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W3rOTOBJIEHUE MUKPO®JIIOHIHOI'O YHUIIA
C UCITIOJIB30BAHHUEM TEXHOJIOI'MM FDM- U LCD-IIEYATH
JJIA HIOJYUYEHUA T'MJIPOI'EJIEBBIX AJIBI'MHATHBIX MUKPOC®EP

Hecmotps Ha Goubiol MOTEHIMAT NPUMEHEHUS] MUKPOQIIIOWAHBIX CUCTEM B HCCIIEIOBATEIbCKOM M IPOU3BOJCTBEHHON
IIPaKTUKE, UX IIHPOKOE PACIPOCTPAHEHUE OTPAHMUYUBAETCS BBICOKOW CTOMMOCTBIO IIPOU3BOACTBA KIIFOUEBBIX 3JIEMEHTOB,
B 4aCTHOCTH MUKpoduonaHbx yunoB (M®Y). [To 3Toit npudrHe BeleTCs aKTUBHBIA MOUCK HOBBIX METOJIOB IMPOTOTHITHU-
poBanusi M®Y. B mocnenHee AecATHICTHE HAOMIOAACTCS TCHICHIIMS K HCIOJB30BAHMIO IS 9THUX IEIeH TEXHOJOTHIMA
3D-neuatu. B HacTosmIei paboTe 0OCyxaaeTcss BO3MOKHOCTE co3nanust M®OY s reHepannn oIAHAPHBIX MOHOIUCTIEPC-
HBIX OMYJIBCHH, KOTOPBIH ObUI CKOHCTPYHPOBaH KaK CHCTEMa, OOBEAWHSIONIAss KOMIIOHEHTHI, CO3AaHHbBIE MOCPEACTBOM
texHosorud FDM- u LCD-nedaty, ¢ IerkoJOCTYIHBIMHU 3JIEMEHTAMU — MEJUIMHCKUMU UTTAMH M CTEKJITHHBIMH KaIluil-
msipamu. Cobpannbsie MOU ObUIH HCIIOIB30BaHEI B COCTaBE YCTAHOBKH JUIS CHHTE3a FHAPOTENICBBIX YACTHI] HA OCHOBE allb-
ruHata Kaabnus. C ee MoMOIIBI0 OBIIIHM HOTy4eHBI MUKPOC(EpHI C BEICOKOH CTENICHBbI0 MOHOANCIIEPCHOCTH.

Kniouegvie crnosa: mukpodronHeIi uuil, kanenbHas MUkpodronauka, FDM-neuars, LCD-neuarts, runporenesble

MHUKpOChEpHI

BBEJEHUE

FI/I[LpOFCJ'ICBI)IC MUKpPOYACTUIbI, BKJIIOYasd MHUKPO-
cdepbl, aKTUBHO TIPUMEHSIOTCSI KaK CPEICTBA JTOCTaB-
KN JICKAapCTBCHHBIX IMpE€rapaTroB, B TCXHOJOTHUHU
3D-OnonpuHTHHTAa TIpH TeYaTH TKaHEH W OpPraHoB
[1,2]. Cpenn MHOTOYHCIEHHBIX CIIOCOOOB CHHTE3a
TUAPOTrCJICBBIX YaCTHIL MI/IKPO(I)HIOI/IZ[HZDI TEXHOJOTHA
BBLIETISIETCS Omaromaps psily HEOCIIOPUMBIX HPEeuMy-
IIECTB, KOTOpBIE BKJIOYAIOT BO3MOXKHOCTH TOYHOTO
KOHTpoJs (OPMBI W pa3MEpOB YaCTHI, CHWKECHHUS
pacxoaa KOMIIOHEHTOB, HCIOJIb3YEMBIX IPU CUHTE3E,
n oOecredeHnsT BBICOKOH BOCIPOM3BOAMMOCTH [3].
CoBepIieHCTBOBaHNE TIPOIIECCOB MAacIITaOMpOBaHUS
caenaso MHUKPOMIIOMIHYIO TEXHOJIOTHIO BeIylIen
B OWOMEIUIIMHCKOM TIPOW3BOJICTBE MHKPOYACTHII
[3, 4]. Tem HEe MeHEE BHICOKAsi CTOUMOCTh U TEXHOJIO-
TUYeCKas CII0KHOCTh HW3TOTOBJICHHS KOMIIOHEHTOB
MUKPOQUIIOUHBIX CUCTEM OCTAETCS CEePhe3HBIM Oaph-
€poM Ha TYTH K MAacCOBOMY NPHUMEHEHHIO MHKPO-
¢mrounuku. Buenpenue 3D-medatd crano mepenoM-
HbBIM MOMCHTOM, 3HAYUTCJIIbHO YIIPOCTUBUINM JOCTYII
K JaHHOW TexHosoruu. Meroasl 3D-nedatu npume-
HSIIOTCSI KaK MPH CO3/aHUHM CHCTEM TOYHOTO JO3HPO-
BaHUS XHUIKUX M Ta3000pa3HBIX KOMIIOHEHTOB [35, 6],
TaK W TpHU HOPOU3BOACTBC MI/IKpO(bJ'IIOI/IILHI)IX YHUIIOB
(M®Y). Ins cozmanus M®PY ymanock agantupoBaTh
OCHOBHBIC TC€XHOJOI'NHN 3D-HC‘IaTI/I, BKJIOYasa 11€4aThb
METOJIaMH 3KCTPY3UH MaTepuana [7, 8], monumepusa-
mu B BaHHE (vat photopolymerization) [9] u ap. [10].
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Kaxxnas u3 yka3aHHBIX TEXHOJIOTHH UMEET Psij orpa-
Hunuenuii. B wactHoctm  FDM-mevats  (Fused
Deposition Modeling, mogenupoBanre MeETOIOM TIO-
CJIOMHOTO HAIJIaBJICHHS) YCIOKHSIET TOIydYeHHEe Tpo-
3payHBIX M TE€PMETUYHBIX YCTPOWCTB M3-32 BO3MOXK-
HOI'0 HaJIM4YKWA MyCTOT MCXKAY CIUIaBJIACMbIMU HUTAMU
nonuMepa. B HekoTopeIx paboTax yamaercst mpeozo-
Jetb orpanudyeHus FDM-TexHoJIOruM MyTeEM TLia-
TEJBHOr0 MoA0Opa MHapaMeTpoB Hpolecca Ied4aTH
[11, 12]. Kpome Toro FDM-npuHTEepBsl UMEIOT OTpa-
HUYCHHUEC MO TOYHOCTHU: UX PAa3pCUHICHUEC HC IMPCBLIIIA-
er 300 wmxM. TexHomormu (OTOMOTUMEPU3AINN
MO3BOJISIIOT HM3TOTaBIMBAaTh MHUKpOKaHalbl ¢ Oonee
BBICOKOH JIeTanm3aiueld, 0JHaK0 Mpu (GOPMHUPOBAHHUH
BHYTPEHHHX IOJIOCTEH BO3HUKAET PUCK HEKENaTelb-
HOTO OTBEPXKACHUSI B HUX CMOJBI M3-32 Hapa3UTHOU
3acetku [13]. Tonbko Gnarogapst pa3paboTKe CreIy-
AJIbHBIX q)OTOHOHI/IMCpHBIX COCTaBOB C ONTHUMHU3UPO-
BaHHBIMH JIO3MPOBKAMH WHHMLIMATOPOB M IIOTJIOTHTE-
Jei cBeTa ynaercss NPUOIM3UTHCS K pa3pelIeHUro
100—-150 mxm [13]. PacmpocTpaHeHHOW TpPaKTUKON
ABJIACTCA NPUMCHCHUC 3D-neyaTHbIX KOMIIOHEHTOB
MUKPO(ITIOUTHBIX CHCTEM B KOMOWHAIIMU C DJIEMEH-
TaMH, U3rOTOBJICHHBIMU M3 JPYTIUX MaTCpHAJIOB. Ta-
KOe coueTaHHe JaeT BO3MOXKHOCTh MAaKCHMAaIbHO
3¢ (HeKTUBHO HCIIONH30BATh YHHUKAIBHBIE XapaKTepH-
CTHKH KaXXIO0Tro KOMIOHeHTa. Hanpumep, oObeauHss
pacnieyatanHsle Ha FDM-npuHtepe KaHainbl U MOA-
JIOXKKY M3 MOJIMMETUIIMETaKpuiaTa, yaacTcsa U3rotaB-
nuBaTh npo3padnsie MOY [14]. CoBmecTHO ¢ pacrie-
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YaTaHHBIMU YacTsAMU B padore [15] mcnoib3oBauch
CTCKJISIHHBIE KalmWUIAPBl U1 CO3IAaHUSl yCTPOICTB
KareapbHoN MuKpodronnnkn. [lomoOHas uHTETrpanus
Pa3HOPOAHBIX MaTepHAaIOB JIEKUT B OCHOBE CO3JaHMUS
rubpuabix M®OY U B pa3snuYHBIX BapHaIUsIX WC-
MOJIb3yeTCsl MHOTUMU aBTopamu [16, 17].

Henpio HacTosimeld pabOTHI SBISUIOCH CO3IAHHE
THOPUIHOTO MUKPODITIOUIHOTO YHIIa C IPUMEHEHHEM
FDM- u LCD- (Liquid Crystal Display) neuaTtu, koH-
CTPYKIUS KOTOPOTO TO3BOJISIET MPEOI0JIETh BO3ZMOXK-
HBbIE OIPaHUYCHUS TAaHHBIX TEXHOJIOTHH MOCPEACTBOM
BHEJIPEHUS TOTOBBIX AOCTYIHBIX JeTalel, TaKUX Kak
MEIWIUHCKAE WTJIbl U CTEKJISHHBbIE KallWUIIPBI, WC-
MOJTE3YeMBIX B KadecTBe kaHaimoB B M®UY. Pazpabo-
TaHHbIC YHIBl TPUMEHSUIMCh B YCTaHOBKE, NpeaHa-
3HAYEHHOW AJI1 CHHTe3a THAPOTeJieBbIX MHKpocdep
Ha OCHOBE aJbIMHATa KaJIbIHs.

YCTPOMCTBO MUKPO®JIFOUTHOM
YCTAHOBKH

B nureparype ObUIM HpEeAsIOXKEHB MHOT'OYHCIIEH-
HBbIE CMOCOOBI MPOW3BOJCTBA THAPOTEIIEBBIX MHUKPO-
chep Ha OCHOBE aIbIMHaTa C NPUMEHEHUEM
MUKPOQIIIOUAHBIX TEXHOJIOTHH, BKIIOYAIOIINE pas3-
JIMYHBIC CTpaTeruu Hx rejeoOpazoBanus [18—20].
B Hacrosmeit pabore mporiecc CHHTE3a MPOBOIUICS
B ABC CTaauuv, C HCIOJB30BAHUCM YCTAaHOBKH, H30-
OpaxenHnoil Ha puc. 1, a. Ha mepBoii cTamum mpowmc-
Xo4wia reuepanusa JMCKPETHLIX Kall€jib BOAHOI'O pac-
TBOpa ajJbruHATa HATpHUA B MacisHoOU ¢aze. [Iporecc
TeHepaluy OCYLIECTBISUICS B Tpeaeiax MHUKPOQIo-
uaHoro uumna /. JKujakue KOMIIOHEHTHI MOJaBajUCh
B M®Y npu noMouy CUCTEMBI IITNPULIEBBIX HACOCOB 2,
KOTOpbIe OBbUIM W3TOTOBJIEHBI CaMOCTOSITETILHO B CO-
OTBETCTBUHU C METOAMKOHW, OMUCAHHOUN B padore [21],
U nojxiouanuc k MOY nocpeacTsoM CTaHAAPTHBIX
YAJIMHUATEIBHBIX Maructpaieil 3. Ha BTopoll craauu
AMYJIBCUSI cOOMpaliach B €MKOCTh 4, KOTOpas OblLia
MOCJIEJOBATENbHO 3all0JIHEHA JIByMs CIIOSAMH KHIIKO-
cTedl. B xauecTBe HMXKHETO CJI0S1 UCHOJIb30BAJICs pac-
TBOp xJyopuia kanbius (CaCly) B Boje ¢ KOHIICHTpa-
msimu 0.3, 0.5 1 1.0 macc.%, B KOTOPOM HPOHUCXOANIT
npolriecc reneo0pa3oBaHus Karellb albI'MHaTa HaTPHS
¢ oOpa3oBaHrEM THApOreneBsIX MUKpochep. Hax Hum
pacrionaraicst ClIOd, COCTOSIUN U3 CMECH Ba3elIMHO-
Boro macna (BM) ¢ mobasnernem 7 macc.% copOuTan
MoHoozeaTa (Span 80).

[Iponecc reneoOpa3zoBaHusl pacTBOpa ajbruHaTa
HaTpuss mon peiicteueM CaCl, mompoOHO u3ydeH
B JIUTEPATYpE U IIPOUCXOAUT B OCHOBHOM 3a CYET CBSI-
3BIBAHHS JIBYXBaJICHTHBIX KaTHoHOB Ca’’ ¢ Tyiypo-
HATHBIMU OJIOKamMu anbruHara [22]. B mportecce crim-
BaHMUs IPOUCXOIUT YACTUYHOE BBITECHEHHE BOJIBI
U3 Kareab BOJHOTO pacTBOpa ajlbI'MHATA, YTO MPHUBO-
JUT K YBCIMYCHHUIO UX IJIOTHOCTU U, KaK CJICICTBUC,
MOCTETIEHHOMY OCEIaHHMIO Ha JHO eMKocTu. s Toro

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2

4TOOBI U30eKaTh JedopManuu cHOPMUPOBAHHBIX Ka-
nenb, BeIXoAHOU kamwuisip M®Y pacnonaraics B He-
MMOCPEACTBEHHOW OJM30CTH OT MOBEPXHOCTH KHIKO-
CTU B EMKOCTH 4.

KOHCTPYKIMA 1 IMTPOLECC U3I'OTOBJIEHUA
MHUKPODJIIONJHOI'O YUITA

PazpabotaHHbIii MUKPOGIIOUIHBIN YUI, TpeaHa-
3HAYEHHBIN AJIS1 OJTY4YE€HUS] MOHOJUCIIEPCHBIX 3MYJIb-
cuii, mpexacraBisier co00il THOPUAHOE YCTPOMCTBO,
B KOTOPOM OOBEAMHEHBI 3JIEMEHTHI, MPON3BEICHHbIC
MeroaoM 3D-nedath, W JOCTYNHBIE KOMIIOHEHTHI,
BKITIOYAIOLINE CTEKJISHHbIE KANWUIIPHl U METUIMH-
ckue urasl. KoHCTpykuust uyuma mnpexncTaBiieHa
Ha puc. 1, 6. M®Y cocrout u3 xopmyca 5, 1BYX Kpbl-
meK 6, ctekon 7 u npokianok 8. Ilocie cObopku ycT-
poiicTBO cTsaruBaeTcs BuHTaMu M3x16 9. [Ipoxiaaku
8 wmcnonp3yloTces Ans obecliedeHUs] TepPMETHYHOCTH
yuna. Bo3MoOeH aJlbTepHATUBHBIN BapUaHT FEPMETH-
3alliM — MCIIOJIb30BAaHUE OTBEPIKIaeMOTO T€pPMETHKA,
KOTOPBI HAHOCUTCS HETIOCPEACTBEHHO B I10CAI0YHbIE
MecTa IIPOKJIAJIOK B KOpILyce ycTpoiicTBa. B pamkax
MIPOBEIEHHBIX UCIBITAHUH YCIEIIHO 3apEKOMEH0BA
ce0sl CHJIMKOHOBBIN repMeTuk-nipoknaaka KR-146-3
(Kerry, Poccust). Koncrpykuust MHKpoQIIOHaIHOTO
ymuma pazpaboTaHa Tak, 4TOOBI NMPH HEOOXOAMMOCTH
€ro MOXHO OBLIO JIETKO Pa300paTh W MOBTOPHO CO-
OpaTh.

[Momaya marpuunoii ¢aser B MDY ocymiecTris-
mack depe3 wribl /() kamnbpa 18G ¢ BHyTpeHHHM
muamerpoMm 0.8 MM, KOTOpbIE  BKIICHUBAIIUCH
B KOpIyc 5. 30Ha reHepaui MUKPOQIIIOWTHOTO YHIIA,
M300pakeHHast OTAeNFHO Ha puc. 1, T, ObUIa peann3o-
BaHa B BHJIE CUCTEMBI COOCHBIX KaHaloB. JlucrepcHas
(haza momaBaach MO0 METAUIMIECKOMY Karmuisipy /1,
KOTOPBI ObLT BHEAPEH BO BTOPOW CTEKJISIHHBIN Ka-
musip /2 Ha paccrosHue £ = 10 mm. s paboTsr
ObUIM BBIOpAaHBI METANTMUECKHH KalWUIsp C BHYT-
peHHuM auameTtpoM D; = 150 MKM, B KauecTBE KOTO-
poro wucmonp3oBanack uria kamuopa 30G ¢ TymeM
HAKOHEYHWKOM, W [Ba CTEKISHHBIX KallWuispa
C BHYTPEHHUMH auamerpamu Ds;, paBHbiMu 1.340
u 0.570 mm. B panpneliniem a1t MUKPOQIIIOUAHOTO
gyuma ¢ Dy = 1.340 MM OyZeT UCIOB30BaTHC COKpa-
menue MOY 1, misg yumna ¢ D; = 0.570 mm — MOY 2.
OcHOBHBIE pa3Mepsl oOJacTell TeHepaluH Karelb
00O0MX YHUITOB MPEJICTABJICHBI B Ta0JI. 1.

YcTpolcTBO MHUKpPO(DIIOUIHOTO YMMa TakkKe Mpe-
OyCMaTpuBaeT BO3MOXKHOCTb  OBICTPOH  3aMEHBI
Kanusuigpos. s aToro Ha 3D-npuHTEpe pacnedartsi-
BaJINCh CHenuaabHble GUTHHTH /3, B KOTOpPHIE BKJICH-
BaJMCh Kamwuiip /2 u wurma /[, Kak TOKa3aHO
Ha puc. 1, 6. durnaTH BCTAaBNAIOTCS B KOoprmyc MDY
B CHeUWallbHble YTIyOJeHHus. MecTo ycTaHOBKH (u-
THHTa B KOPIYC MOXXET IOMOJHHUTEIBHO TePMETH3H-
poBaThCH.
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Puc. 1. Cxema ycraHoBkH (a) M MUKpodIronHOoro ynma (0), IpeaHa3HaYeHHBIX IS CHHTE3a
TUIPOTEIEBBIX MHUKpocep Ha OCHOBe anbruHaTta Kanphus; gotorpadus MDY B cobpanHOM
Bujie (B) M cxeMa 30HbI reHepanuu kaneib MOY (r).

D;, D, — BHYTpEHHUI U HAPYKHBIH IMAMETPbI MEHBIIIEr0 Kammwuisipa; D; — BHYTPEHHUI J1a-
MeTp OOJIBIIEro Kamwjuisipa; ¢ — TOJIIMHA CTEHKH OOJIBIIEro Kanujuisipa; i — paccTOsHUE
MEX1y KOHIIAMH KalHJUISIPOB;

1 — MUKpPOQITFOUAHEIHN 9un, 2 — IMIPUIEBBIE HACOCH], 3 — yIUTMHUTEIHHBIC MaTUCTPAIH, 4 —
€MKOCTb JUIsl IPOBEJCHUS TIpoliecca Teneo0pa3oBaHms Kaneslb albI'MHaTa HaTpus, 5 — KOpITyC
M®Y, 6 — xppimka, 7/ — CTEKIo, 8§ — CHIMKOHOBas Mpokiamka, 9 — BUHTEI M3x16
u raiiku M3, /0 — wrna Ui mojadn MaTpudHON (asel, // — Wria ais mojadd JUCIepCHON
¢asbl, /2 — CTEeKISHHBIA Kanuwuisp, /3 — GUTHHTH

Taodua. 1. OcHOBHBIE pa3Mephl yyacTKa reHepaliy Kareib MUKPOQIIIOWIHBIX YHUIIOB,
n300pakeHHOTO Ha puc. 1, T

Pasmepsl, MM
[Tapamerp yuacTka reHepauuu MY 1 MU 2
D, 0.150 0.150
D, 0.300 0.300
D; 1.340 0.570
a 0.245 0.096
h 10.0 10.0
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Kopnyc 5, xpermiku 6 u ¢uruarn 13 qms MOY
ObUIM M3rOTOBJIEHBI ABYMS CIIOCOOAaMH, C HCIIOJIB30-
BaHueM FDM-nieuatu u MeTojoM (oTomomumepusa-
i B BaHHE 110 TexHonorun LCD. FDM-niewats mpo-
u3Bonwiack Ha mnpuHTepe Hercules Strong Duo
(000 "Kowmmanust UmmpurTa", Poccus) ¢ mpumene-
nuem Qunamenta Clotho ABS GF13 (comosumep ak-
pUIOHUTpMIIA, OyTaAueHa W CTUPOJIA, HANIOJIHEHHBIN
13% crexiorosiokHa) (Clotho Filaments, Poccus).
[ledaTh ocymiecTBisIach MpU TeMIeparype coria
280 °C, Temneparype ctona 100 °C u ckopoctu neda-
™ 60 MM/c. {751 ZOCTHKEHUS] TEPMETUIHOCTH KOPITy-
ca Obuta BeiOpana 100% creneHp 3aroJHEHUs AeTalu.
Jns poTonoarMepHu3alMOHHON Me4aTH MUCIOIb30Bal-
cs mpunaTep Anycubic Photon Mono MS5s u crannapt-
Hast cmona Anycubic Standard Resin Clear (Shenzhen
Anycubic Technology Co., Ltd., Kutaif). beun BbI-
OpaHbl crlenyole NapamMeTpbl IeYaTH: TOJIIWHA
cios — 0.070 MM, BpeMst 3acBeTKH cJosi — 2.5 ¢,
BpeMsI 3aCBETKH 0a30BBIX CIIOEB — 25 C, KOIUYECTBO
0azoBbIx cioes — 5. Ha puc. 1, B, npuBenena ¢oto-
rpadust MUKpO(ITIOUIHOTO YHIIA, OTAEITbHBIC JETaIH
KOTOpOToO 6I)IHI/I HU3TO0TOBJICHBI C UCIIOJIB30BAHHUEM MC-
tona LCD-newatn. O0Ge TEXHOIOTUN MPH BHIOPAHHBIX
napamMeTpax Mne4atu IO3BOJJUIN HU3TOTOBUTHL TI'€pMeE-
TUYHBIE YWUIbl, MPUTOJHBIE JIS JajJbHEWIIEeH 3KC-
IUTyaTalyH.

Hcnonn3oBanue MMPO3pavYHbIX CTCKIIIHHBIX KallWhJI-
JApoB 12, a TarkKe CTEKOJ 7/ B KOHCTPYKLHMM 4YHMIIA,
MO3BOJISTIO HAOMIOAATH 32 XapaKTepoOM TEUeHHs JUC-
nepcHOi daszpl. Jlns stroro M®PY ycraHaBimBaics
Ha IIPO3PAayHbIM MPEAMETHBIA CTOJIMK, MOJ KOTOPBIM
pacrionaraicsi ICTOUYHUK cBeTa. HaOmonenue 3a mpo-
LIECCOM T€HEepalyy MPOBOIMWIOCH NMPH HOMOIIM MHK-
pockona MUP-2. Bupeozanuch oOcCylecTBIAIACH
yepe3 OKyJsIp MHKpPOCKOIA Ha Kamepy cMmapTdoHa
Xiaomi Redmi Note8T B pexume 240 kanpos
B CEKYHAY.

KUJIKWE MHI'PEAMEHTBI,
NCIIOJIB3YEMBIE B PABOTE

Jns cuHTe3a TUAPOTENEeBBIX MUKPOC(Ep HCIOJb-
30BaJICd BOJHBIM pacTBOp anbruHara Hatpus 1000

mpousBozcTtBa King-Hope Co., Ltd. (Kurait) ¢ xon-
uenrpanueii 0.5 macc.%. [yis mpuroroBieHus pac-
TBOpa 33JJaHHOW KOHLEHTPAaLMU HEOOXoauMas macca
JIbIMHATa HATpUs IE€pEeMElINBagach C AUCTHIUIUPO-
BaHHOW BOJOM HAa MarHUTHOM MeNIaJKe B TEUCHUE
2 4acoB IpU KOMHATHOM TeMmmeparype IO IOJHOIO
pactBopenus. llepen ucCnonb30BaHUEM MOJTYyUYEHHBIN
pacTBOp BbLAEP)KUBAJICA 24 yaca B TEMHOM MECTE.

B kavecTBe HenpepbIBHON MacisHON (a3bl B Mpo-
L[ecce TeHepaluu 3MYJIbCUH, a TaK)Ke BEPXHEro CJios
TIPH 3aI0THEHUH eMKOCTH 4 (puc. 1, a), OBLIO UCTIONB-
30BaHO BasenuHoBoe macio (BM) mpomsBoactsa AO
"Camapamenmnpom” (Poccust) ¢ moGaBienuem copbu-
tana moHooseara Span 80 (I'OCT 32770-2014) B xo-
nnuectBe 7 Macc.%, KOTOPBIA BBICTYNAJl B KadeCTBE
MOBEpXHOCTHO-akTHBHOTO BemectBa (I[TAB). s
MPUTOTOBJICHUS] CIIMBAIONIETO PacTBOpa HCIOJIB30-
BaJICsl XJIOPHJ Kanblus mpou3BoacTBa Henan Jindan
Lactic Acid Technology Co., Ltd. (KuTait).

XapaKkTEepUCTUKHA NPUMEHAEMBIX B PabOTe >KUIKO-
crell mpuBenieHb! B Ta0n. 2. [loBepXHOCTHBIE HATSIKE-
HUs ans  pactBopoB BM + 7 macc.% Span 80,
Bozaa + 0.5 macc.% anbruHaTa HaTpus, a TAKKE MEX-
(ha3HOE HaTSHKEHHE B IAaHHOW CHUCTEME OBUIH OTpee-
JIEHBl C MHCIOJb30BAHMEM METOAA BHUCSILEH Kariu
Ha ronnometrpe JIK-1 (OpenScience, Poccus). Ilnort-
HOCTb PacTBOPOB ONpEAEIUIACh MMKHOMETPUUECKUM
METOAOM. IHI/IHaMI/I‘-ICCKa}I BA3KOCTb nsMepiiachb
Ha npuoope HAAKE Rheostress 1 (Thermo Fisher
Scientific Inc., CIIIA). Bce BenuuuHBI U3MEPSUTUCH
nipu Temnepatrype 23.0 + 0.5 °C.

PE3VJIbTATBI U X OBCYXXJIEHUE

B xome paboTel m3y4aloch BIHSIHHE OOBEMHBIX
pacxosoB NWCIEPCHOW W MaTpuyHOW (a3 Ha Mexa-
HU3M T'eHepaluy U TuaMeTp Karelb BOJHOTO PacTBO-
pa anpruHaTa HaTpHs B Ba3eJIMHOBOM Macie ¢ 100aB-
neaneMm 7 macc.% Span 80. [ns omnpeneneHus
IMaMeTpOB Karejidb HeOONblLIas 4acThb SMYJIBCHUH CO-
Oupanacb B OTAENBHYI0 €MKOCTh M H3ydanach IOJ
MUKpockomoM. [l kaxkaoro o0pasua 3MyJabCHU aHa-
JIM3UPOBaANOCh Nopsaka 80 Kamenb ¢ UCHOJIb30BAHUEM
nporpammsl Fiji [23].

Tab6a. 2. XapakTepucTUKHU UCTIONIB3yEMbIX B pabOTe KHUJIKOCTEH

XapaKTepuCTHKY BazennnoBoe macio + Bopa +
7 macc.% Span 80 anpruHat Hatpus 0.5 mace.%
Bsi3kocTs muaammdgeckas, I1a-c 0.084 0.080
[ToBepxHOCTHOE HaTsDKeHHe, MH/M 28.91 51.33
Mex¢azHoe HaTshkeHue, MH/M 4.10
[110THOCTB, KI/M’ 852.5 | 1001.2
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Jlns OLIEHKH CTeNeHH MOHOJIMCIIEPCHOCTH Kamelb
aNpruHaTa HaTpus ompeaensuics Kod(pQHUIMEeHT Ba-
puanuu (¢,) IS UX JUaMEeTPOB, KOTOPBIA €CTh OTHO-

IIeHHe CPeAHEKBAJAPATHYHOTO  OTKIOHEHus  (S)
K cpenHemMy nuamerpy kam (d): ¢, = S-100/ d.
JmarpaMmbl, JIeMOHCTPHPYIOIINE 3aBUCHMOCTD

pa3MepoB Kareilb OT 00bEMHBIX PacXOAOB JHUCIEpC-
oMt (Q,) m marpuunoit a3z (Q.) mist odbonx MDY,
MpUBEACHBI Ha puc. 2. JluaMeTpsl KpyroB COOTBETCT-

M. A. TIOJIAYIIOB

BYIOT JHMaMeTpaM TeHEepHpyeMBIX Kameib. Macmrad
yKa3aH B IPaBOM BEPXHEM YTy KaKIOH JAMarpaMMmel.
3anuBKa KPYroB OTBEYACT pEXKAMaM TEUCHUS:
cepast — kamatoremy (dripping), 6enast — cTpyiHOMY
(jetting) u rpagueHTHas — nepexogHomy. Ha pucyHke
JOTIOJTHUTENBHO TIPEICTABICHb! Hanbojee TUIMYHbIC
MuKpodoTorpadpun mpolecca TeHEepalyu, KOTOpbIe
NPE/ICTAaBISIOT cOOOH KaJphl, BRIPE3aHHBIC M3 BUIEO-
3alMCH JAHHOTO Ipolecca

—
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Puc. 2. 3aBUCHMOCTb CPEAHETO AUAMETPa Kalellb ajJbIMHaTa HATpUs d OT 00BEMHOI0 Pacxo-
na MatpuuHoit Q. u nucnepcHoit O, das s MOY 1 (a) 1 MY 2 (1) u mukpodororpadun
npotuecca reuepanyu kameiab B MOUY 1 (6—1) u MDY 2 (e—n) npu pasnuusbix Oy u Q..

6 — Q. = 45.0 mxn/muH, O, = 1.6 mxi/muH; B — Q. = 90.0 Mmxi/muH, O, = 8.0 MKI/MUH;
r — Q.= 90.0 mxu/mus, O, = 11.2 Mmx/mun; ¢ — Q, = 27.0 mxi/muH, O, = 1.6 MKI1/MUH

(cTpemkoif yka3zaHa oOpa3yroomascs Kamolsa-CIyTHUK); X —

O, = 48 w~mxymmE; 3 — Q. =

9.1 MKI/MUH,
3.2 MKJI/MUH;

O =
Qi =

135.0 Mxa/MuH,

u— Q.= 135.0 mxn/mun,Q, = 4.8 mxi/muH; Kk — Q. = 135.0 mxi/Mus u O, = 8.0 MKJI/MUH;
a1 — Q.= 27.0 mx/mMuH 1 Oy = 11.2 Mx/MuH. 3aJIMBKa KPyroB Ha AMarpaMMme OTBEYaeT
peXUMaM TedeHHs: cepas — Kararoliemy, Oeyias — CTpyWHOMY U TpajiueHTHas —

MIEPEXOTHOMY
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B pabote mist n3ydeHHOUW cucTeMbl ObUTH OOHapy-
JKEHbI HECKOJIBKO PEXMMOB TEUEHMS, paHEe OIMCAH-
Hele B juteparype [24—26]. K HuM oTHOcsTCS Ka-
MaIMil 1 CTpyHHBIA pexuMbl. Kamarommii pexxum
(KP) xapaxTepusyeTcs CTpOro MEpUOJMYECKHM MpPO-
LIECCOM OTPBIBA KaIlji¥ BOJIM3M KOHUMKA BHYTPEHHETO
Kamuisipa (puc. 2, 6), B TO BpeMsl Kak B CTPyHHOM
peskume oOpa3yeTcsl IIMHHAs CTPYs, U OTPBIB Karllx
MNPOHMCXOJMT C €€ KOHIIA Ha 3HAYMTEIHHOM YyJIAICHUH
oT Kamwuisipa (puc. 2, u—in). bnaronaps crporoii me-
PHOAMYHOCTH TIpoliecca TIeHepaluyd B KallarolleM
pexxuMe o0pa3yrolyecs Kaluid XapakTepU3yIOTCs BbI-
COKOH CTENEeHbI0 MOHOAMCIIEPCHOCTH. B cTpyliHOM
pexuMe paspylieHne 00pa30BaBLIETOCS >KUAKOTO
LWIMHAPA MPOUCXOAUT B pe3yibTaTe paclpocTpaHe-
HUsL (QIIyKTyalnud, BBI3BAHHBIX HEYCTOWYHBOCTHIO
Penes — Ilnato [26]. IIpu 3TOM 3HAYUTENHHO YBEIH-
yuBaeTcs K0d()(PHUIMEHT BapHaliu, 9TO JEMOHCTPH-
pyer Mukpodororpadus SMYIbCHH, TOITYYEHHON
¢ ucnionp3oBanneM M®Y 2 npu Q. = 45.0 Mxi/MuH
u O, = 9.6 MKI/MHH, KOTOpas pUBeJicHa Ha PUC. 3, B.
CpenHee 3Ha4eHUE ¢, B JaHHOM PEXUME NPEBBIILIACT
10.0%. IIpu ucnonszoBanuu M®Y 1 cTpyiHbIil pe-
JKUM TEUEHHsI HE ObLIT JOCTUTHYT.

[Iepexon OT KamaroLIEro peXuMa K CTPyHHOMY
OCYILECTBIISIETCS 4Yepe3 NPOMEXYTOUHBIN (mepexon-
HBIIM) pexum [25]. B atom pexkume HabOmomaercs
CXOJ/ICTBO CO CTPYHWHBIM: KaIllJIl OTACIISIOTCA Ha HEKO-
TOPOM yIAJEHUH OT KOHILIA BHYTPEHHETO Kamuuisipa,
dbopmupyst HeOoNbIIOE YATUHEHHWE, KaK II0Ka3aHO
Ha puc. 2, B, T, e—3. IIpu 3ToM mporecc oTpeIBa Ka-
nenb, kak 1 B KP, mpoucxoauT ¢ BEICOKOUM NEpHOANY-
HOCThI0. OJJHAKO B IEPEXOHOM PEKUME TIPH pa3pbIBe
HIeWKH B TpOLIECCe TeHepauu 00pa3yIoTcsl JOTOIHH-
TEeJbHBIE KaIUIM-CITyTHUKH, TUAaMETP KOTOPBIX 3HAYH-
TENBHO MEHBIIE, YeM Yy OCHOBHOHM Kamu. B kamato-
mieM pexuMe o0pa3oBaHHME — Kalelb-CIyTHHKOB
He TpoucxoauT. [losiBIeHHe TakuX CIYTHHKOB MpU-
BOJHT K 3aMETHOMY POCTY K03(ppHIMEeHTa BapHAaIlHH,
0e3 WX ydeTa OH COCTaBiseT A OOOMX YHWIIOB
B cpenHeM 2.5%. Hannune kamnenb-CIIyTHUKOB MOKET
CIIy’)KUTh WHAMKATOPOM HAaXOXKIEHHUS CHCTEMBI B IIe-
pexomHom pexume [24]. Kak MOXHO BHAETH
u3 puc. 2, a, 11 MOY 1 o6iacTh Kamnaromero pexn-
Ma JISKUT MU 3HAUYEHUsIX O,y HUKe 3.2 MKJI/MHH.

Puc. 3. Mukpodororpadun 3MynbCHH BOJHOTO pacTBOpa ajbrHHATA HATpHsi B (aze
BM + 7 macc.% Span 80, noxydeHHsle ¢ ucnoib3oBanneM M®OU 2 mpu pasmundHbIX
00beMHBIX pacxojax MmarpudHoid Q. u aucnepcHod O, ¢da3 (a—B), U THUIPOreNeBBIX

MUKPOYACTHULL

(r-e),

CHHTE3UPOBAHHBIX W3
npu Q. = 45.0 Mxi/mMuH U Qy = 6.4 MKJI/MHUH.

Karelb, CTCHCPUPOBAHHBIX

a— Q.= 45.0 mxn/mun, Qy = 1.6 Mmxi/mun; 6 — Q, = 45.0 Mxn/muH, O, = 6.4 MKII/MUH;
B — Q.= 45.0 mxn/muH, Q; = 9.6 MKI/MHH; T — cuIuBaHue B TeyeHue 10 MuH B pac-
tBope 1.0 macc.% CaCl,; n — cmmBanne B TeueHue 40 muH B pactBope 0.5 macc.%
CaCly; e — cmruBanme B Tedenne 40 muH B pactBope 0.3 macc.% CaCl,
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B cayyae M®Y 2 pgaxe npu caMbIX MasbIX HC-
MOJIE3YEMBIX B pabore 3HaueHUsX (O, popmupyercs
yIUIMHEHHE Y BHYTPEHHETO Kamuuigpa U HaOloaaer-
csi oOpa3oBaHHE Kalelb-CIYTHHUKOB. JTO TOITBEP-
KIACTCsd, B YaCTHOCTH, IIOCJIICAOBATCIBHBIMHW CHHM-
KaMH @polecca OTpbIBa Kalid A ciiydas
O,=1.6 mc/mMuH u Q.= 27.0 MKJI/MUH, TPUBEACH-
HBIMH Ha puc. 2, e. OOpasyromasics Karuisi-CITyTHUK
yKa3aHa CTPEJIKOM.

IMpu O, < 63.0 mxx/mue aas MOY 2 u Bo Bcem
n3ydeHHoM uHTepBane Q. ms M®Y 1 B nepexogHoM
pexxuMe HaOIOAaeTCsl YAJMHEHHE B (opMe yIIMpeH-
HOU cTpyu. Ee nuamerp cOmocTaBUM C HapyKHbIM
auaMeTpoM D, Majoro Kanwuisipa, Kak BHUIHO
u3 puc.2,B,T,k. [lpu 3HaueHmsx Q. OOmBIINX
63.0 mx/muH, 1 M®OY 2 HabnronaeTcst cyxaroliee-
¢ yaiuHeHue (CM. puc. 2,3), KOTOPOE MEePEeXOIUT
B BBITSIHYTYIO CYKE€HHYIO CTPYIO IPH IOCTEIEHHOM
yBenudeHuu Qy, (puc. 2, u). JlanpHeilee yBenudeHue
(O, IPUBOAMT K POCTY IUIMHBI CTPYH M IOCTETIEHHOMY
BBIPOXKICHUIO B PEXUM COBMECTHBIX HEIPEPBIBHBIX
MOTOKOB IBYyX (ha3. Ha puc. 2, K, 71, MOKa3aHbl pe3yib-
TaThl TakOW OBOJIOIMM  CTPYH Ui Cilydas
0. =135.0 mxn/muH 1 Q, = 27.0 MKJ/MHH COOTBETCT-
BeHHO. Paspymienue o0Opa3oBaBIIMXCS JKUAKUX LHU-
JUHIPOB B OOOMX CIy4asX HPOMCXOAMT BHE OIS
3pEHHUs OKYJIIpa MUKPOCKOIIA.

Ananus OKCIICPUMCHTAJIBHBIX AJaHHBIX II0OKa3al,
9TO0 00JIaCTh I'€HEPALUH MOHOANCIEPCHBIX IMYJIbCHUI
(0e3 ydera BO3MOXKHOTO OOpa30BaHUS Kalelb-
cnyTHUKOB) Anst M®Y 2 coBnamaer ¢ o0acThio Tie-
PEXOHOTO PEXUMa, B KOTOPOM ¢, HE IPEBBIIIAET
2.0%. B »TOM MOXHO YOEmUTBCSA, K TpHUMEpY,
u3 puc. 3, a, 0, Ha KOTOPOM TIPEACTABIEHBI MUKPOGO-
Torpaduu SMYJIbCUH, MOTYYCHHBIX B JAHHOM PEXKHME.
Jis M®U 1 npu Bcex 3Hauenusx Q. u O, Habmona-
eTcs (GOpMHPOBaHNE OJHOPOJIHBIX Karlellb CO Cpel-
HUM 3Ha4YeHHUEM ¢, = 2.8%.

biraronapss MOAYJIbHOM KOHCTPYKLIMM YHIIOB, IIpeE-
OyCMaTpHBalOLIed MPOCTYI0 3aMEeHy KaluuIspoB,
M®UY 1 moxer ObITh JIeTKO TipeoOpa3oBan B MDY 2.
OTO MO3BOISIET CYIIECCTBEHHO YMCHBIIUTL JUAMCTPLL
FEHEPUPYEMBIX Kalenb: ¢ Hcnojb3oBaHneM MOY 1
OHHU BapbpupyloTcs B nuanazone 505-1300 mxwm, Torna
Kak ¢ ucnojs3oBanueM M®Y 2 — B untepBane 200
570 MKM.

Kak 0Ob110 OTMEUEHO BBIIIE, TONyYEHHAS! IMYIIBCHSI
cobupasiacb B €MKOCTb, YACTUYHO 3aIIOJHEHHYIO BOJ-
HbiM pactBopoM CaCly, B KOTOPOM MPOUCXOAUI MPO-
LieCC CUIMBaHUs Kalelb ajJbrMHaTa HaTpus ¢ o0paso-
BAaHUCM T'UAPOTCIIC€BbIX MUKPOYACTHUII. Bo BpeEMs IIPO-
XOXKIEHHs Ipoliecca reaeo0pa3oBaHus, a TaKke IO-
ClIe ero 3aBepIleHHs, TPOBOJMIOCH HAOIOACHUE Yac-
THUI] TI0 MUKpOcKoIoM. Kpurepuem oKoHYaHUS Ipo-
Lecca CUIMBaHUs SIBISAJIOCH OCEAAaHUE YacTHI Ha JHO
eMkocTH. [lo JaHHBIM MHUKPOCKOIMYECKUX HCCIENO-

BaHWH ompenensiachk Gopma, pazmep 1 KodphuIeH-
Thl Bapualllyd JUaMETPOB IJIs ciaydas chepudecKux
gactull. bBbuto oOHapykeHo, YTO B 3aBHCUMOCTH
OT KOHLEHTPAaLUH CHIMBAIOLIEI0 pacTBOpa MOTYT
OBITh TOJYYEHBI YaCTHILBI pa3nuuHoi ¢opmel. [Ipu
koHueHTpanuu pacteopa CaCl,, paBHoii 0.3 macc.%,
(hOpPMUPYIOTCS YaCTHUIBI TPABHILHOW CQepuueckoit
(opMBI C BBICOKOH CTENEHBIO MOHOIMCIIEPCHOCTH,
KaK MOXXHO BHJIIETh W3 puc. 3, e. Koaddumuenr sa-
pUanMu A JUaMeTpoB (OPMHUPYIOMIUXCS YacTHI]
(puc. 3, €) UMeeT Te Ke 3HAYEHHUS, YTO U IS UCXOJI-
HBIX Kare€jib, U3 KOTOPBIX OHH 6I)IJ'II/I CHUHTC3UPOBAHBI.
[Ipu 3TOM nMaMeTp MCXOAHBIX Kalejb alblMHATA Ha-
TpUA HECKOJIBKO YMCHLIIACTCA IO NPHUYUHE YaCTHU4-
HOTO BBITECHEHUSI BOABI U3 UX 00bEMa.

B npuBeneHHOM cilydyae CpeHUN IHaMeTp MUKPO-
cdep cocrarmi 390 Mxm. B cpennem auamerp ucxoju-
HBIX Karenpb npu ucnoib3oBaHuu 0.3 macc.% pacTBo-
pa CaCl, ymenbinaercs Ha 8.5%. Ha monHoe cuiuBa-
HUE B JaHHOM CiTy4ae TpeOyercst okoio 40 MUH, a Ipu
caHmkernn koHueHTpanuu CaCl, BpeMst IpoxXoxKIeHHS
mporecca JONOJIHUTENBHO yBenuuuBaercs. Ilosbime-
Hue koHueHTpanuu CaCl, B cimmBaronieM pactBope
BBI3BIBACT Ae(OPMALMIO YACTHUI] ajJbTWHATA B XOJE
reneoOpa3oBaHusa. DTO HAIJSIIHO TPOIEMOHCTPHPO-
BaHO Ha pHC. 3, T, AJIs Cily4yasl pacTBOpa ¢ KOHIIEHTpa-
mueir 1.0 macc.%. Ilpuumboit Takux nedopmanumit
CIIy’)KHT ObICTpOE resico0pa3oBaHUE B IOBEPXHOCTHOM
CJIOE Kallld, KOTOPOE€ IMPOMCXOAUT 10 BBITECHEHHS
BojbI U3 ee oObema. [locienyromas auddysus Bozbl
MPUBOIUT K CXKMMAHHIO YK€ CLIIMTOM 000JIOUKU U UC-
KaxkeHnto (opmel dactuuel. [lpu ucmonb3oBaHUN
0.5 macc. % pactBopa CaCl, ¢popMHPYIOTCSI YaCTHIIBI
B (hopMe BBITSHYTHIX SJUIMIICOMAOB BpAIIEHUS, KaK
MoKa3aHo Ha puc. 3, 1. Ha ocHOBaHMM MPOBEICHHBIX
HaOIFOJIEHUH ISl CTIOIb30BaHHOW MapKH albruHara
HaTpud yCTaHOBJICHO, YTO ONTUMAIbHOM KOHICHTpa-
nueit pacteopa CaCl, mia momydeHus: chepudecKux
yactun sBisercs 0.3 mace.%.

3AKJIFOYEHUE

B pamkax HacTosteit paboTel ObLTH U3TOTOBIEHBI
MHKpO(bJ'I}OI/II[HI)Ie YUIIbl, NPCAHA3HAYCHHBIC JISA I10-
Jy4eHUs] OJUHApPHBIX AMYJbCHH Boja-B-macie. Kon-
CTPYKTUBHO YHII COCTOUT M3 KOPILyCa, U3rOTOBJICHHO-
ro meronamu FDM- u LCD-neuatu, u y3ma redepa-
MU Karelb, KOTOPBIA MPeNCTaBIsIeT CO00H CHCTEMY
COOCHBIX KaHAJIOB, BBIIIOJITHEHHBIX U3 JOCTYIHBIX J€-
Tajnel, TaKUX Kak MEIULMHCKUE WIJIBl U CTEKJITHHbBIE
Kamuusipel. Pa3paboranHas konctpykius M®Y mo-
3BOJIAET JIETKO pa30oHMpaTh ¥ MOBTOPHO COOMpATh yCT-
pOWCTBO TP HEOOXOIWMOCTH €r0 OYHCTKH. Tarxke
B KOHCTPYKLHMIO 3aJ0)K€Ha BO3MOXKHOCTH OBICTpOii
3aMeHbl KallWUISIPOB, YTO IIO3BOJISIET CYIIECTBEHHO
pacmiupuTh  pasMepbl  TEHEPUPYEMBIX  Kallelb.
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C ucnonp30BaHueM pa3pabOTaHHBIX YWTIOB OBUTH TO-
Jy4eHbl 3MYJbCHUHM BOAHOTO PAacTBOpa ajlbIMHAaTa Ha-
TpHsI B Ba3eIMHOBOM MacJe ¢ qobasierneM Span 80 B
kauectBe [IAB. Ilpu ucrnons30BaHUM OONBIIETO Ka-
MWIIsIpa ¢ BHyTpeHHHM guametrpoM 1.340 mm Obutn
MOJIy4eHbl Karmu auameTpoM oT 505 mo 1300 Mxm
MpH CpeJHeM 3HadeHWn Kod(ddummeHTa Bapwanuu
¢, = 2.8%. Ilpu 3ameHe kamwulsipa Ha BapHaHT
¢ BHyTpeHHHM nuameTpoMm 0.570 MM (Tipm coxpane-
HUU TEX K€ 00BEMHBIX PACXOJIOB) yIaJI0Ch Dojiee ueM
BJIBOE€ COKPATUTh IUAMETP I'€HEPUPYEMBIX Kallellb —
1o 200—570 mMxM. 3aTeM U3 MONYYEHHBIX Karelb ajlb-
TMHaTa HATpud IMYTEM CHIMBAHUA B BOJHOM pPACTBOPEC
CaCl, popmupoBauCh THAPOTEIEBBIE MHKPOCQEPHI.
B xone wucciienoBaHus YCTaHOBWIIM ONTHUMAJIbHYIO
koHmeHTpanuio CaCl, B cmmBaromem pacTBope, paB-
Hyro 0.3 macc.%, npu KOTOpOi POPMHUPYIOTCS MOHO-
JCTIEPCHBIE MUKPOYacTHUIIBI cheprdeckoii GOpMBI.
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FABRICATION OF A MICROFLUIDIC CHIP
VIA FDM AND LCD PRINTING FOR ALGINATE HYDROGEL
MICROSPHERES PRODUCTION
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Despite their great potential in research practice, microfluidic systems are not more widely adopted due to
the high cost of producing key components, particularly microfluidic chips (MFCs). For this reason, there is ac-
tive research into new MFC prototyping methods. Over the past decade, there has been an increasing trend to-
wards using 3D printing technologies for this purpose. This paper discusses the possibility of using MFCs to
generate single monodisperse emulsions. The MFC is designed as a system that integrates components created
using fused deposition modelling (FDM) and LCD printing technology with readily available elements, such as
medical needles and glass capillaries. The assembled MFCs were used as part of a setup for synthesis calcium
alginate-based hydrogel particles. Using this setup, highly uniform microspheres were produced.

Keywords: microfluidic chip, droplet-based microfluidic, FDM-printing, LCD-printing, hydrogel microspheres
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INTRODUCTION

Hydrogel microparticles, including microspheres,
are actively used as drug delivery vehicles and in 3D
bioprinting technology for tissue and organ printing
[1, 2]. Among the numerous methods for synthesizing
hydrogel particles, microfluidic technology stands out
due to a number of undeniable advantages, including
the ability to precisely control particle shape and size,
reduce the consumption of components used in syn-
thesis, and ensure high reproducibility [3]. Improve-
ments in scaling processes have made microfluidic
technology a leading technology in the biomedical
production of microparticles [3, 4]. However, the high
cost and technological complexity of manufacturing
microfluidic system components remain a significant
barrier to the widespread use of microfluidics. The
introduction of 3D printing has become a turning
point, significantly simplifying access to this technol-
ogy. 3D printing methods are used both in the creation
of precision dosing systems for liquid and gaseous
components [5, 6] and in the production of microflui-
dic chips (MFCs). Key 3D printing technologies have
been adapted to create MFCs, including material ex-
trusion [7, 8], vat photopolymerization [9], and others
[10].

Each of these technologies has a number of limita-
tions. In particular, FDM (Fused Deposition Model-
ing) printing complicates the production of transparent
and hermetic devices due to the possible presence of
voids between the fused polymer strands. Some stu-
dies have overcome the limitations of FDM technolo-
gy by carefully selecting printing parameters [11, 12].
Furthermore, FDM printers have limited accuracy:
their resolution does not exceed 300 pm. Photopoly-
merization technologies allow the fabrication of mi-
crochannels with greater detail; however, when form-
ing internal cavities, there is a risk of unwanted resin
curing within them due to stray light [13]. Only
through the development of specialized photopolymer
formulations with optimized dosages of initiators and
light absorbers is it possible to approach a resolution
of 100-150 um [13]. A common practice is to use 3D-
printed microfluidic system components in combina-
tion with elements made of other materials. This com-
bination allows for the most efficient use of the
unique characteristics of each component. For exam-
ple, by combining FDM-printed channels with a po-
lymethyl methacrylate substrate, it is possible to fabri-
cate transparent MFCs [14]. In addition to printed
parts, glass capillaries were used in [15] to create
droplet microfluidics devices. This integration of dis-
similar materials underlies the creation of hybrid
MFCs and is used in various variations by many au-
thors [16, 17].

The aim of this study was to create a hybrid
microfluidic chip using FDM and LCD (Liquid
Crystal Display) printing. The design overcomes
potential limitations of these technologies by
incorporating readily available components, such as
medical needles and glass capillaries, as channels in
the microfluidic chip. The developed chips were used
in a setup designed for the synthesis of calcium
alginate-based hydrogel microspheres.

MICROFLUIDIC SETUP DESIGN

Numerous methods for producing alginate-based
hydrogel microspheres using microfluidic
technologies have been proposed in the literature,
including various gelation strategies [18-20]. In this
study, the synthesis process was carried out in two
stages, using the setup shown in Fig. 1, a. In the first
stage, discrete droplets of an aqueous sodium alginate
solution were generated in an oil phase. The ge-
neration process took place within microfluidic chip 1.
Liquid components were fed into the MFC using
a system of syringe pumps 2, which were
manufactured in-house according to the method
described in [21], and connected to the microfluidic
chip via standard extension lines 3. In the second
stage, the emulsion was collected in container 4,
which was sequentially filled with two layers of
liquid. The bottom layer consisted of a water solution
of calcium chloride (CaCl2) with concentrations of
0.3, 0.5, and 1.0 wt.%, in which the sodium alginate
droplets gelated to form hydrogel microspheres.
Above it was a layer consisting of a mixture of
vaseline oil (VO) with 7% by weight sorbitan
monooleate (Span 80).

Fig. 1. Schematic diagram of the setup (a) and micro-
fluidic chip (6), proposed for the synthesis of calcium
alginate-based hydrogel microspheres; photograph of
the assembled MFC (B) and diagram of the MFC
droplet generation zone (T).

D;, D, — inner and outer diameters of the smaller
capillary; D; — inner diameter of the larger capillary;
a — wall thickness of the larger capillary; 7 — dis-
tance between the ends of the capillaries;

1 — microfluidic chip, 2 — syringe pumps, 3 — ex-
tension lines, 4 — sodium alginate droplet gelation
tank, 5 — microfluidic chip housing, 6 — lid, 7 —
glass, 8§ — silicone gasket, 9 — M3x16 screws and
M3 nuts, /0 — matrix phase injection needle, // —
dispersed phase injection needle, /2 — glass capillary,
13 — fittings




The process of gelation of sodium alginate solution
under the action of CaCl, has been studied in detail in
the literature and occurs primarily due to the binding
of divalent CaCl, cations to the guluronic acid blocks
of alginate [22]. During the cross-linking process,
water is partially displaced from the droplets of the
aqueous alginate solution, which leads to an increase
in their density and, as a consequence, their gradual
settling to the bottom of the container. To prevent
deformation of the formed droplets, the output
capillary of the microfluidic chip was positioned in
close proximity to the liquid surface in container 4.

Design and fabrication process
of the microfluidic chip

The developed microfluidic chip, designed to
produce monodisperse emulsions, is a hybrid device
that combines 3D-printed elements with readily
available components, including glass capillaries and
medical needles. The chip design is shown in Fig. 1, 6.
The MFC consists of a housing 5, two covers 6, glass
panels 7, and gaskets §. After assembly, the device is
tightened with M3x16 screws 9. Gaskets & are used to
ensure the chip's hermetic seal. An alternative sealing
option is the use of a curable sealant, which is applied
directly to the gasket seats in the device housing. The
KR-146-3  silicone sealant (Kerry, Russia)
demonstrated successful performance in the tests. The
microfluidic chip was designed to be easily
disassembled and reassembled if necessary.

The matrix phase was fed into the MFC through
gauge /0, 18G needles with an internal diameter of
0.8 mm, which were glued into the housing 5. The
microfluidic chip's generation zone, shown separately
in Fig. 1, r, was implemented as a system of coaxial
channels. The dispersed phase was fed through a
metal capillary 7/, which was inserted into a second
glass capillary /2 at a distance of # =10 mm. A metal
capillary with an inner diameter D; = 150 pm, using
a 30G needle with a blunt tip, and two glass
capillaries with inner diameters D; of 1.340 and
0.570 mm were selected for this study. From here on,
the microfluidic chip with D; = 1.340 mm will be
referred to as MFC 1, while the chip with D; = 0.570 mm
will be referred to as MFC 2. The main dimensions of
the droplet generation regions for both chips are
presented in Tab. 1.

Tab. 1. Main dimensions of the microfluidic chip
droplet generation section, shown in Fig. 1, T

The microfluidic chip design also allows for quick
replacement of capillaries. For this purpose, special
fittings /3 were 3D printed, into which capillary 72

and needle /] were glued, as shown in Fig. 1, 6. The
fittings are inserted into the MFC housing in special
recesses. The fitting insertion point can be additional-
ly sealed.

The housing 5, covers 6, and fittings /3 for the
MFC were manufactured using two methods: FDM
printing and vat photopolymerization using LCD
technology. FDM printing was performed on a Her-
cules Strong Duo printer (Imprinta Company JSC,
Russia) using Clotho ABS GF13 filament (an acrylo-
nitrile-butadiene-styrene copolymer filled with 13%
glass fiber) (Clotho Filaments, Russia). Printing was
performed at a nozzle temperature of 280 °C, a table
temperature of 100 °C, and a print speed of 60 mm/s.
To ensure a hermetic seal, a 100% infill rate was se-
lected. An Anycubic Photon Mono MS5s printer and
Anycubic Standard Resin Clear (Shenzhen Anycubic
Technology Co., Ltd., China) were used for photopo-
lymerization printing. The following printing parame-
ters were selected: layer thickness of 0.070 mm, layer
exposure time of 2.5 s, base layer exposure time of
25 s, and the number of base layers was 5. Figure 1, 0,
shows a photograph of the microfluidic chip, individ-
ual parts of which were manufactured using the LCD
printing method. Both technologies, with the selected
printing parameters, made it possible to produce her-
metic chips suitable for further use.

The use of transparent glass capillaries /2 and
glass 7 in the chip design allowed for the observation
of the dispersed phase flow pattern. For this purpose,
the MFC was mounted on a transparent stage, with a
light source positioned underneath. The generation
process was observed using a MMP-2 microscope.
The video was recorded through the microscope eye-
piece using a Xiaomi Redmi Note8T smartphone
camera at 240 frames per second.

LIQUID INGREDIENTS USED IN THE WORK

An aqueous solution of sodium alginate 1000
(King-Hope Co., Ltd., China) with a concentration of
0.5 wt% was used to synthesize hydrogel micro-
spheres. To prepare a solution of the required concen-
tration, the required mass of sodium alginate was
stirred with distilled water on a magnetic stirrer for
2 hours at room temperature until completely dis-
solved. Before use, the resulting solution was kept in
a dark place for 24 hours.

Vaseline oil (VO) manufactured by Samaramed-
prom JSC (Russia) was used as the continuous oil
phase during emulsion generation, as well as the top
layer when filling vessel 4 (Fig. 1, a). Vaseline oil
(VO) was added to Span 80 sorbitan monooleate
(GOST 32770-2014) at a rate of 7% by weight, which
acted as a surfactant. Calcium chloride manufactured
by Henan Jindan Lactic Acid Technology Co., Ltd.
(China) was used to prepare the cross-linking solution.



The characteristics of the fluids used in this study
are presented in Tab. 2. The surface tensions for solu-
tions of VO + 7 wt.% Span 80, water + 0.5 wt.% so-
dium alginate, as well as the interfacial tension in this
system, were determined using the hanging drop me-
thod on a goniometer JIK-1 (OpenScience, Russia).
Solution density was determined using the pycnome-
tric method. Dynamic viscosity was measured on
a HAAKE Rheostress 1 instrument (Thermo Fisher
Scientific Inc., USA). All values were measured at
a temperature of 23.0 £ 0.5 °C.

Tab. 2. Characteristics of the liquids used in the work

RESULTS AND DISCUSSION

The effect of the volumetric flow rates of the dis-
persed and matrix phases on the generation mechan-
ism and droplet diameter of an aqueous solution of
sodium alginate in VO with the addition of 7 wt%
Span 80 was studied. To determine the droplet diame-
ters, a small portion of the emulsion was collected in
a separate container and examined under a micro-
scope. For each emulsion sample, approximately 80
droplets were analyzed using the Fiji program [23].

To assess the degree of monodispersity of sodium
alginate droplets, we determined the coefficient of
variation (¢,) for their diameters, this coefficient is the
ratio of the standard deviation (S) to the average drop-
let diameter d): ¢, = §-100/d.

Diagrams demonstrating the dependence of droplet
size on the volumetric flow rates of the dispersed (Q,)
and matrix phases (Q.) for both MFCs are shown in
Fig. 2. The circle diameters correspond to the diame-
ters of the generated droplets. The scale is indicated in
the upper right corner of each diagram. The circle fills
correspond to the flow regimes: gray for dripping,
white for jetting, and a gradient for transitional. The
figure also includes the most typical micrographs of
the generation process, which are frames cut from
a video recording of this process.

Several flow regimes previously described in the
literature [24—26] were discovered for the studied sys-
tem in this work. These include dripping and jet re-
gimes. The dripping mode (DM) is characterized by
a strictly periodic process of droplet detachment near
the tip of the inner capillary (Fig. 2, 6), whereas in the
jet mode, a long stream is formed, and droplet de-
tachment occurs from its end at a significant distance
from the capillary (Fig. 2, u—n). Due to the strictly
periodic generation process in the dripping mode, the
resulting droplets are characterized by a high degree
of monodispersity. In the jet mode, the destruction of
the formed liquid cylinder occurs as a result of the

propagation of fluctuations caused by the Rayleigh-
Plato instability [26].

Fig. 2. Dependence of the average diameter of sodium
alginate droplets d on the volumetric flow rate of the
matrix Q, and dispersed O, phases for MFC 1 (a) and
MFC 2 (x) and micrographs of the droplet generation
process in MFC 1 (6—T) and MFC 2 (e—mn) at various
Qd and Qc

6 — Q.= 45.0 uL/min, @, = 1.6 pL/min; B — Q, =
=90.0 uL/min, Q, = 8.0 uL/min; r — Q, = 90.0 ul/min,
0, = 11.2 pL/min; e — Q. = 27.0 pL/min, Q, =
= 1.6 uL/min (the arrow indicates the forming satellite
droplet). x — Q. = 9.1 uL/min, Q, = 4.8 uL/min; 3 —
Q. = 1350 pL/min, Q; = 3.2 pL/min; u — Q.
= 135.0 pL/min, Q;, = 4.8 plL/min; x — O,
= 135.0 pL/min and Q; = 8.0 pL/min; 1 — Q. =
=27.0 uL/min and Q; = 11.2 pL/min. The filled cir-
cles in the diagram correspond to the flow regimes:
gray — dripping, white — jet, and gradient — transi-
tion

In this case, the variation coefficient increases sig-
nificantly, as demonstrated by the micrograph of the
emulsion obtained using MFC 2 at O, = 45.0 pL/min
and O, = 9.6 uL/min, which is shown in Fig. 3, B. The
average ¢, value in this mode exceeds 10.0%. A jet
flow regime was not achieved using MFC 1.

Fig. 3. Micrographs of an aqueous sodium alginate
emulsion in the VO + 7 wt% Span 80 phase obtained
using MFC 2 at different volume flow rates of the
matrix Q. and dispersed O, phases (a—c), and hydro-
gel microparticles (d—f) synthesized from droplets
generated at O, = 45.0 uL/min and Q, = 6.4 pL/min.
a— Q. =45.0 uL/min, O, = 1.6 uL/min; 6 — Q. =
=45.0 pL/min, Q;, = 64 pL/min; B — Q. =
=45.0 pL/min, Q, = 9.6 uL/min; r — crosslinking for
10 min in a 1.0 wt.% CaCl, solution; g — crosslink-
ing for 40 min in a solution of 0.5 wt.% CaCl,; e —
crosslinking for 40 min in a solution of 0.3 wt.%
CaC12

The transition from dripping to jet flow occurs
through an intermediate (transitional) regime [25].
This regime exhibits a similarity to the jet flow re-
gime: droplets separate at some distance from the end
of the inner capillary, forming a small elongation, as
shown in Fig. 2, B, T, e—3. Moreover, the droplet de-
tachment process, as in DM, occurs with high peri-
odicity. However, in the transitional regime, when the
neck ruptures during generation, additional satellite
droplets are formed, the diameter of which is significant-
ly smaller than that of the main droplet. In dripping flow,
satellite droplets do not form. The appearance of such



satellites leads to a significant increase in the variation
coefficient; without taking them into account, it aver-
ages 2.5% for both chips. The presence of satellite
droplets can serve as an indicator that the system is in
a transient mode [24]. As can be seen from Fig. 2, a,
for MFC 1, the dripping mode region lies at O, values
below 3.2 puL/min.

In the case of MFC 2, even at the lowest O, values
used in the study, an elongation forms at the inner ca-
pillary, and the formation of satellite droplets is ob-
served. This is confirmed, in particular, by the sequen-
tial images of the droplet detachment process for O, =
= 1.6 pL/min and Q.= 27.0 uL/min, shown in Fig. 2, e.
The forming satellite droplet is indicated by an arrow.

At Q. < 63.0 pL/min for MFC 2 and throughout
the entire Q. range studied for MFC 1, an elongation
in the form of a broadened jet is observed in the tran-
sient regime. Its diameter is comparable to the outer
diameter D, of the small capillary, as can be seen in
Fig. 2, B, 1, k. At Q., values greater than 63.0 pulL/min,
a tapering elongation is observed for MFC 2 (see
Fig. 2, 3), which transitions into an elongated, nar-
rowed jet with a gradual increase in Q, (Fig. 2, n). A
further increase in O, leads to an increase in the jet
length and gradual degeneration into a regime of
combined continuous flows of two phases.
Figures 2, k, i1, show the results of this jet evolution
for the case of Q. = 1350 pL/min and Q. =
=27.0 uL/min, respectively. The destruction of the
resulting liquid cylinders in both cases occurs outside
the field of view of the microscope eyepiece.

An analysis of the experimental data showed that
the region of monodisperse emulsion generation (ex-
cluding the possible formation of satellite droplets) for
MFC 2 coincides with the transition region, in which
¢, does not exceed 2.0%. This can be seen, for exam-
ple, in Fig. 3, a, 6, which show micrographs of emul-
sions obtained in this mode. For MFC 1, the formation
of uniform droplets with an average c, value of 2.8%
is observed for all values of O, and Q,.

Thanks to the chip modular design, which allows
for simple replacement of capillaries, MFC 1 can be
easily converted to MFC 2. This allows for a signifi-
cant reduction in the diameter of the generated drop-
lets: with MFC 1, they vary in the range of 505-
1300 pm, while with MFC 2, they range from 200—
570 pum.

As noted above, the resulting emulsion was col-
lected in a container partially filled with an aqueous
CaCl, solution, where sodium alginate droplets were
cross-linked to form hydrogel microparticles. During
and after the gelation process, the particles were ob-
served under a microscope. The end of the cross-
linking process was determined by the particles set-
tling to the bottom of the container. Based on the mi-
croscopic data, the shape, size, and diameter variation
coefficients for spherical particles were determined. It

was found that, depending on the concentration of the
cross-linking solution, particles of various shapes can
be obtained. At a CaCl, solution concentration of
0.3 wt.%, particles of a regular spherical shape with
a high degree of monodispersity are formed, as can be
seen in Fig. 3, e. The coefficient of variation for the
diameters of the formed particles (Fig. 3, e) has the
same values as for the initial droplets from which they
were synthesized. However, the diameter of the initial
sodium alginate droplets decreases slightly due to the
partial displacement of water from their volume.

In this case, the average diameter of the micro-
spheres was 390 pm. On average, the diameter of the
initial droplets decreases by 8.5% when using
a 0.3 wt.% CaCl, solution. Complete crosslinking in
this case requires approximately 40 min, and with
a decrease in the CaCl, concentration, the process
time further increases. Increasing the CaCl, concentra-
tion in the crosslinking solution causes deformation of
the alginate particles during gelation. This is clearly
demonstrated in Fig. 3, T, for a solution with a concen-
tration of 1.0 wt.%. The cause of such deformations is
rapid gelation in the droplet's surface layer, which oc-
curs before water is displaced from its bulk. Subse-
quent water diffusion leads to compression of the al-
ready cross-linked shell and distortion of the particle's
shape. Using a 0.5 wt.% CacCl, solution, particles are
formed in the shape of elongated ellipsoids of revolu-
tion, as shown in Fig. 3, 1. Based on observations for
the grade of sodium alginate used, it was established
that the optimal concentration of CaCl, solution for
obtaining spherical particles is 0.3 wt.%.

CONCLUSION

In this study, microfluidic chips designed for gene-
rating single water-in-oil emulsions were fabricated.
Structurally, the chip consists of a housing fabricated
using FDM and LCD printing methods and a droplet
generation unit, which is a system of coaxial channels
made from readily available components, such as
medical needles and glass capillaries. The developed
MFC design allows for easy disassembly and reas-
sembly of the device for cleaning. The design also
allows for quick replacement of capillaries, signifi-
cantly increasing the size of the generated droplets.
Using the developed chips, emulsions of an aqueous
solution of sodium alginate in paraffin oil with the
addition of Span 80 as a surfactant were obtained. Us-
ing a larger capillary with an internal diameter of
1.340 mm, droplets ranging in diameter from 505 to
1.300 um were obtained with an average coefficient of
variation of ¢, = 2.8%. Replacing the capillary with
a version with an internal diameter of 0.570 mm
(while maintaining the same volume flow rates) more
than halved the generated droplet diameter, to 200—
570 pwm. Hydrogel microspheres were then formed



from the resulting sodium alginate droplets by cross- linking solution was established at 0.3 wt.%, which
linking in an aqueous CaCl, solution. During the produced monodisperse spherical microparticles.
study, the optimal CaCl, concentration in the cross-



