITOKOMHBIM IIIarOM JOCTHUTaIa

glucose sensor; 2 — acidity sensor; 3 — electrodes; 4 — humidity sensor; 5 — strain sensor;

6 — heater; 7 — temperature sensor;, 8 — mass of microneedles

u JiedeHus nuadeta (puc. 14) [29]. B cocraB atoit miatdop-
MBI BXOIWJIA JBA MOMYJISI: MOAYJb MOHMTOPUHTA U MOIYJTh
BBOJIA TpernaparoB, copMUpoOBaHHBIE HAa JACTUYHOM CH-
JINKOHOBOM MOJUTOXKE.

B Momyne MOHMTOpPMHTAa OCHOBOW HATYMKOB CITYKWIA
Ag-ceT (HEMOCPEACTBEHHO KOHTAKTUPYIOLLKE C CepIIaHTUH-
HBIMU Ag-3JIEKTPOJIaMu) C GZAu—HOKprTI/IeM9. Kaxk ¢pyHk-
IIMOHAJIBHBIC TTOKPBITUST aKTUBHBIX 3JIEKTPOAOB B HaTYMKeE
rmoko3bl [ u pH-patyuke 2 GbUIM MCIOJB30BaHBI COOT-
BercTBeHHO PB 1 PANI. B coctaB aTux 1aTYMKOB BXOAWIU
takke obOpatHble Ag/AgCl-anmekTponsl 3. Kommo3uTHbie
3JIEKTPOJIBI PE3UCTUBHOTO S ¢4 nononnsmo PEDOT-mok-
pBITHE. YJIbTpaBBICOKAs YYBCTBUTEIBHOCTb PE3UCTUBHOTO
Sr® 5 obecrieunBaach KOMIIO3UTHBIMU 3JIEKTPOIAMHU OJIa-
rojapsi CeprnaHTUHHON KOHMUrypaluu 1 60JbIIOH MPOTSI-
SKEHHOCTH.

B COBOKYMHOCTM MOIyJb MOHMUTOPWHIA OCYILECTBIIST
MOHMTOPUHT OMOXMMUYECKUX MapaMeTpPOB MOTa U TUMOTJIN-
KEMUYECKOTO TpeMopa KoxXu. CUTHAIBI JaTYMKOB B peXXrMe
OHJIAiH 10 IIJIOCKOMY TMOKOMY Ka0eJslo MOCTYITaJIu Ha yCT-
pOMCTBO GeCITPOBOAHOI Mepenayn NaHHBIX U ajiee BbIBOAM-
JIUCh B CIIEIIMATBLHOM MPUJIOKEHUHM Ha CMapTQOH.

Moaynb BBoJa MpemnapaToB BKJOYand B cebsi HarpeBa-
Tedb 6 (KOHCTPYKTMBHO aHAJIOTWYHBIA JaTYMKAM MOIYJS
MOHHUTOPUHIA), Pe3UCTUBHBI St' 7 ¢ rpad¢HOBBIM AKTUB-
HBIM 2JIEMEHTOM U TEPMOCTUMYJUPYEMbI MacCUB MUKPO-
WIT 8, 3alOJIHEHHBIX JIEKAPCTBEHHBIM TpernapaToM. DTOT
MaccHB ObUT U3TOTOBJICH M3 OMOpa31araeMoro moJIMMepHOro
Marepuana. [ToakoxHoe BBeJeHNE JIeKapCTBEHHOTO Mperna-
paTa (B YaCTHOCTHU, WHCYJIMHA) TIPOMCXOINIIO TIPU JOCTIKE-
HUM 3aJJaHHOM TeMrepaTypbl, 10O3UPOBaHWE KOHTPOJIMPOBa-
JIOCh TAKX€ TepMUYECKHU. 3amycK U MHTEHCUBHOCTb PabOThI
MOJIyJIsSI BBOJIA TIPEITapaToOB OCYIIECTBISINCH B MHTEPAKTHB-

9 JlernpoBaHHbIi 30JI0TOM rpadeH.
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Puc. 15. NnrepakTuBHas miat¢gopMa MOHHTOPHHIA MOJIOXKEHUS Te-
aa: | — IUTUI-UOHHBIN aKKyMyJSITOp; 2 — TPUOOHAHOTEHEPATOD;
3, 4 — aKTUBHBIE CJIOM TPUOOHAHOTEHEepaTOpa; 5 — 3JIEKTPOIbI JIM-
TUI-MOHHOTO aKKyMYyJIsiTopa; 6 — cernaparop JIMTU-UOHHOTO aK-
KyMyJiiTOpa; 7 — 3alllMTHasi 000JI04Ka JIUTUA-MOHHOTO aKKyMYJIsi-
Topa; & — akcenepomeTp; 9 — MukpokoHtposuiep; /0 — Bluetooth-
moayib; 11 — npoBoasinue HUTU; /2 — BBIIPSMUTEIb

Fig. 15. Interactive platform for monitoring of positions of a body: 1 —
lithium-ion battery; 2 — tribonanogenerator; 3, 4 — active layers of the
tribonanogenerator; 5 — electrodes of the lithium-ion battery;, 6 —
separator of lithium-ion battery; 7 — protective cover of the lithium-ion
battery; 8 — accelerometer; 9 — microcontroller; 10 — Bluetooth
module; 11 — conducting threads; 12 — rectifier




10,2 mxBrt. B coctaB LIB Bxoguiu 3/eKkTponbl 5 Ha MOMIOX-
kax u3 CMF-tkanu ¢ LTO/CB/PVDF- u LCO/CB/PVDF-
MOKPBITUSIMU, Pa3JeieHHbIE CeNMapaTopoM 6, U dJIEKTPOJIUT
Ha ocHoBe LiPF¢ B cMmecu kapGoHaroB. sl TOBBILIEHMS
3JIACTUYHOCTH IIpU pa3MmellieHuu Ha pyke nBa LIB, kopmy-
cupoBaHHbIe Al-(OJBroil U COeAMHEHHbIE MEXIy COOOI,
ObUIM TTOMENIEHBl B 000JIOUKY 7 U3 3KodeKkca. YnenbHas
eMkocth LIB B coBokymHocTu coctapisiia 109 MA -« u/r,
LUKINYecKas ctabuiabHocTh — 70,5 % mnocie 100 1uUKIOB
3apsina/paspsa.

Coennnenune TENG u LIB ¢ uaTepakTuBHOI atdop-
Moii obecnieunBanu npooasine CMF-BonokHa, MHTErpu-
poBaHHbIE B onexny. B cocraB maTdopmbl BXOOUIU akce-
JiepoMeTp 8, MUKPOKOHTpoOJUIep 00pabOTKM CUTHAJIOB 9 U
Bluetooth-monynp nepesayn naHHbIX /0, KOMMYTHPOBAaH-
HbIE TIPOBOASIIUMU HUTSIMU 1] ¢ BeimpsimutesieM 12. B co-
BOKYITHOCTH CHCTeMa obecriedrBajla MOHUTOPUHT B OHJIAH-
peXXuMe HaJTM4usT TBUKEHUSI U TIPOCTPAHCTBEHHOT'O TOJIOXKE-
HMS TeJla ¢ TIOC/IeAyIolIei Tiepenaveii TaHHbIX Ha YOaJeHHBI
koMnbloTep. CriennanabHO pa3paboTaHHas ISl UHTePaKTUB-
HOI Tu1aTOpMBI TIporpaMMa aHaJIM3UpPOBaJia MPOCTPAHCT-
BEHHOE TIOJIOKEHME Tejla M TP HeoOXOAMMOCTH (B CiTydyae
MazieHus, HampuMep) BbldaBaja CUTHAJI TPEBOTH.

3akmoyenue

DBOJIIOLIMS TEXHOJIOTUI U MaTepraloB TMOKOI 31eKTpo-
HUKU, GOTOHVUKU U SHEPTETUKM OOECIIeYnBAET MOSIBJIEHUE U
aKTUBHOE Pa3BUTHE MHTEPAKTUBHBIX MYJIbTH(MOYHKIIMOHAb-
HbIX OMOIIaTHOPM 3MUAEPMATLHOTO MOHUTOPUHTA U KO-
PEKIMU, pa3MELIaeMbIX HETIOCPEJCTBEHHO Ha KOXE Yeso-
BeKa (MHTeJUIeKTyalbHas MCKYCCTBeHHas Koxka). laHHBIe
CHUCTEMbl U CHHEpreTuueckuit 3heKT oT uX NpUMEHEHUsI
SIBJISTIOTCSI Hau0oJiee TTPOTPECCUBHBIMU TEXHOJOTUYECKUMU
U MHOPACTPYKTYPHBIMU PELICHUSAMU TpU (popMUPOBAaHUU
COBPEMEHHON MHTE/UIEKTYJIbHON MepCOHUGUIIMPOBAHHOM
6rotexHochepswl.
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The success of the biomedical, pharmaceutical and electronic technologies made it possible not only to significantly improve
the quality and duration of a human life, but also to determine in many ways modern understanding of the intellectual biotech-
nosphere with a focus on its personification. One of the modern trends in the personalized biomedical technosphere is development
of individual interactive multifunctional sensor and corrective biointegrating platforms, including micro- and nanosystems, co-
operating with the constructive clothing elements, epidermically placed directly on the surface of the skin, and implanted into a
human body. The main purpose of the interactive multifunctional bioplatforms for monitoring and correction, placed directly on
a human skin (intellectual artificial skin), is epidermal sensing (monitoring) and, if possible, pseudo invasive active pharma-
cological and non-pharmacological transepidermal correction. The article presents a review of the current state of the interactive
multifunctional hybrid micro- and nanoplatforms placed directly on a human skin, which are being actively developed due to tech-
nologies and materials of the flexible electronics, photonics and power engineering. These systems and the synergetic effect from
their application are the most progressive technological and infrastructural solutions for formation of a modern intellectual per-
sonified biotechnosphere.
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CB (black carbon)

CFP (carbon fibers paper)

CMF (carbon microfibers)

CNT (carbon nanotubes)

ECG (electrocardiography)

EGaln (eutectic gallium-indium)

EMG (electromyography)

EMIM/TFSI (1-ethyl-3-methylimidazolium bis(trifluor-

omethylsulfonyl)imide

FD (photo detector)

GOx (glucose oxidase)

LCO (LiCoO,)

LIB (lithium-ion battery)

LOx (lactate oxidase)

LTO (LiyTi5045)

MWCNT (multi-walled carbon nanotubes)

NFC (near field communication)

NPs (nanoparticles)

NWs (nanowires)

OFET (organic field-effect transistor)

OLED (organic light-emitting diode)

P(VDF-TrFE) (polyvinylidene (fluoride trichlorethylene))
PB (prussian blue)

PDMS (polydimethylsiloxane)

PEDOT (poly(3,4-ethylenedioxythiophene)
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polysty-

rene sulfonate)
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PEGDA (poly(ethylene glycol) diacrylate
PEIE (polyethylenimine ethoxylated)
PENG (piezoelectric nanogenerator)
PET (polyethylene terephthalate)

PI (polyimide)
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PU (polyurethane)

PVA (polyvinyl acetate)

PVB (polyvinyl butyral)

PVDF (polyvinylidene fluoride)
Re (rectenna)

RFID (radio frequency identification)
RGO (reduced graphene oxide)
SC (supercapacitor)

Sr® (gas sensor)

St (humidity sensor)

Sr™ (motion sensor)

SrP (pressure sensor)

St (strain sensor)

Sr%¢ (skin conductance sensor)

Sr' (temperature sensor)

SSC (symmetric supercapacitor)
TEG (thermoelectric generator)
TENG (triboelectric nanogenerator)
TFT (thin-film transistor)

uv (ultraviolet)

VOC (volatile organic compounds)
uLED (micro light-emitting diode)

Introduction

The success of the biomedical, pharmaceutical and elec-
tronic technologies allowed us to raise essentially the quality
and duration of a human life, and to define understanding of an
intellectual biotechnosphere with orientation to its personifica-
tion [1—4]. One of the directions in the personified biomedical
technosphere is development of individual interactive multi-
functional sensor and correcting biointegrated platforms, in-
cluding the micro- and nanosystems, co-operated with the el-




ements of the clothes and footwear epidermically on the skin
surface, and also implanted into a human body (Fig. 1) [5].

The aim of the article is a review of the state of the inter-
active hybrid micro- and nanoplatforms, placed on the hu-
man skin — most frequently called as electronic skin, or
e-skin. Their basic purpose is epidermal sensorics (monitor-
ing) and, whenever possible, pseudoinvasive active pharma-
cological and nonpharmacological transepidermal correction.

Interactivity is revealed in realization of the two ways of
functioning, which ensure performance by a multifunctional
platform of the sensor or correcting procedures on the basis
of the decisions adopted due to the own sensor feedback with
a user or in a remote access mode through an integral infor-
mation channel, which determines a possibility of use of the
external contrl influences.

Non-volatility is ensured for the interactive platforms by
the integrated devices of hybrid nono-power-engineering: na-
nogenerators, recuperating the energy of organisms (PENG,
TENG, TEG) or energy of the environment (rectennas), and
the devices for storage of the electric power (LIB, SC) [6—1 1]1.

The interactive multifunctional platforms (e-skin) by their
properties should as much as possible be close to a natural hu-
man skin. Thus, the basic requirements to the functional
components of their structure are defined: flexibility, elastic-
ity, biocompatibility, ability to self-recovery. In a number of
cases of epidermal placing of the platforms a transparency is
imponantz, which makes a device invisible (if it is not con-
cealed by the clothes) for the surrounding people [12, 13].

Epidermal monitoring — an electronic skin

Monitoring of the biometric parameters (body tempera-
ture, heart rate, arterial pressure, content of oxygen and glu-
cose in the blood, a respiratory rhythm, muscular tone, mo-
tion activity) is implemented in a real time mode. The choice
of a place for a platform on a body is determined by the con-
trollable biometric parameters (the optimal places are a wrist,
a forearm, a throat, the heart area, and the ankles). The mul-
tifunctional solutions [14—16], combining the sensors of
pressure (SrP), strain (Sr®), temperature (Sr'), humidity (th),
and motion (Sr™) for control of the biometric parameters, can
be complemented (in some cases —integrated) by the units
for control of the environment parameters — photodetectors
(FD) and gas sensors. A specific feature of the epidermal
monitoring is the fact, that the biometrical signals are dozens
of times weaker, than the ones in the probing systems.

Further, we present modern developments of the interactive
multifunctional sensor platforms for the epidermal monitoring.

A multisensor monitoring platform placed on a wrist made
it possible to control a physiological stress proceeding from a
set of such parameters of an organism, as a pulse rate, tem-
perature and skin electroconductivity (Fig. 2) [17]. The plat-
form basis was a PI substrate / with thickness of 50 um. Pie-
zoelectric StP 2included active P(VDF-TrEE) layer 3 (20 um),
and also Ag- and Al-electrodes (0,5 um) 4, 5. Thermoresis-
tive Sr' 7 and resistive Sr* 8 were in a direct contact with
the skin. Together with the contact Al-electrodes 9 (0,5 um)
they were situated on the insulating intermediate substrate 6

I Non-volatility is especially topical, when the composition of the
interactive platform includes information displays or display units
(LLED, OLED).

2 Transparency is also essential, if the composition of the interactive
platform includes the unit of transdermal introduction of preparations,
the control of which can be carried out electrically or thermally.

of parylene—C3. The sizes of the multisensor platform were
24,7% 15 mm with thickness of 70 pm.

Since readings of the sensors were transmitted in on-line
mode to the diagnostic devices, an additional contact platform
was used for the signal and power wires Sr>. The range of meas-
urements of the skin temperatures was — 30...40 °C (sensi-
tivity of Sr* — 0.31 ©/°C), skin conductance — 2...20 uCm
(sensitivity Sr*¢ — 0.28 pV/0.02 uCm). The range of con-
trol of the pulse rate was 50...220 pulses/min (measured
pressure — 40...120 mm of the mercury column, sensitivity —
35 mV/mm of the mercury column). Service life of a multisen-
sor platform, according to the authors’ estimates, was 9 days.

It is necessary to point out, that in this case during diag-
nostics of a physiological stress the time distribution of the
pulse rate was a basis for the analysis of variability of a heart
rate, while a change in the skin conductance — for estimation
of the intensity of perspiration.

A biochemical analysis of the perspiration, which made it
possible to control the dehydration of an organism?, was en-
sured by the interactive platform, which the authors called "a
smart bracelet" (Fig. 3) [18].

The module of the sensors representing a mass of Ag/Cr
electrodes on a PET substrate with insulation of a film of
parylene-C, ensured control of the skin temperature, metab-
olites and sweat electrolytes. In amperometric sensors of me-
tabolites (glucose and lactate), composite GOx and LOx coat-
ings were deposited on the working electrodes I, 2 over PB
layer5 in the chitosan matrix. In the potentiometric sensors of
the electrolytes (ions of potassium and sodium) the composite
ion-selective coatings were deposited on the working elec-
trodes 4,5 in PEDOT:PSS matrix, on the reference 6 — the
composite PVB/CNT coating. Data from all the four sensors,
together with the data from resistive Sr' 7 for compensation
of the temperature dependence of the sensors, came to the
processing module § and microprocessor 9 with an online
transfer through the Bluetooth module /0 to the smart phone
of the user. The processing and data transmission module was
realized on the basis of the standard technology of a flexible
printed-circuit board. A simultaneous use of two "smart" de-
vices (one is a bracelet on a wrist, another — a hoop on a
head) ensured continuous monitoring of dehydration of an
organism under the influence of the physical loads.

The analysis of the intensity of perspiration was used also
in a multisensor platform for control of the physical loads
(Fig. 4) [19]. Sr*¢ I, measuring the electric resistance of a skin
depending on humidity, was complemented by ECG elec-
trodes 2 for control of the heart rate and by capacitor Sr° 3 for
control of the local skin strains under the influence of the
physical loads. The sensors placed on a self-adhesive elastic
silicon substrate were made from the conducting composite of
Ag NWs in PDMS matrix, dielectric spacer Sr° — from
ecoflex. The module for data processing and transmission 4
on a flexible printed-circuit board and LIB 5 were placed in
a polymeric, printed on 3D printer cover, which was situated
on the substrate of the module of sensors, and commutation
was carried out by a flexible flat cable. Energy consumption
of the platform did not exceed 40 mW, the duration of its op-

3 The sensors themselves were also made from aluminum with
thickness of 0,5 um.

4 The state, which it is practically important to diagnose in many
cases, from monitoring of the physical loads up to diagnostic medicine.

5 Introduction of Prussian blue excluded the necessity of an ex-
ternal power supply for activation of the sensors.
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eration without an additional charging of LIB was 37 h. In
sum total the platform ensured monitoring in the online mode
of the influence of the physical loads on an organism.

The multisensor platform ensuring monitoring of the mus-
cular activity and the surface distribution of the skin temper-
ature (Fig. 5) [20] made it possible to control the influence of
the physical loads (placing on a wrist) and drinking process
(placing on a throat).

It was possible to essentially expand the opportunities of
the platform by combining its elasticity and transparency. In
this case Sr' represented an OFET matrix with the size of
4 x4 between two PDMS substrates. Each OFET structure
included PU/PEDOT:PSS electrodes (a drain, a gate, a
source), dielectric PU layer and thermosensitive RGO/PU
channel. Resistive Sr* with active PU/PEDOT:PSS/Ag NWs
element on PDMS substrate was placed over the OFET ma-
trix, the PDMS substrates were fastened to each other. After
a lamination the multisensor platform was fixed on a body by
means of a self-adhesive coating. At that stage of the devel-
opment the commutation of the platform (signal transfer from
the sensors and power supply) were wired.

Due to a high thermosensitivity, which was preserved with-
out essential losses after 10 000 cycles of the 30 % stretch-
ing/compression, the multisensor platform ensured a pro-
longed monitoring of the temperature distribution of the skin
and muscular activity.

The multifunctional platform for monitoring of the dynam-
ic activity included two modules: a replaceable (demountable)
one and one placed directly on a body (Fig. 6) [21]. A basis
for the latter was the PET substrate, the elasticity of which was
ensured by the structure given to it by kirigs. This substrate ac-
commodated a printed in advance triaxial Sr™, and also ECG
electrodes and resistive Sr'. All the electrodes and commuta-
tion were made from a silver nano-ink. The active elements
of Sr* (in composition of Sr™) used the Ag NPs/CNT com-
posite, while the active element of St — PEDOT:PSS/CNT
composite. On a body the module was fixed by a two-sided ad-
hesive tape. The demountable, not intended for a direct contact
with a body, module on the PI substrate included uv-FD with
an active ZnO NWs layer and TFT matrix with semiconductor
CNT channels, which was used to increase the sensitivity of uv-
FD and St. In order to preserve the flexibility and elasticity of
the multisensor platform, for commutation of the demountable
module EGaln/Ag contacts were used. It is necessary to point
out, that at the given stage possibilities of the multifunctional
platform itself were investigated, for connecting of a power sup-
ply and signal transfer a flat flexible cable was used.

The cumulative possibilities of the multifunctional plat-
form ensured monitoring in the online mode of the position
of a body in space (vertical, horizontal, inclined), dynamics
of movement (immovability, walking and running with vari-
ous degrees of intensity), and also a functional state of an or-
ganism under physical loads with account of the influence of
the solar illumination outdoors.

The multisensor platform (Fig. 7) [22] can be realized in
order to ensure an epidermal monitoring and effective man-
machine interface.

That platform was a matrix (6 X 6) of three modules of sen-
sors, the basis of all the modules was made of the paper sub-
strates with the electrodes of the demanded configuration
printed on them with Ag nano-ink. The capacitor St module
was built on changing of the electrophysical properties of a
paper depending on humidity. The graphite coating deposited
by a regular pencil provided pH-sensitivity to the sensors. In
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resistive Sr* module the dependence of conductivity of Ag
electrodes on temperature was used. The design solution of
the capacitor Sr° module, in which the active porous layer of
the sensors was complemented by an air gap, essentially raised
the sensitivity. The result was a sensor matrix, which carried
out monitoring in the online mode of not only the physical con-
tact with fingers, but also of their parameters. Moreover, the
multisensor platform could operate in a contactless mode: at an
approach to the distance closer than 13 cm, the electromag-
netic field of the fingers changed the capacity of the sensors.

A combination of the nontrivial possibilities of monitoring
of the multifunctional platform and non-volatility (Fig. 8)
[23] became possible due to the uniform technological ap-
proach to its creation.

The PDMS substrate (with thickness of 500 um) of the
multifunctional platform accommodates seven elements: four
SSC connected in parallel between themselves and three re-
sistive sensors (uv-FD, SrP and Sr®).

The basis of the elements was a composite film from
PVDF NWs with RGO coating. During formation of SSC
Ag/PVDF NWs/RGO-electrodes were deposited on the sub-
strate of the multifunctional platform, and the symmetric elec-
trodes supplementing them — on similar PDMS substrates of
the demanded sizes. The obtained electrodes, separated by the
film CFP separator, were fastened by a gel PVA/KOH electro-
Iyte, which was also used for the finishing incapsulation. The
specific volume capacity of every SSC reached 5.03 mW/cm3,
the specific volume energy — 0.07 mW'h/cm3. The total
working output voltage of SSC was 0.4 V.

In the resistive sensors of the multifunctional platform the
properties of graphene were used, namely, the dependence of
the specific resistance on the intensity of the falling radiation
(the maximal sensitivity of uv-FD corresponded to the wave-
length of the falling radiation of 233 nm) or concentration of
the toxic VOC (acetone, toluol, formaldehyde). The depend-
ence of conductivity of the composite film on the external
mechanical influences, connected with compaction of the na-
nofiber network, ensured a high sensitivity of SrP, expanding
its possible application.

When the multifunctional platform was placed on a wrist,
SrP ensured monitoring in the online mode of the pulse rate
and also reproduced its thin structure characterizing the spe-
cific features of the heart rate, allowing to estimate more pre-
cisely the physical state. When it was placed on a throat, the
possibilities of SrP allowed to use it in the systems of voice rec-
ognition or transformation of the acoustic vocal commands
into electric signals, which is promising for the man-machine
interfaces, especially when wireless commutations are used
for charging of SSC and transmission of the sensors’ signals.

Full non-volatility of the multifunctional platform (Fig. 9)
[24] was a result of integration into its structure of not only
microSSC, but also of the rectennas for their charging during
operation due to recuperation of the electromagnetic radia-
tion from the environment.

As the platform basis the multilayered substrate from
ecoflex on PET basis was used. The demanded elasticity was
ensured by the internal EGaln commutation.

The planar microSSC on PET substrates were represented
by MWCNT electrodes covered with solid PEGDA/EM-
IM/TFSI electrolyte. Re on PI substrate including an anten-
na and a voltage multiplier, were commutated with the plat-
form by Ag NWs/Au electrodes. The active element of the in-
tegral sensor, combining the functions of uv-FD and Sr®, was
SnO, NWs/MWCNT composite film. In this case the dual




possibilities were determined as the sum total of the decreased
concentration of the free carriers (in MWCNT of p-type and
SnO, NWs of n-type) during interaction with the NO, mol-
ecules adsorbed on the surface, on one side, and the photo-
current, which appeared under the action of the falling radi-
ation. The active element of resistive St° was a film of the frag-
mented graphene foam on a PDMS substrate.

The output voltage of Re for charging of microSSC (1.5 V)
was ensured at a distance of 70 cm from a smart phone, the
power of the electromagnetic radiation within the range of
950...980 MHz did not exceed the safe values. The specific
volume power of microSSC in aggregate reached 12.6 W/cm3,
the specific volume energy — 1.5 mW h/cm3.

Depending on placement of the multifunctional platform
on a body, Sr’ in its composition ensured an online monitor-
ing of the pulse rate, movement of the hand fingers, swallow-
ing movements, and also voice.

The multifunctional platform, just like a human skin, can
also have protective antibacterial functions (Fig. 10) [25].
PET tissue with a cellular structure was covered with piezo-
electric PVDF/ZnO NPs composite. The electrodes, which
had a distributed spatial structure, finished the structure of the
planar PENG. A combination in an active element of an or-
ganic coating and the distributed network of inorganic 3D na-
noparticles ensured a scalability of the structure and a non-
trivial functionality of the multisensor platform.

PENG operated in a dual mode — under the influence of
the external pressure or strain. When the multisensor platform
was placed on a bend of an elbow, PENG, as non-volatile St°,
ensured an on-line monitoring of the motion of a hand and
fingers. When it was placed on a wrist, St matrix represented
a tactile sensor panel. Not depending on a site of placement
on a body surface, the multisensory platform allowed to carry
out an on-line monitoring of the parameters of the surround-
ing air: concentration of oxygen (Sr®) and relative humidity
(Sr™). Non-volatility of the modes of the sensors was ensured
by the impellent activity. Moreover, the photocatalytic effect
of ZnO NPs under the influence of the solar radiation,
strengthened by PENG piezoelectric effect, ensured self-
cleaning of the platform surface from various organic pollut-
ants, in addition providing the antibacterial properties to it.

Epidermal monitoring — a photon skin

Possibilities of the flexible photonics are demonstrated by
"a photon skin" — so the authors dubbed the multifunctional
platform (Fig. 11) [26].

The functionalities of the ultrathin (several micrometers)
platform were defined by the OLED components — three-
color (green, red, blue) and one-color ones, and also FD of
the visible range. The basis of the platform was PI substrates,
for passivation of the active structures the two-layer
parylene/SiOH coatings were used.

Two one-color (red and green) OLED 1, combined with
FD 2, represented the sensors of the pulse rate and saturation
of blood with oxygen in the capillaries of a hand finger (pulse-
oxymeter 3) with thickness of 30 um together with the self-
adhesive film. In this case FD recorded the changes intro-
duced into the OLED radiation, reflected from the soft hy-
podermic tissues and capillary vessels. An online monitoring
of the controllable parameters by means of the three-color
OLED displays 4 placed directly on a skin was carried out
in the analogue and digital modes. The ultrasmall thickness
and flat transparent flexible cables made it possible to place
the displays even on a face. Duration of the service life up to

29 hours was well complemented by the ability to withstand
up to 1000 of stretching/compression cycles.

Transepidermal correction

Monitoring and stimulation of the muscle tone were com-
bined in the interactive multifunctional platform (Fig. 12)
[27], the basis of which was an ultrathin (60 pm) substrate
from a silicon elastomer on an auxiliary water-soluble PVA
substrate. The composition of the platform included EMG
electrodes / for monitoring of the muscular potentials, resis-
tive Sr' 2and Sr° 3, and also the electrodes for stimulation of
muscles 4. The thickness of the active Cr/Au elements and
commutation incapsulated by PI masks did not exceed 200 nm,
which in combination with a serpentine structure ensured the
demanded elasticity during gluing of the platform to the se-
lected sites of a body. The platform’s interactivity (due to sep-
aration of the channels of monitoring and stimulation), allow-
ing to correct stimulation of the muscular tone in an online
mode, is of interest for rehabilitation® and sports medicine.

The conceptual development of the multifunctional plat-
form for monitoring and introduction of medical preparations
(Fig. 13) [28] is presented on a PI substrate with thickness of
250 pum. Its composition included resistive Sr* I, capasitive
SrP matrix 2, a medicinal pump 3 and a coil of a wireless com-
munication 4.

Sr! with an active PDMS/CNT element due to high sen-
sitivity allowed to control the change of a skin temperature
depending on reception of hot food, S’ matrix and the coil
printed on substrate with Ag nano-ink formed in an online
mode a wireless signal of introduction of a medical prepara-
tion. The medicinal pump was an elastic PDMS tank, which,
when pressed by a finger, let a preparation into the skin
through a microjet canal’. The operation threshold corre-
sponded to an easy pressing by a hand finger.

The interactive multifunctional platform for monitoring
and treatment of diabetes (Fig. 14) [29] was more complete.
The platform included two modules: a module for monitoring
and a module for introduction of the preparations, generated
on the elastic silicon substrate.

In the module for monitoring the Ag networks served as a ba-
sis for the sensors (directly contacting with the serpentine Ag
electrodes) with G:Au coatingg. As the functional coatings of the
active electrodes in the glucose sensor / and pH sensor 2, PB and
PANI were used. The composition of those sensors also included
reverse Ag/AgCl electrodes 3. The composite electrodes of the
resistive St 4 were supplemented by PEDOT coating. The ul-
trahigh sensitivity of resistive Sr* 5 was ensured by the composite
electrodes due to the serpentine configuration and big length.

In total, the monitoring module carried out monitoring of
the parameters of the sweat and hypoglycemic skin tremor.
Signals from the sensors arrived in the online mode via a flat
flexible cable to a wireless data transmission device and due
to a special application were presented in a smart phone.

The module for introduction of preparations turned on a
heater 6 (similar in its design to the sensors of the module for
monitoring), resistive Sr' 7 with a graphene active element
and a thermostimulated mass of microneedles § filled with a
medical preparation. This mass was made of a biodecompos-
able polymeric material. A hypodermic introduction of a
preparation (insulin, in particular) was done, when a set tem-

© The main purpose of this multifunction platform.
The main purpose of this multi purpose platform.
8 Graphene alloyed by gold.
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perature was achieved, the dosing was also controlled ther-
mally. The start and intensity of operation of the module for
introduction of preparations were controlled in an interactive
mode, in accordance with a schedule provided in advance or
on the basis of the data of the module for monitoring.

Integral @-textile — &-skin system

Various elements of the interactive platforms placed on a
body, and of the platforms integrated into clothes, can sup-
plement each other (Fig. 15) [30]. In this case the elastic pow-
er components — LIB 7 and one of the active TENG com-
ponents with a mode of a vertical separation 2, a reciprocal
element of which was integrated into the clothes, were
placed directly on a hand. Generation of TENG electric
power was ensured by the contact of the triboelectric active
films PEIE 3 and ecoflex 4 on the conducting nylon substrates
during movement of a hand in the course of walking or run-
ning. During quiet walking the output power of TENG
reached 10.2 mcW. The composition of LIB included elec-
trodes 5 on substrates from CMF fabric with LTO/CB/PVDF
and LCO/CB/PVDF coatings separated by separator 6, and
electrolyte on the basis of LiPF¢ in a mix of carbonates. In or-
der to increase elasticity, when placing on a hand, two LIB,
in a foil casing and connected between themselves, were
placed in envelope 7 of ecoflex. In total, the specific capacity
of LIB was 109 mA - h/g, the cyclic stability — 70.5 % after
100 cycles of charging/discharging.

Connection of TENG and LIB with the interactive plat-
form was ensured by conducting CMF fibers integrated into
the clothes. The composition of the platform included an ac-
celerometer 8, a microcontroller for signal processing 9 and
a Bluetooth module for data transmission /0 commutated by
the conducting threads 77 with rectifier 2. In total, the sys-
tem ensured an online monitoring of the movement and spa-
tial position of a body with a subsequent data transmission to
a remote computer. The program, developed for the interac-
tive platform, analyzed the spatial position of a body and, if
necessary (in case of a fall), produced an alarm signal.

Conclusion

Evolution of the technologies and materials of the flexible
electronics, photonics and power engineering ensure appear-
ance and active development of the interactive multifunctional
bioplatforms for epidermal monitoring and correction, placed
directly on a human skin (intellectual artificial skin). The given
systems and the synergic effect from their application are the
most progressive technological and infrastructural solutions for
formation of an intellectual personified biotechnosphere.
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