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PABPABOTKA DIY-YCTAHOBKHU
JJIsA KAITEJIbHOU MUKPO®JIOUJIUKHU

Co3nanue MUKPOGUIIOMIHBIX YCTaHOBOK A7 OOJIBIIMHCTBA HUCCIIEIOBATENbCKUX JTA00OPAaTOpHii MpeCTaBIIsgeT CIOX-
HYIO 33/1a4y B HEPBYIO OYepeib MO MPUYMHE BHICOKOW CTOMMOCTH BXOJSIIUX B MX COCTaB KOMIIOHEHTOB. B cBsizn
C OTUM IIPOBOAATCA MHOT'OUYHCIICHHBIC UCCICIOBAHUA 110 MTOUCKY HOBBIX U MOACPHU3AINHU YIKE UMCIOIIUXCA CIIOCO-
6OB H3roTOBJICHUSA HO}IO6HBIX yCTpOﬁCTB, HalpaBJICHHBIC Ha YIPOUICHUC U YJACHICBJICHUC TCXHOJIOTUHU UX ITPOU3-
BozacTBa. B paboTe oOcyxmaercs BO3MOKHOCTE pa3zpadotku DIY- (Do-It-Yourself, mocmoBrbIi niepeBo — caenait
caM) YCTaHOBKH JUI KalelbHOH MUKPOQUIIOMIUKH, KOTOpas BKIIOYAeT CHCTEMY HOJAuH JKHIKOCTEH, COCTOSILYIO
13 HECKOJIBKUX IINPHIEBBIX HACOCOB, 1 MUKPOQUIIOMIHBIC YUIIBI C PA3IMIHON reomeTpuerd. st M3roTOBIEHUS KaK
LIMPHIEBBIX HACOCOB, TaK W MUKPOQIIIONIHBIX YUIIOB HCIIOIB30BAINCH IINPOKOAOCTYITHBIE TOTOBBIE KOMITOHEHTEI.
HexoTopble MeXaHHYECKHE YacTU HACOCOB M3TOTaBIUBANIUCH CaMOCTOATENBHO € MCIOIb30BaHHEeM Merona 3D-
neyaTy. YHpaBlieHHEe MUKPOQIIIOUIHON YCTAaHOBKOW OCYIIECTBIsuIOCH mpu nomormn miardopmbel Arduino UNO.
Ha psne npumepoB (GopMHUPOBaHHUS SMYJIBCHI C Pa3IMYHBIMU THIIAMH MOP(OJIOTHH ObUIO MOKa3aHO, YTO pa3pabo-
TaHHasg YCTaHOBKA HE YCTyHnacT CUCTEMaM, KOTOPBIC 6I)IJ'II/I paHeC NMpECACTABJICHBI IPYTUMHU aBTOpaMH.

Kn. cn.: MukpodiioniHas yCTaHOBKa, KarenbHast MUKpO(IIONIUKa, MUKPOKOHTpOIIepHbIe tuardopmsl, Arduino

BBEJAEHUE

[locnenHue HECKOIBKO AECATUIETUN CTald MOMC-
THHE PEBONIONMOHHBIMHU JJISI PAa3BUTHSI MHUKPOQIIO-
UAHBIX TE€XHOJOTHH. 3a 3TO BpeMsi MUKPOQUIIOUANKA
chopMHpOBaNacCh B OTACIBHYI0 MEXKIUCIUILTHHAD-
HYI0 00J1aCTh HAayKH, @ €€ METO/bI CTaJIU IPAKTUIECKU
HE3aMEHUMBIMU B IIEJIOM psijieé MPOU3BOACTBEHHBIX
¥ HCCIeA0BaTeNbCKUX HampapieHnuit [1, 2]. Muxpo-
¢ronaMKa Kak OTAENbHAs Hay4yHas AMCLUIUIMHA 3a-
HUMaeTcd N3ydYeHNeM MOBEISHHS 1 YIPaBICHHEM T10-
TOKaMH >KUAKOCTEH Ha MUKPOHHOM M HAaHOMETPOBOM
Mmaciirtabax [2, 3]. Peanuzanusi OTOKOB KUAKOCTEH
OCYILECTBISIETCS C HCIOJIb30BAaHHEM CIIELHATBHBIX
YCTPOHCTB, Ha3bIBAEMBIX MUKPOQIIIOWIHBIMU YCTPOK-
cTBaMH, Wid MHUKpodronaHeiMu gnnamu  (MOY).
MukpodiioniHple YUNbl OOBIYHO ONPEACISIOT Kak
YCTpOMCTBa, MO3BOJIIONINE MAHHUITYJIHMPOBATH MAlbl-
MU (BIUIOTH 0 MHKOJUTPOB) 00OBEMaMH >KUAKOCTEH
(ra3oB) Gmaronapsi HCIOIB30BAHUIO CHUCTEM MHUKPOKa-
HaJIOB, C(OPMHMPOBAHHBIX B MOJJIOKKAX Pa3InYHOU
npupoasl [2]. [Tomumo MDY, mukpodmtonnssie yc-
TaHOBKH (M®YVY) 00s3aTeIbHO BKJIIOYAIOT B CE0s CHC-
TEMBbl NOJAaYd M KOHTPOJSl MOTOKA KUAKOCTEH (MM
ra3oB), KOTOPbIE B OOJBIIMHCTBE CIy94aeB HCIOIB3Y-
I0T IINPULEBBIE, NEPUCTAIbTHUYCCKUE MO0 HarHera-
TebHBIE HACOCHI [4, 5], 0MHAKO MOTYT OBITH peajn30-
BaHBI MHOTUMH JIPYTHMH crioco0amu [4].

OpHMM W3 WHTEHCHBHO DPa3BUBAIOIIMXCS Halpas-
JIEHUH MUKPO(DIIOMIHBIX TEXHOJOTWH SIBIAETCS pas-
paborka KM®C — MHKpO(DIIOHIHBIX CHCTEM Ha OC-

HoBe Kamenb (droplet-based microfluidic devices),
KOTOpbIe IO3BOJISIOT (OPMUpPOBATE W YIPABIATH
MHUKPOKAIISIMHU KHJIKOCTEH, HaXOIAIINUXCS B HEMpe-
pBIBHOH (haze Opyroil HECMEHIMBAIOMICHCS YKUIKOCTH
[6, 7]. Bo3MOXXHOCTh TeHEpalnuu MOHOIUCIIEPCHBIX
SMYJBCUM M AANbHEMIIEro TOYHOTO MaHMITYJIMPOBa-
HUS OTIECNBbHBIMH MaJbIMH OOBEMaMH JKHUAKOCTEH
B mpeaenax MukpodiarongHoro yuna genaer KM®C
YpEe3BBIYAHO BOCTPEOOBAHHBIMH BO MHOTHX O0Jac-
TaX. B pamkax Ononormueckux McCiIeIOBaHUH METO-
Ibl KareJIbHON MUKPOQIIIOWANKHA HCIIONB3YIOTCS JUIS
WHKAICYJSUN BHYTPH Kalleldb 3MYJIbCUU OTIEIBHBIX
kierok [6—8], monekyn JHK wnmu PHK [6], a Takxe
MHOTOKJIETOYHBIX OpraHn3MoB [9]. OTaensHbIe KA
MOTYT TPHUMEHATHCA B KaueCTBE MMKPOPEAKTOPOB
(T.H. "KameapHBIE MUKPOPEAKTOPHI"), B 00bEMe KOTO-
PBIX MOXET OCYIIECTBIATHCS CHHTE3 MHUKPO- M HAaHO-
YacTHUI pa3U4HOI npupoas [2, 6, 10, 11].

HecmoTpst Ha HeocnopuMble NMPEUMYyIIECTBAa MPH-
MEHEHUS] MUKPO(DIIOMIHBIX TEXHOJOTUH IJIsl pelie-
HUS MHOTHX 3371a4, OCHOBHBIM (PaKTOPOM, OTpaHUYH-
BAIOIIMM WX BHEIPEHHE Pa3IMYHBIMU JabopaTopusi-
MH, OCTAE€TCsl UX BBICOKas crouMocTb. 1o 3Toi mpu-
YUHE TMPONOJIKAECTCI HMHTCHCUBHBIA IIOMCK HOBBIX
U COBEPIICHCTBOBAHME YK€ HMEIOIINXCS METOJ0B
MIPOM3BOCTBA PA3JINYHBIX COCTABHBIX YaCTEH MHUKpPO-
¢dnrounHbix wiathopm. B nepryro odyepenp 3To Kaca-
ercsi TexHoJornid usroroBieHuss MOY. M3nHavanbHO
MPUMEHSIEMOE IS 3TUX LIeNeil KBapleBOe U CHIIMKAT-
HOE CTEKJIO 3aMEHSEeTCS, TAE€ ATO BO3MOXHO, Ooiee
JOCTYITHBIMH U JIETKUMH B 00paOOTKE MOJIMMEPHBIMH
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MaTepuaiaMy, TakuMu Kak mnonukapoonar (I1K),
nonumerunamerakpuwiar (IIMMA), nomuauMeruncu-
nokcan (IIIMC), u mpyrumu [12]. B 3aBucumoctn
OT Marepualia MOJUIOKKH MHKPO(IIONIHOTO YHIa
MPUMEHSIOTCSl Pa3IUYHbIE CIIOCOOBI MPOTOTHITMPOBA-
HUst MuKpodonHbix unnoB. Lupokoe pacmpoctpa-
HEHHE MMOJTy9rII METO/ MATKOU nutorpaduu [2, 6, 12],
KOTOPBI, OAHAKO, HpEACTaBIIieT COOOH MHOrocTa-
TUIHBINA 1 BeCbMa TPYAOEMKHUH mpoliecc, TpeOyommi
HAIAYHS MacOK-(pOTOIMAOIOHOB, H3TOTOBJICHHE KOTO-
PBIX BHOCHUT 3HAUMUTENbHBIN BKJIaJ B CTOUMOCTH TOTO-
Boro m3znenus [13]. Pa3BuBaroTcsi anbTepHAaTUBHBIE
CHOCOOBI MPOTOTUITUPOBAHUS YHIIOB, BKIIIOYAsl TEXHO-
JoTuH 0e3MacoYHON JUTOTpaUH, METOIBI WHIKEKITH-
OHHOTO (JOPMOBaHUSs, MPECCOBAHUS (TUCHEHHUS) IS
paszpabotkn MDY u3 TepMOIIIacToOB, JTa3epHON abIIs-
U U Jpyrue. Bo Bcex mepedncieHHbIX BBIIIE CIO-
co0ax M3TOTOBJICHHS YUIIOB TpeOyeTcsl HaJM4yHe CIie-
[MUAIM3UPOBAHHOTO BEChMa JIOPOTOCTOSIIETO 000pY-
noBaHus. He MeHbmmx (uHAHCOBBIX 3aTpar TpeOyeT
peanmzaius CHCTEM YTPABICHUS MMOTOKAMH JKHUAKHX
KOMIIOHEHTOB, KOTOPBIC, [IOMUMO anmnapaTHON 4acTu,
BKITIOYAIOT MPOTPAMMHOE OOECIIeUeHHE, Perynpyro-
miee paboTy maHHBIX cucteM. CTOMMOCTh KOMMeEpUe-
CKHX TOTOBBIX PEIICHHUH B JaHHOM CJIy4ae MOXKET CO-
CTaBJISITh MHOTHE ACCITKHU ThICSY AOJIAPOB [5, 14].
OnHuM 13 BO3MOXKHBIX PEIICHUH ISl UCCIEI0BaA-
TETbCKUX KOJUIEKTHBOB MOXKET CTaTh MCIOJIH30BAHHE
open-source NMPOAYKTOB Kak B 00JacTH MPOrpaMMHO-
ro, Tak W ammapatHoro obecrnedeHus. Bo mHorom
MMEHHO MHOTOUYHCIIEHHBIE OPEn-source MHUIMATHBHI
JaJId UMITYJIbC K TOSIBICHHIO CTaBIIEro BechMa 3Ha-
YUMBIM SIBICHHUSI COBpeMEHHOM Hayku — Do-It-
Yourself (DIY, nocnoBHbIl mepeBoa — caenaii cam),
MIPOEKTOB, HA 0a3e KOTOPHIX CTAHOBUTCS BO3MOYKHBIM
cOo3/1aBaTh IeJIble HCCIIEeI0BATEIbCKUE J1ad0paTOpHH
[15, 16]. Cpenn TEeXHONOTHIA, MMO3BOJIIONINX CO3/a-
BaTh MHOTHE, B TOM YHCJIE BECbMA CIIOKHBIE UCCIIEIO-
BaTEJIbCKHE MHCTPyMEHTHl B pamkax DIY-npoekrtos,
MOJKHO BBIJIEIHTH TexHojoruu 3D-medatn, a Takke
MOSIBJIGHUE OYE€Hb JOCTYIHBIX MHUKPOKOHTPOJIIEPHBIX
mwiatrGopM JUIS TPOTOTHIIMPOBAHUS  AIEKTPOHHBIX
YCTPOMCTB, UCIIOIB3YOIINX OTKPBITHIA UCXOAHBINA KOJI
(open-source electronics platforms), Takux xak Ardui-
no, Raspberry Pi, u ux ananoros [14, 17]. Pazauunsie
open-source MHCTPYMEHTHI B TIOJTHOW Mepe MpHUMEHS-
I0TCSL U JIJISl pa3pabOTKH KOMIIOHEHTOB MHUKPOQITFOHI-
HBIX YCTaHOBOK. OTMETHM JHIIb HEKOTOpHIE pellle-
HUSl, TIpeJularaeMele B qaHHOH obOnactu. Ha Gaze muk-
pokoHTposUIepHBIX TaTdopm Arduino u Raspberry Pi
OBUIM peann30BaHbl CHCTEMBI TMOJAYM KUAKHX KOM-
MIOHEHTOB, pa3paboTKa KOTOPBIX OCYILIECTBIAIAC
¢ ucnonp3oBanneM DIY mmpunessix [14, 17-21],
MEPUCTAIBTUYECKUX [22, 23] U HarHeTaTenabHbIX [24]
HacocoB. B OonbIIMHCTBE MOJOOHBIX M3JETUI Mexa-
HUYECKHE JIETA Pean3yeMbIX yCTaHOBOK IPOU3BO-
mumuck merogom 3D-mewatm [14, 17-19, 21-23],

MHOTJAA Ipeyiaraioch MCMOJIb30BaTh 4acTH TOTOBBIX
ycrporicts [20]. WurencuBHO pa3BuBaroTcst DIY-
TEXHOJIOTMH B 00JaCTH NPOTOTUIHMPOBAHHUS MHUKPO-
(GIIOUIHBIX YUIOB. Bo-MepBBIX, MPOIOIKAIOTCS HC-
CIeNOBaHUs "TPAAWIMOHHBEIX"  TUTOTpadUICCKUX
CIOCO00B NPOTOTUIHPOBAHUS: pa3zpaboTka (OTOIH-
TorpapMIeCcKnX YCTAaHOBOK C HCIIONBb30BaHUEM Y D-
cBeronnoaoB [25, 26], ucnonszoBanue DLP- (Digital
Light Processing) npoekTtopoB ajist 6€3Maco4HOI JH-
torpaduu [27] u ap. Bo-BTopeix, BeckMa Iepcriek-
TUBHBIMM TIPEJICTaBIISIIOTCS M3BICKaHUSA B oO0jacTu
CO3/IaHUsl YUIIOB Ha OyMakHOH ocHOBe [28, 29], ko-
TOpBIE IMO3BOJISIIOT NMPOU3BOAUTH OYEHb OIOKETHBIE
mpoayktsl [30]. B-TpeTsux, mpu MpoU3BOICTBE YHIIOB
WHTEHCHBHO BHENpAIOTCA TexHojoruu 3D-nevarn
[31]. B pamkax kamembHONH MHUKPODIIOWIUKA IS
npototunupoBanust M®Y Owiio mpemoxeno [32, 33]
WCIIOJIb30BaTh TOTOBBIE IIHUPOKOJOCTYITHBIE KOMIIO-
HEHTBI, TAKHE KaK MEIAWLIUHCKUE Wb, IUIACTHKOBBIE
¢utuHTH, TPyOKH U Jp., UHOTJA COBMECTHO C JIeTals-
MH, M3TOTOBJICHHBIMH MeTonoM 3D-medaTtw, 9TO TO-
3BOJISIET 3HAYUTEJBHO YIACIIEBUTh U YIPOCTHTH cOOp-
Ky JaHHBIX YCTpOWCTB. MHOIOYMCIEHHbBIE Open-
SOurce pemeHusl He TOJBKO IOMOTAIOT IPU CO3/1aHUuU
paznmuuHbix  DIY-KOMIIOHEHTOB ~ MHUKPOQIIIOUIHBIX
YCTaHOBOK, HO U MTO3BOJISIIOT HA X OCHOBE IMOCTPOUTH
MOJHBIA IUKI HAyYHBIX HCCIIEJOBaHUN, HauWHas
OT NPOECKTUPOBaHUA U ynpasiieHus MDY u 3akaHuu-
Bas aHAJIN30M IOJTYYEHHBIX JaHHBIX.

Ha ocHOBaHmm TPOBENEHHOTO JHUTEPATYPHOTO
aHaJM3a MOXKHO YTBEP)KIaTh, YTO B HAYYHOM COOO-
IIECTBE CYIIECTBYET OOJNBIION MHTEPEC K CO3JaHHIO
CaMOJIENIBHBIX YCTPONCTB AJISl IPUMEHEHHS B Ka4ecT-
Be uacTed MUKpOQIIOMIHBIX cucteM. Llenpto Ha-
cTosiel paboThI B ATOM CBSI3U SBISUIACH pa3padoTKa
U OLIEHKa TEXHWYECKMX BO3MOYKHOCTEH IOCTYIMHON
0 LEHE M NpocTOd B KOMIOHOBKE DIY-Mukpo-
¢GmronaHON yCTaHOBKHM, MpeAHA3HAUYCHHOHN Ui TeHe-
paluu Karesiab OJJMHAPHBIX U JIBOMHBIX AMYJIbCUI.

YCTPOMCTBO MUKPO®JIIOUIHOM
YCTAHOBKH

O0mas xapakTepucTHKA

Pazpaborannas M®Y cocTtouT u3 OBYX dHacTei:
CUCTEMBI IOJAYU JKUJIKHX KOMIIOHEHTOB U MHKPO-
(ITIOUIHBIX YUIIOB C Pa3IMYHON reoMeTpHel, B KOTO-
PBIX TPOMCXOOUT HENOCPEACTBEHHOE O0pa3oBaHUE
Karelb dMyJbcui. Bce KOMIOHEHTHI MUKPOQIIION-
HBIX YCTAHOBOK OBLIM cOOpaHBI caMoCTOATeNbHO. [Ipu
cOOpKe HCMONB30BAINCH MO0 TOTOBBIE NETalM, Ha-
XOJSIIKecs B MIMPOKOM JIOCTYIIE, TUOO AETaiH, Mpo-
W3BEJICHHBIE C HCIOJb30BaHMEM MeTonaa 3D-mevary.
YcTpoitcTBO MUKPODIIOUIHBIX YCTAHOBOK pa3iinya-
JIOCh B 3aBUCHMOCTH OT THIA (OAMHApHAs WIH JBOK-
Has) TEHEepPUPYEMBIX 3MYJbCcHi. Bo-mepBbIX, mpume-
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HSUTHCh MUKPOQIIIOUHBIC YHITBI C Pa3IUYHON KOHCT-
pykumei, kotopast OyJeT noJApoOHO ONMUCaHa B COOT-
BETCTBYIOIIEM paszfene. Bo-BTopwix, pasnnyanachk
peanm3anud CUCTEMbI IMOJAYUN KUJKUX KOMIIOHCHTOB.
Jns reHepanuu OJAMHAPHBIX AMYJILCUN HCIIOJIb30Ba-
Jlach CHCTEMa, COCTOSIIAs U3 JIBYX, a JJIs TeHepaluu
JIBOMHBIX 3MYJIbCUH — CHUCTEMa U3 TPEX IIIPHULIEBBIX
HACOCOB. YCTPOHCTBO M CIOCOO M3TrOTOBJICHUS Kak
HINPHLIEBBIX HACOCOB, TaK U MUKPOMIIOMIHBIX YUIIOB
OyIyT OJIpOOHO OTTMCAHBI HIKE.

CucremMa nmogaum ;KUAKHX KOMIIOHEHTOB

Kak yxe 0b110 0OTMeueHo, 1moaya KHIKAX KOMIIO-
HEHTOB OCYIIECTBISIACH C UCIIOIb30BAHUEM CHCTEMBI
MINPUIIEBBIX HacocoB. O0mIas cxema pa3paboTaHHBIX
HACOCOB NPEACTaBJICHA Ha puC. 1.

Mexanudeckast 9acTh HacOCa COCTOHUT U3 TPEX OC-
HOBHBIX 3JIEMEHTOB: JieBasg 1 U mpaBas 2 HENOJBUXK-
HBIE ONOpPHI U MOJABIKHAS YacTh — Kaperka 3. JlaH-
HBIC JIETajdd, a TakkKe OcHOBa 19 W IUTaCTHHEI IS

17 4 3 12

Puc. 1. O0mas cxema MImpuIeBoro Hacoca.

—_—

i —

KperuieHus: mmnpuua 12, 14 U3roToBIsSNIMCE METOAOM
3D-neyatn Ha npuntepe Ender-3 Pro u3 monmunakTu-
na. TpexmepHble MOJeNy ISl Te4aTh OBUIM CIIPOEK-
TUPOBAHBI MPU TOMOIIH OTKPHITOTO MPOTPAMMHOTO
npoxykra FreeCAD [34] Bepcun 0.19.

K neBoit omope 1 kpenuTcs mIaroBbId JBUTATEINb
17 ma getbipe Oonta M3x16 4. lllaroBerii aBUTaTEIH
gyepe3 Mydry 5 coeauHsiercss co mmuibkoit M5x200
6, KOTOpasi C MPOTHBOIIOJIOKHOW CTOPOHBI yACPKUBA-
eTCs B TIPaBOl OMOpe TNPH IMOMOIIM IIAPHKOBOTO
MOJIIIMITHAKA W 11aii0bl 7. BpalieHnue maroBoro J1Bu-
raTensl TepegaeTcs IMIMIbKe W TpeoOpasyercs Io-
CpPEICTBOM Taiiku 8 B MOCTyMAaTeIbHOE JBUXKCHUE Ka-
petku. [aiika 8 muoTHO (GUKCUPyETCS B yrilyOJaeHUU
KapeTKH, KaK IMOKa3aHO B YBEJIMYEHHOM MaciiTade
Ha BctaBke II puc. 1. Kaperka nnaBHo nepemernaercs
MO IUIIMHIPHYECKUM HAIPaBISIONMM 9 Ha JTHHEHHBIX
noammumauKax 10, pacnoyararomuxcs B CIICIUATLHBIX
BBIEMKaX.

13 11 14 = 15

B
©

1 — neBas omnopa; 2 — mpasas onopa; 3 — kapertka; 4 — 6ontel M3x16 n maiiosr; 5 — mydra; 6 —
urmuibka M5x%200; 7 — MOANIMITHUK IMAPUKOBBIA U IMaiiba; 8§ — raiika M5; 9 — nunuHapuYeckue
Hanpasistomue; 10 — moAmunHUK JuHerHbI; 11 — mmpui; 12, 14 — muacTuHbl IIs1 KperuieHust
mimpuna; 13, 15, 20 — Gontel M3x16, raiiku u maiiosr; 16 — raiiku M3 u maiios1; 17 — nraroBslit
BUTATENb; 18 — KOHIIEBOM BBIKIIOYATED; 19 — OCHOBA.

BceraBku: [ — kperieHne KOHIIEBOTO BRIKITIOUATe s K KapeTke, Il — ¢ukcanus raiiku 8 B kapeTke

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3
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Pe3pba, Hape3aHHas Ha 00OMX KOHIAX HAampas-
JSIFOIUX, [TO3BOJISIET 3aKPENMTh UX B JIEBOM M MPaBOM
omopax Ipu mnomomu Traek 16. ng mpunanus 607b-
IeH JKeCTKOCTH KOHCTPYKILIMH JIeBasi M IpaBasi OTIOPbI
KkpensTcst K ocHoBe 19 Gonramu 20. Xoa KapeTKu Or-
paHWYMBAET KOHIIEBOW BBIKIIOYATENh 18, ycTaHOB-
JICHHBIH Ha €€ HWKHEH uacTd, Kak H300pa)XeHo
Ha BcTaBke 1. )Knakue KOMIOHEHTH! OJAI0TCs B MUK-
pOdIIOMIHBI YMI W3 CTAHAAPTHBIX OJHOPA30BBIX
mmpuies 11. Ilnymxep oaHOpa3oBoro mimpuia Kpe-
MUTCS K KapeTKe IUIaCTUHOU 12, KoTopast npu:KuMaeT-
cs1 Oontamu 13, a uMIMHAP WNpHULA TUIACTUHON 14 n
Oontamu 15 k mpaBoii omope. Mcmonb3yemoe Kperuie-
HHUE TO3BOJSIET HAAEKHO 3a(UKCHPOBATH ILIPHUIIBI
pasmTUYHBIX 00beMOB (B paboTe MCIOIB30BAIUCH
mmpuisl oobemMom 1 u 5 m). Tloxoxwuit THIm KOHCT-
PYKIIMM peanu3yercsl B psJie paHee MpeacTaBIeHHbIX
open-source NpoeKTax LIIMPUIEBBIX HacocoB [14, 17,
21]. TlonHBIN COMCOK JieTaliel, UCIOJIb30BAHHBIX JIJIS
cOOpPKH MEXaHWYECKHX YacTeil HacoCOB, NMPHUBEACH B
[Mpunoxenun, tadn. I1. Coucok coctaBieH AJsl CUC-
TEMBI, COCTOSIIEH U3 TPeX IIPHUIIEBHIX HACOCOB.

Cucrema YupaBJjJeHUs IIAroBbIMM IBUTaTEJIAMU

OOBeMHBIN PacXo/ KUIAKUX KOMIIOHEHTOB pery-
JMPYETCs 38 CUET U3MEHEHUs CKOPOCTH IEePEMEIIECHUS
KapeTKH 3, KOTopasi B CBOIO O4Yepe/Ib 3aJaeTCs Bpallle-
HUEM maroBoro asuratens 17. B pabore ucronp3oBa-
JHMCh IIAroBble JABUTaTeny Tuna Nema, ynpaBieHHUe
KOTOPBIMH  OCYIIECTBIISIIIOCH TIOCPEICTBOM MHUKPO-
KOHTposiepHO# miatgopmsl Arduino Uno R3, ckom-
noHoBaHHOU ¢ tuiato pactmpenus CNC Shield Bep-
cun 3.0. Mcronb3yembie B paboTe IIaroBele JIBUTATE-
JIM COBEPIIAIOT OJMH MOJHBIN 000poT 3a 200 1maros,
9TO COOTBETCTBYET YTIOBOMY paspemieHuio B 1.8°.
VYrpaBisiomue UMIYIbChl TOAABAINCH HA IIArOBBIE
IBUTATEIN TP TIOMOIIM  JpaiBepOB  MOJENH
DRV8825, koTopble HO3BOJIIOT padOTaTh B PEKUME
MUKpolara. beuto BeIOpaHo apoOiieHHe miara, paBHOE
1/32, nns ycranosmeHus koToporo Ha tiatre CNC
Shield ¢urcupoBamuch HEOOXOIUMbBIC TMEPEMBIYKH.
ITporpamMmupoBanue miatel Arduino ocyIecTBisuIOCh
gyepe3 CBOOOJHO PacHpOCTpaHSEMbI NPOrpaMMHBIH
npoaykt Arduino IDE, moctym kK KOTOPOMY OTKPBIT
Ha oduIMaIbHOM caite mpousBoautens [35]. Oano-
BPEMEHHOE YTpaBJICHHWE TPEeMs IIaroBBIMH JIBUTATe-
MU OBUIO peajn30BaHO TPU MOMOIIH OMOIMOTEKH
AccelStepper [36]. 3arpy3ka koaa (CkeT4a) Ha IUIaTy
ocymectBisiercs depe3 USB-kabenb, coenuHseMbIi
C MEPCOHANTBbHBIM KOMITbIOTepoM. [yl muTaHus Bcer
CHCTEMBI HCIOB30BANICSA OJOK MUTAHUS MOIIHOCTHIO
90 Bt (19 B, 4.74 A), noakitouaeMblii K I1aTe dyepes
CTaHAAPTHEIN pazbeM 5.5%2.5 mm. [lonHEIN IepedeHb
3JIEKTPOHHBIX KOMIIOHEHTOB, MCIIOJIb30BAaHHBIX B JaH-
HOH pabote, Takke npuseeH B [Ipunoxennu, Tadm. I1.

KoncTpykums MUKpoQIIOMIHBIX YUIIOB

Mukpodionansle Yunbl Uis GopMUpOBaHUS Ka-
nenb onuHapHeIX (M®Y 1 u 2) u aBoitaeix (MOY 3)
IMYJIBCHH OBUTH CKOHCTPYHPOBAHBI B IBYX T€OMETPH-
X, W300paKEHHBIX Ha puUC. 2, a, O, KOTOpble MOTYT
OBITH JIETKO TIpe0Opa3oBaHbl OJHA B APYTYIO.

Ha puc. 2, B, npuBeneHa cxemMa y4acTKOB (OpMH-
poBaHHUA Kamelnb (y3J0B) ¢ yKa3aHHEM OCHOBHBIX pa3-
MEpPOB, YHCIICHHBIE 3HAYEHUSI KOTOPBIX MPEACTABICHBI
B TaOiu. 1. PacnonoxkeHue JaHHBIX Y4aCTKOB OTMeEUe-
HO NyHKTHPHBIMU OKPY>KHOCTSIMM Ha pucC.2, a u 0.
M®Y 3 umeer nBe 30HBI (POPMHUPOBAHHUS Kareib:
B mepBoil (y3enm 1) mpomcxoaut oOpasoBaHHE sapa
KOMITO3UTHOM KaIljii, BO BTOPOH (y3en 2) reHepupyeTcs
KaruIs IEeTNKOM.

B Hacrosmeit pabore pasBuBasiach HUies HCIOJIb-
30BaHUsl OOIIEAOCTYITHBIX KOMIIOHCHTOB JUIsl COOPKHU
M®U, npennaraemas paHee B psae myonukanuii [32,
33]. [Ipu U3roTOBICHUM YUIOB OBUIM HMCIOJIB30BAHBI
T-00pa3Hble MEPEXOJHUKH, KOTOPHIE MPHUMEHSIIHCH
B KayecTBe Koprnyca M®Y, u Urnsel ¢ TyNbIMU HAKO-
HEYHWKAMH, U3 KOTOPBIX CTPOMJIACH CHCTEMa MHKPO-
KaHaJOB. B 4nIax MCHOIb30BAUCH TOJIBKO METAIUIH-
YecKre HaKOHEYHHUKH WIJI, KOTOpBIE MPEIBAPUTEIHHO
M3BJIEKATNCh U3 MX IJIACTHKOBOH TOJOBKH. Ba)xHbIM
MPEUMYIIECTBOM KOHCTPYKLIUU JAHHBIX CHCTEM SBIIS-
€TCs JIETKOCTh KOMIIOHOBKH COCTaBHBIX 4acTed, 4TO
MO3BOJIAET MPH HEOOXOAUMOCTH MPOBOJAUTH UX 3aMe-
Hy, a TaKkKe pa30opKy C MeJbi0 OYHCTKH. JlomomHn-
TenbHONH 00pabOTKM BHYTPEHHHMX MOBEPXHOCTEH Ha-
KOHEYHUKOB WIJ C IeJbI0 U3MEHEHHUS MX CMadrBae-
MOCTH HUCIIOJb3YEeMbIMH B paboTe >KUAKOCTSIMU HE
MPOU3BOAMIOCE. T-00pa3Hble TMEpeXOAHUKU OBLIH
BBITIOJTHEHBI W3 TOJMATWICHA W WMENN BHYTPEHHHUN
nuametp (D, Ha puc. 2, B), paBHbIif 2.5 MM. Ilogaua
HenpepsIBHOHW (a3sl 1 ocymiecTBiIsIeTcsl 4epe3 BEepTH-
KaJbHBI KaHall T-00pa3HOro MepexoJHHKa 2 ¢ 00b-
eMHBIM pacxoaoM (J,,. C omHOI CTOPOHBI TOPHU30H-
TAJIBHOTO KaHaja NP MOMOIIY PE3MHOBOTO (pukcaTo-
pa 3, KOTOpBIH TapaHTHPYET TE€PMETUYHOCTH Y37a,
COOCHO KaHally yCTaHaBIMBAETCS MINa 4, uepe3 KOTo-
PYIO OCYIIECTBIISICTCS IOJaya JUCICPCHOM (a3bl S
¢ o0semMHBIM pacxogoM ;. C NPOTHUBOMOIOKHOMN
CTOPOHBI TOPU30HTAIBHOIO KaHajla TaKXe MpH MTOMO-
mw ¢puKcaTopa 7 COOCHO TEpPBOM HWrje yCTaHaBIIMBa-
eTcs BTopas urna 6. Mrna 4 BHeapsieTcss BHyTpb MIJIBI
6 Ha paccrostaue 4 = 0.7 MM, KOTOpOe yCTaHaBIIMBa-
JIOCh TIOJI MUKPOCKOTIOM.

[Nomaya mucnepcHoO U HENMPEPBIBHOH (a3 ocylie-
CTBIIETCS MPH TIOMOIIM IIMPHUIIEBBIX HACOCOB, IMOJ-
KIIO4YeHHbIX K M®U uepe3 CUIMKOHOBBIE LUIAHTU
¢ BHyTpeHHUM auameTrpoMm 2.0 mMm. C menpio Bapbu-
pOBaHMs pPa3MEpOB MOJIy4aeMbIX Kamelb ObuIM HC-
MOJIb30BAaHBl ~ WIJIBI C pa3jIMYHBIMA BHYTPEHHHUMH
nuamerpamu. i mopmaum nucnepcHoi ¢asbl Oblia
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Puc. 2. KoHcTpyKius MUKPOQUTIOUIHBIX YHTIOB.

a— M®Y s popMupoBaHUs Kaedb OJUHAPHBIX AIMYJIbCHIA;

6 — M®Y ans hopmupoBaHus Karenb ABOHHBIX IMYIIbCHHA;

B — CX€Ma y4acTKa TeHEpalliy Kamelns (y3/1a) ¢ yKa3aHHEeM OCHOBHBIX Pa3MEpOB (BBIICICHBI ITyHKTUPHBIME OKPY>KHOCTSI-
MU Ha a u 0): D| — BHYTpEeHHHI nuameTp Kopmyca T-o0pa3Horo nepexomunka; D,, D; — BHYTPEHHUH AHaMETp MEHbBIICH
1 OOJIBIIEH UIITBI yJacTKa TeHEepaK Karelb COOTBETCTBEHHO; d, d; — TOJIIMHA CTEHKH MEHBIICH 1 OOJIbIIeH NIl i —
paccTosiHHE MEX/y KOHIIAMH WIJ;

0, — obbeMHBIN pacxon aucnepcHoi ¢assl; Oy, O — 0OBEMHBIE PACX0/Ibl IEPBOM M BTOPOH AWCIEPCHBIX (a3 1uis ciry-
Yasi IBOMHBIX AMYJIbCHH; ,, — 00BEMHBIH Pacxo]i MaTPHIIBL;

1 — HemnpepbiBHas (aza, 2 — BepTUKAIBHBIA KaHAI IepexoiHuKa, 3 — QukcaTop, 4 — uria, 5 — nucnepcHas ¢dasza, 6 —
uria, 7 — ¢ukcarop, 8 — T-00pa3HsbIii nepexoaHuk, 9, 10 — uribl, 11 — ¢ukcarop, 12 — BepTHUKaNbHBIN KaHAI BTOPOTO
nepexoaHuka, 13 — HenpepbiBHas (asa, 14 — urna, 15 — ¢ukcarop

Tab.. 1. OcHOBHEIE pa3Mephl 00JIaCTH TeHEePAIUy Kalellb MUKPO(IIIONIHBIX YCTPOUCTB, N300pakeHHOM Ha puC. 2, B

Tapaverp Pasmepsl, MM R

oonactn MeH M@ 2 VY3en 1 Y3en 2
D, 2.5 2.5 2.5 2.5
D, 0.210 0.210 0.210 0.603
D; 1.194 0.603 0.603 1.194
a, 0.100 0.100 0.100 0.150
a 0.230 0.150 0.150 0.230
h 0.7 0.7 0.7 0.7
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BbIOpaHa uria xanuopa 27G ¢ BHYTpEHHUM JHaMeET-
poMm (D,) 210 mMxm. Iy urasl 6 MCIIONB30BaINCh Ka-
mubpsl 16G u 20G ¢ BHYTpeHHUMH nuameTpamu (D;)
1194 mxm (M®Y 1) u 603 Mmxm (MDY 2).

M®UY 3 mpencrasnser codorr MOY 2, ckommoHo-
BaHHBIM mocpencTBoM ¢uxcaropa 11 co Bropeim T-
oOpa3usIM TiepexomHukoM 12. B ¢ukcaTop coocHo
TOPU30HTANBHBIM KaHallaM NMepexXoqHUKOB 8 u 12 u Ha
OJIHOM YPOBHE C TIEPBOM UTIION 9 BCTaBIsIETCS BTOpast
urna 10. Yepes urny 9 nogaercst neppasi [ucrepcHast
¢a3a ¢ o0beMHBIM pacxonoM Oy, a BTOpasi AUCIEpC-
Has (a3a depe3 BePTUKAIbHBIA KaHa NepexoIHuKa §
¢ o0beMHBIM pacxoioM (Op. Uepe3 BepTHKAIbHBIN
KaHai BToporo T-o0pa3HOro mepexoiHHKa ITOJaeTCs
TPEeThs KUAKOCTh 13, KoTopas B JaHHOM ciy4dae Oy-
JIeT SBIATHCS HeENpepbiBHOU (azoit (0,). Obpazoa-
HHE KOMIIO3UTHBIX Kalejlb MPOUCXOIUT HAa BBIXOAE
u3 urasl 10, KoTopast COOCHO BBEZICHA BHYTPb TPEThEH
urnel 14 (y3en 2). Urna 14 Taxke ¢pukcupyeTcs B 1ie-
pexogHuke 12 mocpeacTBOM PEe3MHOBOTO (HKcaTopa
15. st urn 9, 10 u 14 Obutt BEIOpanb! Kamuopsl 27G,
20G n 16G cOOTBETCTBEHHO.

KNJAKUE MTHI'PEAJUEHTBI,
HNCIIOJIb3YEMBIE B PABOTE

B pabore ¢ wucnonp3oBaHMeM pa3pabOTaHHBIX
M®Y Obu MOTY4YEeHBI OJMHAPHBIC THIIA BOJA-B-
Macje W JBOWHBIC THIIA BOJa-B-Mmaciie-B-Bojae (B;-M-
B,) crabunu3upoBaHHBIE 3MYJIbCHH. B ciydae omu-
HapHBIX IMYJIbCHH B KadeCTBE HEMPEPHIBHOW (a3l
HCITOJIB30BAJIOCH BazenmuHoBoe Maciio (BM, OOO
"HOx®apMm"), B KauecTBe AMCHEPCHOHN (a3pl — Jc-
TWTUpOBaHHas Boja. st crabunmmzanuu smysbcHid
B HelpepbiBHYIO a3y BM BBOAMIOCH HEMOHOTCHHOE
MMOBEPXHOCTHO-aKTHBHOE BEIIECTBO — COPOUTAaHMO-
Hoosear (Span 80, 'OCT 32770-2014) B konudecTBe
7 macc.%.

JBoiinas smynbcus B;-M-B, npencraenser coboit
KOMITO3UTHBIE KaIlIk, COCTOSIIUE U3 MacisiHOU (asbl,
B KOTOpPOW AMCIIEPTUPOBAHBI KalUTM BOABI (TIepBas

BonHas (aza, Bi), KOTOpbIE B CBOIO OUepeb OKpYKe-
HBI HEMPEPHIBHON BOMHOW (a3o, sBIsIIOLICHCS MaT-
purieii (Bropas BogHas daza, B,) (cm. Hke Tectupo-
BaHHEC MHUKPOQUIIOUIHON YCTaHOBKH, puc. 7, 0-T).
B xadectBe (ha3wr B ObuTa BEIOpaHa AUCTHIUIHMPOBAH-
Has BOJa, KOTOpasi MOJKPAaIINBaIack HEOOIBIINM KO-
JTUYIECTBOM BOJIOPACTBOPUMOTO KPACHUTEINS IS CO37a-
HUSl KOHTpacTa MPU MUKPOCKOIMYECKHX HCCIIEA0Ba-
HUAX ~ MOpQoJoruu  (GOPMHUPYEMOH  IMYJIbCHH.
B kauectBe MmacnsHOW (haszbl wmcronb3oBanock BM
¢ nob6asnenuem 7 macc.% Span 80. Bropas BomHas
¢daza B, mpencrasiszia pacTBOp IOJUBHHUIOBOTO
cnupta (IIBC, TOCT 10779-88) B Bone. Coneprkanue
[IBC B pactBope cocrasmsuio 7 macc.%. s o6o3Ha-
YeHUS BCEX BEJIIMYMH, OTHOCAIMXCcA K ¢asze B;, koro-
pas sBIseTCS MEepBOM aucnepcHon (a3oil B ABOWHOU
9MyJbCcUH, OyIeT HUCIOJIb30BaThCs HMHAEKC dl, s
MacisTHOH (a3bl, SBISIOUICHCS BTOPOH IUCIIEPCHOM
(azoit, — uHACKC d2, IUII MaTPULILI — HHJEKC M (CM.
puc. 2).

XapakTepuCTHKA TPUMEHSEMBIX B PaboTe >KHAKO-
CTel mpuBeeHb! B Ta0M. 2. 3HauCHUsI MOBEPXHOCTHOTO
HATSHKEHUS (), TMHAMHYECKOW BSI3KOCTH (#) W TUIOTHO-
ctu (p) ans Bomwl mpu Temreparype 25 °C B3ATHI
u3 nmurepatypsl [37]. [loBepXHOCTHBIC HATSXKEHUS IS
pactBopoB (BM + 7 macc.% Span 80) u (Boma+
+ 7 macc.% [IBC), a Takke MexQa3Hble HATKECHUS
(y12) B cucremax Boma/(BM + 7 macc.% Span 80)
u (Boma + 7 macc.% [IBC)/(BM + 7 macc.% Span 80)
OBUTH OTIpENIeIeHbI C HWCIIOJIF30BaHUEM METOJa BHCS-
mel xammu Ha ronuometpe JIK-1 (OOO "HIIK Ort-
kpeitas Hayka", Poccusi). [InoTHOCTH pacTBOpOB OII-
penensanack MUKHOMETPUUECKHM MeTonoM. JluHamu-
4yeckasi BSI3KOCTb u3Mepsutack Ha npudope HAAKE
Rheostress 1 (Thermo Scientific, CIIIA). Bce Benn-
YHHBI U3MeEPSIHCH Tpu Temnepatype 23.0 +0.5 °C.

B Tabum. 2 Taxke nmpuBeeHBl 3HAYCHUS TUIOTHOCTH
JUI YUCTOTO Ba3elIMHOBOTO Macia, HCHOJIb3yEMOIo
B paboTe Ui OCYLIECTBIEHHUS NPOIEIyphl T'pagyH-
POBKH IIITPULIEBBIX HACOCOB.

Taodua. 2. XapakTepuCTHKH UCTIONIB3yEMBIX B paboTe KUIKOCTEeH

XapakTepucTUKU Bazenunosoe Bona BazenunoBoe Boga + 7 macc.%
Macio Mmacio + 7 macc.% IIBC
Span80
Bsizkocts quH. 7, Ilac - 0.891-103 0.084 0.145
[ToBepxH. HaTsIK. ¥, MH/M — 71.97 28.91 54.53
MexxdaszHoe HaTsIK. Y1, MH/M — 3.84 | 4.07
I110THOCTS p, KI/M’ 846.0 997.1 | 852.5 \ 1025.7
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TECTUPOBAHUE HIITPUIIEBBIX HACOCOB

Kak Obuto yka3zaHo paHee, OOBEMHBIH pPacxon
KUAKAX KOMIIOHCHTOB BapbHPYETCS IMOCPEICTBOM
W3MEHEHUSI CKOPOCTH BpAlLCHUs IIAaroBBIX JIBUraTe-
neii. Ha mepBom atane paboThl MPOBOAMIIKCH TpOIIe-
Iypel TPagyWpPOBKH H TIOCIEAYIOMEH KaINOPOBKU
LIIPULEBBIX HACOCOB. JJist 3TOW L€ YacTOThI 1MOj1a-
Y1 yIPABISIONIMX UMITYJIBCOB HA IIATOBBIC TBUTATEIIH
COIOCTABIISINCH C OOBEMHBIMH PaCcXOJaMHU KUIAKOCTH

(Q, mx/mun). [ onpeneneHust 00beMHOTO pacxona
py HEM3MECHHON CKOPOCTHU BpAIICHUS JIBUTATENs
B TeueHue 15 MUH ¢ uHTEpBajIOM B 1 MHUH IpOBOAU-
JIUCh OTOOP M TMOCJEIYIONICE B3BEIIMBAHUC KHJIKOCTH,
BBIIABJICHHON M3 WImpHia. [pagydpoBKa OCYILIECT-
BJSUIACh C HCIIOJb30BAHHMEM IINPUIIA O0BEMOM S5 MIL
OO0pa3Irel JKUIKOCTH B3BEIINBAIIUCH HA JJIEKTPOHHBIX
Becax Adventurer AR2140 (Ohaus, CIIIA) ¢ TouHO-
ctpio 0.1 mMr. UroOBl TpemoTBpaTUTh MOTEPI0 YACTH

Ta6u1. 3. Pe3ynbTaThl TECTUPOBAHMSI MINPHULIEBBIX HACOCOB

— s
a, umn, /o . MKJSI:/H/IH . e GO % | 000 % | %
npun 5 mn
70 63.4 63.3 0.5 0.1 0.45 0.18 0.82
100 90.6 90.4 0.6 0.2 0.37 0.28 0.67
200 181.1 180.8 1.1 0.3 0.33 0.16 0.59
300 271.7 271.3 1.3 0.3 0.27 0.13 0.49
400 362.3 361.9 2.3 0.6 0.35 0.12 0.62
500 452.9 453.8 2.4 0.6 0.30 -0.22 0.54
600 543.4 542.4 2.6 0.7 0.26 0.19 0.47
700 634.0 634.8 3.1 0.8 0.27 -0.12 0.49
800 724.6 723.3 3.7 1.0 0.28 0.18 0.51
1000 905.7 905.2 33 0.6 0.13 0.06 0.36
1200 1086.9 1084.9 5.2 1.3 0.26 0.18 0.48
1500 1358.6 1361.1 8.1 2.1 0.33 -0.18 0.60
2000 1811.4 1815.0 7.7 2.0 0.24 -0.20 0.43
3000 27171 2721.3 10.8 2.8 0.22 -0.15 0.40
4000 3622.9 3628.5 18.4 4.7 0.28 —0.15 0.51
5000 4528.6 4525.5 16.3 4.2 0.20 0.07 0.36
6000 5434.3 5430.1 24.9 6.4 0.25 0.08 0.46
Hmpur 1 mn
239.6
200 23.9 (24.0) 1.7 0.6 0.57 0.69
359.0
300 35.8 (35.9) 2.0 0.7 0.45 B 0.54
477.3
400 47.7 (44.7) 2.5 0.9 0.44 0.53
596.7
500 59.7 (59.7) 3.1 1.1 0.43 0.52
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10 M. A. TIOJIJIYIIIOB

JKUIKOCTH B pe3yJbTaTe €€ UCHapeHus, i TpanyH-
POBKHM OBIJIO BRIOpPaHO Ba3enWHOBOE Macio. Haiinen-
HBI OMHMCAaHHBIM 00pa3oM MAacCOBBIM PACXOd KHIKO-
CTH TIEPECUHUTHIBAICA C WCIOJIB30BAaHHEM IMpeaBapu-
TENbHO M3MEPEHHOTr0 3HadeHMs IuoTHocTH BM (cm.
Tabm. 2) B 00BEeMHEIN pacxoi. I sKCIIepuMeHTaTb-
HBIX [JaHHBIX, IOJY4YEHHBIX B XOJA€ TECTUPOBAHUS
MIMPUIIEBBIX HACOCOB, BBIMOJHSIACH CTaHAApTHAS
mporeaypa ux craructudeckoit odpadorku (I'OCT
P 8.736-2011) ¢ pacuerom cpeqHux apu(pMeTHIecKux

3HadeHnid (), CpeNHUX KBaIpPaTHUYECKUX OTKIIOHE-
Huit  (S), CcpemHMX KBaJAPATHYECKUX OTKIOHCHHH
CcpenHuX apu(METHUCCKUX (SQ ), OTHOCHTEIBHBIX

orkioHeHudn (6Q); (npu KOJIMYECTBE HU3MEPEHUH
n =15, noBeputensHoOii BeposTHOCTH p = 0.95) 1 Ko-

sddunmentos Bapuanmu (¢, =S /Q). IomyueHHsle

pe3yJbTaThl IPEICTaBICHbI B Ta0I. 3.

Junsg mmpuna o6beMoM 1 Mit mpu BEIOpaHHBIX Yac-
TOTax YNPaBIAIOMUX HMITYyJIbCOB BbIABIMBAETCA
OYeHb MaJio€ JJIsl B3BEIIMBAHWS KOJIWYECTBO JKHIKO-
ctu (oxomo 0.01 r), YTO NPHUBOAUT K MOSABJICHUIO
0ONBIINX MOTPEIIHOCTEH M3MEpPEHHs, TOITOMY OIpe-

JACJICHUEC BCIINYMHBI Q 10 OIIMCAHHOM BHIIIIE METOOH-

K€ He OCYyLIEeCTBIUIOCh. [l JaHHOTO MImpHna oToop
U JaJIbHEHIIee B3BENINBaHNE BBIIABICHHOMN JKUJIKOCTH
npoBoanin 8 pa3 ¢ uarepBasiiom 10 muH. Ilocne 3toro
paccuuThIBajCs 00BEMHBIN pacxox 3a 10 muH, U m0-
JydyeHHOE 3HaueHue Jenuinock Ha 10 1y ompenene-

HUs O 3a omHYy MHUHYTY. B Tabn. 3 mpuBenensl o6a

3HaUCHUs OOBEMHOTO pacxojia, MPHU OTOM PacXoi
3a MUHYTY YKa3aH B CKOOKax.

JomoaHuTEeNnbHO 711 000X IIMIPUIIOB ObUTA Haii-
JIEHBl TEOpPETHUYECKHE 3HAYCHHS OOBEMHOT0 pacxoia
xkunkoctelt Q. 3HaueHue (J; PaCCUMTHIBAJIOCH ClIe-
nyromuM  criocobom. IlepBoHadanbHO BBIYHCISIIACH
YTJI0Basi CKOPOCTh BPalICHUs HCIIOIb3YEMBIX B padoTe
IIarOBBIX JABHUTATENeH, C YIeTOM pearn3yeMoro apood-
JeHus 1mara, papHoro 1/32, mo ¢opmyire

a [I/IMH./C] -360°
B=————-——=0.05625-a[rpan/c]|,
200[uar.]-32

T7e 0. — 9acToTa TMOJA4M YIPABJISIONIAX UMITYJIECOB
Ha JBUTATEIb, 3aJjaBaeMas MMPOrpaMMHO, YTO SKBUBA-
JICHTHO KOJIMYECTBY IIIaroB, COBEPIIAEMBIX JIBUTATE-
JeM B cekyHay. IIoCKOJBKY HBHTaTelbh COBEPIIACT
OIMH TOJHBINA 0060poT 3a 200 maroB, B BBIPRKEHUHU
nosiBiisiercst ko3 dunuent 360/200.

3aTeM paccuuThIBaJIach JIMHEHHAsE CKOPOCTh X Ka-
PETKU. YUMTBIBasl, YTO IIAr Pe3bObl HIMHIBLKA PaBEeH
0.8 MM, KapeTka, TOJKaroIas IUIYH)XXep INIPHIIa,
3a CYET IMOBOPOTA BaJia IBUTATENS C YIJIOBOW CKOPO-
CThIO B, TpuoOpeTaeT TUHEHHYI CKOPOCTh, PAaBHYIO

B B[rpaz[/c]-O.S[MM]
- 360°

OKOHYATeNbHO [UII TEOPETUYECKOro 00BEMHOTO
pacxojia JKUJAKOCTH 3a OJHY MUHYTY IOJIy4aeM BbIpa-
KEHUE

X

=1.25-10" -a[MM/c].

0, =S|:MM2]'X[MM/C]~60=
=7.5-10" 'S'a[MM3/MI/IH:|,

riae s — IMolepeyHas IUIOWalb UUJIMHApa IIIpULa,
KOTOpasl BBIYUCIAETCS KaK IUIOMAAb Kpyra:

=T ]

BuyTpennuii quaMeTp d HWIMHIpA MINPULIA paBEeH
4.5 u 12.4 mm ans mmpuiioB o0bemoM 1 1 5 Mt coot-
BETCTBEHHO.

OTKIIOHEHHE CpeJHHUX 3HAYCHUH OOBEMHOro pac-
X0Za OT TEOPETHYECKUX OLEHHMBAIOCH NPH HOMOILIH
BEJIMYMHBI OTHOCHUTEJBHOHN morpemHoctd (00),, KO-
TOpasi MOXKET CIY>KUTh MEPON CUCTEMATHUYECKON II0-
rpemwHocTH. 3HaueHuss O u (6Q),, HalAeHHBIE IUIA
BCEX HCIOJIB3YEMbIX B pabOTe CKOPOCTEH MoJaun M-
MyJIbCOB, IPUBEACHBI B Ta0. 3.

Kak BuaHO 13 370 Tabm. 3, UCMONB30BaHUE B yCTa-
HOBKE LINpPUIa 00BEMOM 5 MJI TIO3BOJISIET BapbUPOBATh
O00BEMHBIN Pacxo] JKUIKOCTH B JOBOJBHO IIHPOKOM
WHTEpBaJIe MPUMEPHO OT 65 MKI/MUH 10 5.4 Mi/MuH.
Bennuuna cay4allHOM IIOTPEIIHOCTH, OLICHMBAaeMas
KO3 UIIMEHTOM BapHanny, i OOJBIIMHCTBA CKO-
pocreit He npesbimaet 0.7%, B TO BpeMs KakK OTKIIO-
HEHHE CpeJHHX 3HauyeHH O0BEMHOro pacxoja
OT TeopeTudeckux He mpesbimaet 0.3%, 4To He ycTy-
MaeT XapaKTepHUCTHUKaM MIMPUIEBBIX HACOCOB, KOTO-
peie ObuTM pa3paboTaHbl JPYTHMH aBTOPAaMH, a TaKKe
MIPOMBIIIUIEHHO BBINYCKaeMbIX aHanoros [14]. Ilpu
HEOOXOAMMOCTH OOBEMHBIN PAcX0/l KHUIKOCTH MOXKHO
JIETKO CHU3UTH JINOO YBEIMYHUTb, MCIIOJNB3Ys IITPHUI]
MEHBILET0 WIN OONbIIero 00beMa COOTBETCTBEHHO.
Hanpumep, ucnons3oBanue mmpuna oobemom 1 mi,
KaK TI0Ka3aHo B Ta0j. 3, MO3BOIMIIO YMEHBIIUTH 00b-
eMHBIN pacxon 110 24.0 MKJI/MUH, IPH 3TOM K03 hu-
LMEHTHI BapUallii COXPAHIIOTCS Ha MPEXKHEM YPOBHE.

TECTUPOBAHUE MUKPO®JTIIOUTHOM
YCTAHOBKHA

I'eHepanusi 0OAMHAPHBIX IMYJIbCHIT

OObmias  cxema MHUKPOQIIOUIHOW  YCTaHOBKH,
MpeIHa3HAYeHHOW I TeHepalud  OJWHApPHBIX
SMynbcuil (puc. 3), COCTOUT U3 ABYX LINMPHLEBBIX Ha-
COCOB, TOJKIIOYEHHBIX ITOCPEICTBOM CHIMKOHOBBIX
LUTAHTOB K MHKPO(IIIONIHOMY YHITy C T€OMETpHEr
nepsoro tuna (M®Y 1 u M®Y 2). B nanHoil wactu
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Puc. 3. OOmas cxema MHUKPOQUIIOWIHON yCTAaHOBKH
JUIA TCHEpaAU OJJMHAPHBIX 3MyJ'[I:.CPII>i

paboThI OBUTO MCCIIEAOBAHO BIHSIHAE 0OBEMHOTO pac-
xoaa Matpunsl (Q,,) u aucnepcHoit dassl (Q,) Ha pas-
Mep Kamellb SMYJbCHH, a TaKKe H3y4YeHa CTaOHIIb-
HOCTB TIOJIy4EHHUS Karedh MyTeM OICHKH K03(Quim-
eHTa Bapuauuu Uil ux guaMeTpoB. C 3TOH LeNbio
OMYJIIBCHSI COOMpaach B CTEKISTHHYIO €MKOCTh, ITOCIIE
Yero MpOBOJIWIIOCH €€ MHKPOCKOIMYECKOE HCCIEN0-
BaHHE C HCIOJh30BAHHEM OINTHYECKOTO MHKPOCKOIA
MUP-2 (JIOMO, Poccus), coemuHeHHOTO ¢ 1U(ppO-
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BOW oKynsipHoW kamepoil Levenhuk momenmn C130,
nonkiroyaemoii uepe3 USB kabenb k KOMIBIOTEPY,
YTO TO3BOJISUIO BRIBOAWTH M300pakeHHE HETOCPECT-
BEHHO Ha 3KpaH MoHHTopa. Jns kaxkaoro obOpasmna
OMYJIbCUH aHATM3UPOBATIOCh mopsnka 80 kamens. Orm-
pedeNeHre CpeIHUX TUaMEeTPOB Karellb MPOBOJUIOCH
¢ UcrnoJsib30BanmeM nporpammsl Fiji [38].

Ha puc. 4 npeacraBieHbl 3aBUCHMOCTH CPEIHHX
JIMaMETPOB Karellb SMYJIbCHI OT 00BEMHBIX PACXO0I0B
MaTpullel U gucnepcHor ¢azel g MOY 1 u 2
BO BCEM HCCIIEAYEMOM HHTEpBajie 0OBEMHBIX Pacxo-
nmoB. Ha maHHBIX muarpamMmax pasMep Kpy>KKOB COOT-

BETCTBYET JMaMeTpaM TEHEPUPYEMBIX  Karleb.
Hqma M®Y 1 Q, BapsupoBajici B HHTEpBaIC
or 633 mxi/mun g0 5430.1 wmkin/mMuH, O —

ot 63.3 mxi/mMuH 10 361.9 Mxi/mus. s MOY 2 0,
BapbupoBaiics ot 180.8 mxn/mun g0 1361.1 Mki1/muH,
O, — ot 24.0 mxi/muH 1o 180.8 mkii/muH. Kak BugHO
U3 NPUBEACHHBIX TUAarpaMM, ¢ UCIOJIb30BAaHUEM DPa3-
paboTaHHBIX MUKPOMIIOMIHBIX YUIIOB YAAJIOCh MOJY-
Yyath Kalli B I[IMPOKOM JMana3oHe JHaMETpPOB
o1 1200 go 156 MxMm.

B kauecTBe mpumepa Ha pHUC. 5 TPENCTABICHEI
MHUKpodoTorpaduu 3MyJIbCHHA, MOJyYCHHBIE IPH I10-
MO MHUKpODIIOUIHBIX yunoB 1 (6-r, u) u 2 (1-3)
IpPU Pa3In4HBIX OTHOLICHUSX OOBEMHBIX PacxoloB
q= 0w/ Q4 Ansa MOY 1 g pasna 2.0 (u), 3.0 (6), 50.3
(B) 1 60.4 (1), s MOY 2 — 2.9 (n), 5.0 (k, 3) m 22.6

(©).
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Puc. 4. 3aBUCHMOCTB CPEHETO AUAMETpa Kareib BOAbI d B 3Myibcusx Boja / (BM + 7 macc.% Span) oT 00beMHOTO
pacxona aucniepcHo# ¢aser Oy u dazsl Mmatpuisl O, s MOY 1 (a) u MDY 2 (6)
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Puc. 5. Mukpodororpadun oIuHApHBIX 3MYJIbCHI, TOTYYEHHBIX ¢ Hcroiabp3oBanneM MPU 1 u MDY 2 no cxeme (a) npu
Pa3IMuHBIX 00BEMHBIX pacxojax MaTpuisl O, U qucnepcHoi ¢assl Q..

M®Y 1: (6) — O, = 90.4 mxn/mun, Q,, = 271.3 mxin/mun; (B) — Q, = 90.4 Mxn/mun, Q,, = 4525.5 mxn/mus; (r) — Q, =
=90.4 mxa/muH, Q,,= 5430.1 mxn/mun; (u) — Oy = 361.9 mxa/muH, Q,,= 723.3 MKI/MUH;

M®Y 2: (1) — Q; = 63.3 mxi/muH, O, = 180.8 mxn/mun; (e) — Q, = 24.0 mxi/muH, O, = 542.1 mxn/muH; (K), (3) —

0, = 180.8 mxn/muH, Q,,= 905.2 MKI/MHH.

Macmrabnas nuaetika s (3) — 250 MM, Ha ocTambHBIX — 500 MKM

CreneHb OUCTIEPCHOCTH Karllellb MPH 3TOM MOXKET
CWJIBHO BapbHUPOBATHCS B 3aBHUCHMOCTH OT BEJIWYHHBI
On u Qu Hag M®Y 1 Bmojote 10 3HAYEHUH
0,=271.3 MKI/MUH ¥ BO BCEM HCCICIOBAHHOM WH-
TepBaie O, Ko3(p(UIMEHT BapHallMi HE TPEBBIIIACT
1.9%, 49TO0, B 9acCTHOCTH, NEMOHCTPHUPYIOT MHUKPO(O-
torpa¢um, TpuUBeleHHbIE Ha puc. 5, 6-r. Ilpu Q,
BhIie 271.3 MKI/MUH NPOUCXOJUT yBEIMYCHUE CTE-
TIEHH TIOJIHTUCTIEPCHOCTH TeHEPUPYEMBIX Kallelb, TakK,
st Oy =361.5 MKJI/MUH ¢, U3MEHSCTCSI B UHTEPBAJIC
or 62% (mit Q,=9052 wxr/mMuH) 10 9.8%
(g O, = 1360 Mxn1/MUH).

Wuaue o6crout nemno ¢ MDY 2. Tlpu Beex UCOIb-
3yromuxcst B pabore 3HaueHUsX (O, U 3HadeHUsx O,
HUKe 634.8 MKI/MUH HaOJIOJAICS IMPOLIECC TeHepa-
UM OJTHOPOJIHBIX Karellb SMYJIbCHH, JUIS KOTOPBIX C,
obu1 Hrxke 2.0% (cM. puc. 5, a, e). [Ipesbimenne Q,,
BETUYIUHBI 634.8 MKJI/MHH TPUBOIUT K TIOSIBJICHHIO
Kamellb C MalbIMH AMamerpamMu B HHTepBaie 10—
40 MKM, KaK ITOKa3aHO Ha pHC. 5, XK, U B YBEIUYCHHOM
Macmrade Ha puc. 5, 3. [lomydeHHbIE pe3yabTaThl MO-
I'YT OBITh OOBSCHEHBI CMEHOW PEXUMOB (HOpPMUPOBA-
HUsl Kanenb ¢ Kamamomiero (dripping) Ha cTpyHHBINA
(jetting) mpW MpPEBBILICHWHW KPUTHUYECKUX 3HAUCHHUN
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00BEMHBIX PACXOJI0B MATPHLBI MM JUCIIEPCHOM (a-
3bl. B KauecTBe KpUTEPHEB, OMPEICIAIONINX TPAHHUIIBI
PEXUMOB, OBUIO TIPEIUIOKEHO [39] ms MaTpHUIBI UC-
MOJBb30BaTh KanmmuiapHoe 4ucino Ca, =y, Uy | 12
(#,, — BA3KOCTH MATPHIIBI, U,, — CKOPOCTH MaTPHIIBI),
s aucnepcHoit  ¢aser —  umcino  BebGepa
We, =p dDzuj / 7, (ps — IUIOTHOCTH IUCHEPCHON
¢asbl, u; — ckopocTh auctepcHoit ¢assr). [Ipu ma-
neIx 3HaueHusIX O, u O, M, KaK CJIEJCTBUE, MaJbBIX
Ca, u We; misg oooux M®PU nabmromgaercs Kamaro-
LOIMI peXuM, XapaKTEPU3YIOLIUICS BBICOKOW cTere-
HBIO MOHOJMCIIEPCHOCTH T€HEPUPYEMBIX Karenb. [Ipu
yBenuueHnn We, B ycnoBusix HeuzMeHHocTH Ca,,
MPOUCXONUT TNEPEX0A K pexumy ymupsromencs
ctpyu" (widening jetting); B CBOIO ouepe/b yBeauue-
nue Ca,, pu Heu3MeHHOM We, NpUBOIUT K IEpexo-
oy B pexuM cyxawomeiics crpyu”" (narrowing
jetting). I'eHeparusi kameiab B CTPYHHOM pEKUME
OCYILIECTBIISIETCA B pE3yJIbTaTe BO3HUKHOBEHUS HEYC-
ToitunBocTu Penes — [lmato u 0OBIYHO COMPOBOXKIA-
eTCs YBEIWYCHHUEM CTENCHM MOJIMANCIEPCHOCTH Ka-
nens amynbcun [40, 41]. BeposiTHO, IMEHHO CMEHO#
PEKUMOB MOXKHO OOBSICHHTH POCT KO3 (UIIUEHTOB
Bapuanuy it 00oux 4unoB npu oonbumx O, u Qg
HaAOJI0AIOIKXCs B HACTOAIIeH paboTe. B wactHOCTH,
it MOY 1 mpu Q,=361.5 MKI/MHUH, IPY KOTOPOM
MPOUCXOANUT POCT HEOAHOPOJHOCTH Pa3MEpPOB TEHE-
pUpyeMbIX Kamenb (puc. 5, u), uncino BebGepa We,
paBHo 1.65. IIpu sTom, HECMOTps Ha To uto Ca,, pu
MaKCHUMaJbHOM  OOBEMHOM  pacxoie  MaTpHULbI
0,, = 5430.1 Mxn/muH gocturaet 3Hadenus 2.0, BIUs-
HUs (J,, Ha CTENeHb MOHOIWCIIEPCHOCTH Kareib
He ObIJI0 0OHApYKEeHO, YTO, K MPUMEPY, MOXKHO YBH-
IeThb u3 puc. 5, 1. s MOY 2 makcumanbHOe 3Hade-
Hue We,; npu Q,= 180.8 mxi/mun cocraBisier 0.41,
1 KodQUIMEHT BapHaluK Ui TeHEPUPYEMBIX Karlelb
NPaKTUYECKU HE HM3MEHSETCSd B M3yYEHHOM HHTEpBaJle
Q.. Hoctmwxenue Benuuunbl O, =453.8 MKI/MuUH,
npu kotopoit Ca, = 1.1, conpoBoxnaercs: MOsBICHU-
€M 3HAYUTEJIBbHOIO KOJUYECTBA Kallelb-CIyTHUKOB,
YU TUAMETPHI COCTABISIOT B cpemaeM 10% ot ama-
METpPOB OCHOBHBIX Kamenb. Ha puc. 4 cpeanue aua-
METpbl TpUBEIEeHBI 0e3 ydeTa Takux Kameiab. OTme-
THM, 4TO pa3paboTaHHbIE MUKPOQIIIOUIHbBIE YCTaHOB-
KM, ucnois3yromue o6a M®Y, no3BossoT 1MoydaTh
SMYJIbCUH B PEKUME CTaOMIIBHON reHepalyy Kameb,
HE YCTyMNAalolUe MO CTEHEHH OAHOPOAHOCTH SMYJIb-
CHSIM, TEHEPUPYEMBIM B paboTaxX IpyTrux aBTOpoB [32,
33].

AHnamu3 puc. 4 mokaspiBaeT, 4To yBenamdenue
IpU HEU3MEHHOM (J; NPHUBOAMT K 3aKOHOMEPHOMY
YMEHBIIEHUIO CpPEJHEero JauaMeTpa TeHEepPHpPYEMbIX
Karlellb, YT0 OOBSICHACTCS YBEJINYCHUEM KalMJUIIPHO-
ro uymucna wmarpunsl Ca,. Hanpumep, mpu Q,=
=63.3 mxi/Mua gus MOY 1 cpennuit amamerp Ka-
neias ymenbiaercs ¢ 880 mkm 10 290 MKM mpu yBe-
mmaeann O, ot 180.8 mo 5430.1 MxKn/MHuH;
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st MOY 2 — ¢ 553 mxMm o 280 MKM npu yBennde-
Hun Q,, ot 180.8 10 905.2 mxn/mun. U3 nanHoro
MpUMepa TakX e BUIHO, 4To 3aMeHa B M®Y 1 BTopoit
WTJIBl Ha UTJy C MEHBIIUM BHYTPEHHUM IHAMETPOM,
T.e. mepexoa kK M®Y 2 takxe IpUBOANT K T€HEPAIUN
Karenb ¢ MEHBIIMMM pa3MepaMH, MOCKOJIbKY YBEJIH-
YUBAIOTCSI CKOPOCTh MAaTPHIIBI U, M, KaK CIIEICTBHE,
Ca,,.

T'enepanus 1BOWHBIX IMYJILCHIA

st reHepali 1BOMHBIX 3MYJIbCUNA HCIIOJIB30Ba-
Jlach YCTaHOBKA, COCTOSIIASI M3 TPEX LIMPHUIEBHIX Ha-
COCOB, COCOMHEHHBIX IOCPEICTBOM CHIMKOHOBBIX
IIJJAHTOB ¢ MUKPOQUIIOMTHBIM YCTPOHCTBOM CO BTOPBIM
TArIoM Teometrpuu, MDY 3, koTopas cXxeMaTUIHO
n3o0paxeHa Ha puc. 6. Kak u B npenpigyniem ciyuae,
KaruId 3MYJILCHH COOMPAITUCH B CTEKIISTHHYIO EMKOCTh,
10CJIe YeTo MPOBOAMIOCH UX MHUKPOCKOIIMYECKOE HC-
cnenoBanre. Mopdonorus ABOWHBIX 3MYJIbCHH TO-
paszmo Oorade Ho cpaBHEHHIO ¢ Mop¢oJorued onu-
HapHBIX. {7151 KOMIIO3UTHBIX Kallesb MOSBISIETCS] BO3-
MOYKHOCTBb BapbHpOBaTh OOIbIlIee KOJIUYECTBO UX
CTPYKTYPHBIX apaMeTpPOB, BKIIIOYAsl JUAMETP KOMIIO-
3UTHOM KaIllv, TOJIIIMHY OOOJIOUKH, JUAMETP BHYT-
peHHeil a3l — sapa, a TaKKe KOJIMYECTBO SIEp.
OTUMH NapaMeTpaMu MOKHO YIPABJIATH TPU TTOMOIIN
M3MEHEHHUs] 00bEMHBIX pacxoloB Bcex Tpex (as. He-
KOTOpbIe TMPHUMEpPHl 5MYJbCHH, TONYyYEHHBIX C WC-
MOJb30BaHHEM JIAHHOM yCTAHOBKHU, IPEJCTABICHBI
Ha puc. 7, 6-1. Kak oTMeuanocs Bbliiie, MaTpuLeH B 1aH-
HOM cITydae sIBIIsjlach Boga ¢ pobaBineHueM 7 macc.%
I1BC, obGonoukoil (BTOpoil aucrepcHoM ¢as3oil, WH-
JeKc d2) — BazenuHoBoe Macio ¢ 7 mace.% Span 80
u sippom (TiepBoil mucnepcHoi (dazoi, nHAeke dl) —
BOJIa. 3HaYCHUSI O0OBEMHBIX PAacXo10B (), TPUBOJAMMBIC
Jajiee, ykaszaHel B MKJI/MuH. Kak BHIHO M3 TpecTraB-
JEHHBIX ~ MHKpodoTorpaduif, TpH  COOTHOILICHUH

Qm
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Puc. 6. Cxema MUKPOQIIOMIHON YCTaHOBKH
M®UY 3 g reHepaiuil JBOWHBIX SMYJIbCHHA
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On/ On/ 0n=90.4/90.4/1361.1 (puc. 7, 6) npowuc-
XOAUT 00pa3oBaHHE KOMIO3UTHBIX Karelb C Majlon
TOJMIMHON 0001109KH paBHOH 20 MKM, TIPH 3TOM JHa-
MeTp Bcel karuu coctaBisieT 430 MkM. YBenuueHue
00BEMHOTO pacxojia BTOPOil mucnepcHon ¢a3bl B 1Ba
pasa (puc. 7, B), Ipu HeU3MeHHbIX O U O, TPUBO-
AT K TeHEepaluy Kareb ¢ OOJBIIeH TONIUHON 000-
nouku, paBHoM 70 MkM. /luameTp KOMIIO3UTHOM Kari-
JU B JaHHOM ciydae coctasiseT 520 mxm. nametp
aqpa TP 3TOM TPaKTHYeCKH He u3MeHsercs. Ecim
JIOTIOJTHUTENILHO YMEHbINATh OOBEMHBIH pacxoj auc-
nepcHoO# ¢asbl d1, Kak B ciy4ae, H300paXKEHHOM Ha

Qm

e

o

puc. 7, T, TO TOJIIMHA 000JIOYKH TaKkKe OyIeT yBEIH-
YUBATHCS 34 CUET YMCHBIICHHS AuaMmeTpa siapa. Toi-
mHa 000JIOYKH B JaHHOM ciydae paBHa 100 MKwM,
nuametrp sapa — 330 mxM. [lnameTp KOMIO3UTHOU
KaIlTd MPaKTHYCeCKH HE U3MEHSETCSI U COCTABIISACT T10-
psaaka 540 mxwm. IlpuBeneHHple Mukpodororpaduu
IIBOWHBIX 3MYJIBCHH NEMOHCTPHUPYIOT TOBOJIBHO BBI-
COKYIO CTENEHb OIHOPOJHOCTH T'€HEPUPYEMBIX Ka-
nenb. Koadduuuent Bapuanuu ans sjaep KOMIIO3UT-
HBIX Kanenb U3MeHseTcs B uHTepBaie 1.5-3.4%, nns
JIMAMETPOB BCEW KOMIIO3UTHOW Kalsli B UHTEpBaJIe

1.5-3.2%.

r

@@

s

daza d2

daza dl

-
@ @@—

Puc. 7. Mukpodororpadun sMybcrii, HOITyYSHHBIX C UCIOJIb30BaHHEeM ycTaHOBKH M®Y 3 (a) mpu pa3muyHBIX COOTHO-
MIEHUSIX 00BEMHBIX PACX0J0B MaTPUIBI O, U AUCTIEPCHBIX (a3 siapa Oy 1 0007109Kn O .
6 — Oun/ On/ O0n=904/904/1361.1; 8 — On/ On/ On= 904/ 180.8 / 1361.1; 1 — Ou / On | On=

=63.3/180.8/1361.1.

3HaueHuss 00BEMHBIX PACXOIOB YKa3aHbl B MKJI/MUH. MacuiTaOHbIC IMHEHKH COOTBETCTBYIOT S00 MKM
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3AK/IIOYEHUE

B pabote 6pun cipoexTHpoBaHb! U coopanbl DIY-
MHUKpPOQIIIONAHBIE YCTAHOBKHU ISl KaIleIbHOW MHKPO-
GIIIONANKH, BKIIOYAIOIINE CUCTEMY TONAYU YKUIAKUX
KOMIIOHEHTOB, BBIINIOJIHCHHYIO HAa OCHOBE ILIPULEBBIX
HACOCOB, W MHUKPOQUIIOWAHBIE YHUMBI C Pa3InIHON
reomeTpreil. PazpaboTka COCTaBHBIX HacTe MHKpPO-
(IIIOUAHBIX YCTAaHOBOK OCYLIECTBIISLIACH C MCIIOJIB30-
BaHHEM MIMPOKOJIOCTYITHBIX KOMIIOHEHTOB M METOa
3D-nmevatu Ui co3gaHusl HEKOTOPHIX JeTaleH IpH-
LIEBBIX HACOCOB, YTO MO3BOJIUJIO CO3JaTh OUY€Hb HEO-
porue YCTaHOBKHM [yl T€Hepalyy 3MYJIbCHUH C pas-
TMuHON Mopdoorueii. [Ipon3BoACTBO 0OAHOTO MITIPH-
LIEBOI0 HAcoca € YYETOM CTOMMOCTH IIOJHMMEPOB,
3aTpayeHHBIX Ha I[1€4aTh, COCTABISIET OKOJO 2.5 THIC.
py0., 9TO COBEPIIEHHO HECOMOCTAaBUMO C KOMMepde-
CKUMH aHaJoOTraMH, OOJaJarollUMH CXOXXHMH Xapak-
TEPUCTHKAMH, Ybs CTOUMOCTb MOXET JOXOIUTH
JI0 HECKOJILKUX COTEH ThIC. pyO. [14]. Llena momHOMI
CHUCTEMBI, COCTOSIIIEH M3 TpeX HACOCOB, CHUCTEMBI
yIpaBJICHUs, BBIIOJHEHHOH Ha 0a3e MHUKPOKOHTPOJI-
nepHo#t mwiatdopmbl Arduino UNO u mukpodmron-
HOTO YHITa, COCTABJISICT TTopsiaka 10 TeIC. pyo.

Ha mpumepe mosryueHuss OAWHApHBIX U JBOWHBIX
AMYJIBbCHUI OBIIIH MPOJAEMOHCTPUPOBAHBI BOZMOKHOCTH
pa3paboTaHHBIX MHUKPO(IIOMIHBIX YCTAHOBOK M IIO-
Ka3aHo, YTO OHM HUYEM HE YCTYyNaloT paHee Ipej-

CTaBJICHHBIM MpoeKTaM. J{Jsi MHKpODIIOMIHBIX YH-
1OB, COOpPAaHHBIX AJISI T€HEPALUN OJUHAPHBIX SMYJIb-
cuit (M®Y 1 u MOY 2), 6butn onpe/iesieHbl TPaHUIIBI
00BEMHBIX PAacX0Z0B MaTpHIlsl (J,, M AUCTIEpCHOH (ha-
361 Oy, B KOTOPBIX BO3MOXHO IOJy4aTh MOHOJHC-
nepcHple Kammm. Jms M®U 1 renepanus kameib
C BBICOKOH CTeNeHbI0 oxHOponHocTH (¢, < 1.9%) Ha-
OmomaeTcst BIUIOTh 10 3HaYeHud O, = 271.3 Mki/MUH
U BO BCEM HCCIENOBAaHHOM HHTepBaje (O,
(ot 63.3 10 5430.1 mxi/muH). dus MOUY 2 kamwy,
umemouye ¢, < 2.0%, ObUTH MOIy4YeHBl IPU BCEX HC-
nojp3ytoumxcs B pabore 3Hauenusix O, (ot 24.0
o 180.8 mxn/mun) u Q,, Hrke 634.8 Mxi/mMuH. Takxke
BBICOKAas OIHOPOJHOCTD HaOMI0anach Mpy reHepaiu
JIBOMHBIX SMYJbCUM THIIA BOJa-B-Macje-B-BOJE, B
JAaHHOM ciy4ae KO3()(UIMEeHT Bapuaumy IJs SAep
KOMITO3UTHBIX Kamenh He mpeBbiman 3.4%, ams Bcei
kam — 3.2%.

Takum 00pa3oM, Ha OCHOBE MOJYYCHHBIX pPe3yJib-
TaTOB MOXXHO CJEJaTh BBIBOJ O NPHUHIIUIHAIBEHON
BO3MOKHOCTH ~ paszpabotku  Hegoporux  DIY-
YCTAaHOBOK ISl KamleIbHOW MHUKPOQIIOUIANKH, 00JIa-
JAIOIUX JOCTAaTOYHBIMM U1 OOJBIIMHCTBA HPUIIO-
JKEHUH XapakTepUCTUKaMHU, He mprberas K UCIONb30-
BAaHUIO JOPOTOCTOSILIMX KOMMEPUYECKHX PpeIICHHH
U TPYNOEMKHX TEXHOJOTHIl NPOTOTHIHPOBAHUS UH-
TOB.

MNPUJIOKEHUE

Ta6ur. I1. CocTtaBHBIC YaCTH, UCIIOIB3YEMBIC [T COOPKH CUCTEMBI U3 TPEX IIMPHUIICBBIX HACOCOB

[To3umus Ha puc. | | CocTaBHBIC YaCTH | Konngectro
MexaHU4eCKHEe KOMITOHEHTBI
1 JleBas omopa 3
2 [Ipasas onopa 3
3 Kapertka 3
4,13,15,20 Bontr M3x16 36
4,13,15,16, 20 [aii6a M3 60
13,15, 16, 20 laiika M3 36
5 Mydra 3
6 HImameka M5%200 3
7 [MonamunHrK mapukoBeId 62527 3
7 [Taii6a M12 3
8 Taiika M5 3
9 Hampasnstomue 6
10 JIMHEeMHBIN MOAIIMITHUK 6
11 Mnpun 3
12, 14 [TmactuHa 6
19 OcHoBa 3
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Taba. II. Oxonuanue

Tosumms Ha puc. 1|

CocTaBHEIC YacTH |

KomnuectBo

BJ'ICKTPOHHBIC KOMITIOHCHTBI

[Tepembruka 2.54 Mmm
WcTouynuk nuranus

- Arduino Uno R3
17 IITaroBsrii aBUraTe> Nema
18 KoHr1ieBoii BEIKIIIOUATEH

Muneg CNC it Arduino Uno
Hpaiisep marosoro asurarenst DRVE825
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DEVELOPMENT OF A DIY PLATFORM
FOR DROPLET-BASED MICROFLUIDICS

M. A. Poldushov

MIREA — Russian Technological University, Moscow, Russia

The development of a microfluidic platform for most research laboratories is a difficult task, primarily be-
cause of the high cost of its components. In this regard, numerous studies are being carried out to modernize
existing or find new methods for manufacturing such devices. The paper discusses the possibility of developing
a DIY (Do-It-Yourself) droplet-based microfluidic platform, which includes a fluid delivery system consisting
of syringe pumps and microfluidic chips with various geometries. Both syringe pumps and microfluidic chips
were fabricated using widely available off-the-shelf components. Some mechanical parts of the pumps were
made using 3D printing. The microfluidic setup was controlled using an Arduino UNO board. It was shown that
the proposed platform is not inferior to the systems previously reported by other authors on a variety of exam-
ples of the generation of emulsions with various forms of morphology.

Keywords: microfluidic platform, droplet-based microfluidic, microcontroller boards, Arduino

INTRODUCTION

The last few decades have been truly revolutionary
for the development of microfluidic technologies.
During this time, microfluidics has formed a separate
interdisciplinary field of science, and its methods have
become practically indispensable in a number of in-
dustrial applications and research areas [1, 2]. Micro-
fluidics, as a separate scientific discipline, deals with
the study of the behavior and control of fluid flows at
the micron and nanometer levels [2, 3]. The genera-
tion of fluid flows is carried out using special devices
called microfluidic devices, or microfluidic chips
(MFC). Microfluidic chips are usually defined as de-
vices for manipulating small (up to picoliter) volumes
of fluids (gases) through the use of systems of micro-
channels formed in substrates of various natures [2].
In addition to MFCs, microfluidic platforms (MPs)
necessarily include systems for supplying and control-
ling the flow of liquids (or gases), which in most cases
use syringe, peristaltic, or pressure pumps [4, 5], but
can be implemented in many other ways [4].

One of the intensively developing areas of micro-
fluidic technologies is the development of DBMDs —
droplet-based microfluidic devices that allow the for-
mation and control of microdroplets of liquids that are
in the continuous phase of another immiscible liquid
[6, 7]. The possibility of generating monodisperse
emulsions and further precise manipulation of indi-
vidual small volumes of liquid within a microfluidic
chip makes DBMDs extremely popular in many areas.
In biological studies, droplet microfluidics methods
are used to encapsulate individual cells [6—8], DNA or
RNA molecules [6], and multicellular organisms [9]
within drops of an emulsion. Separate drops can be
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used as microreactors (the so-called "droplet micro-
reactors"), inside of which micro- and nanoparticles of
various natures can be synthesized [2, 6, 10, 11].

Despite the undeniable advantages of using micro-
fluidic technologies to solve many problems, their
high cost remains the main factor limiting their im-
plementation by various laboratories. For this reason,
an intensive search for new methods and improve-
ments to already available ones is necessary for the
production of various components of microfluidic
platforms. First of all, this concerns the manufacturing
technologies of MPs. Initially used for these purposes,
quartz and silicate glass are replaced, where possible,
by more accessible and easy-to-process polymeric mate-
rials, such as polycarbonate (PC), polymethyl methacry-
late (PMMA), polydimethylsiloxane (PDMS), and oth-
ers [12]. Depending on the substrate material of the
microfluidic chip, various methods for prototyping
microfluidic chips are used. Soft lithography is widely
used [2, 6, 12], but it is a multi-stage and very labor-
intensive process that requires photomasks, the pro-
duction of which makes a significant contribution to
the cost of the final product [13]. Alternative methods
of chip prototyping are being developed, including
maskless lithography technologies, injection molding,
pressing (embossing) methods for the development of
MPs from thermoplastics, laser ablation, and others.
In all of the above methods of manufacturing chips,
specialized, very expensive equipment is required. No
less financial costs are required for the implementa-
tion of liquid component flow control systems, which,
in addition to the hardware, include software that re-
gulates the operation of these systems. The cost of
commercial ready-made solutions in this case can be
many tens of thousands of dollars [5, 14].
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One of the possible solutions for research teams
could be the use of both software and hardware open-
source products. In many ways, numerous open-
source initiatives gave impetus to the emergence of
a very significant phenomenon of modern science —
Do-It-Yourself (DIY) projects, on the basis of which
it became possible to create entire research laborato-
ries [15, 16]. Among the technologies that allow the
creation of many, including very complex DIY re-
search tools, one can single out 3D printing technolo-
gies, as well as the emergence of very affordable mi-
crocontroller platforms for prototyping electronic
devices using open source code, such as Arduino,
Raspberry Pi, and their analogues [14, 17]. Various
open-source tools are also fully utilized for the devel-
opment of microfluidic components. We only mention
some of the solutions proposed in this area. Based on
the microcontroller platforms Arduino and Raspberry
Pi, systems for supplying liquid components were de-
veloped using DIY syringe [14, 17-21], peristaltic
[22, 23], and pressure [24] pumps. In most of these
products, the mechanical parts of the installations
were produced with 3D printing [14, 17-19, 21-23],
sometimes it was proposed to use parts of manufac-
tured devices [20]. DIY-technologies in the field of
prototyping microfluidic chips are intensively devel-
oping. First, research continues on "traditional" litho-
graphic prototyping methods: the development of pho-
tolithographic setups using UV LEDs [25, 26], the use
of DLP (Digital Light Processing) projectors for
maskless lithography [27], etc. Secondly, very prom-
ising is research in the field of creating paper-based
chips [28, 29], which allow the making of very low-
cost products [30]. Thirdly, 3D printing technologies
are being intensively introduced in the production of
chips [31]. Within the framework of drop microflui-
dics for MFC prototyping, it was proposed [32, 33] to
use industrially produced, widely available compo-
nents, such as medical needles, plastic fittings, tubes,
etc., sometimes together with 3D-printed parts, which
can significantly reduce the cost and simplify the as-
sembly of these devices. Numerous open-source solu-
tions not only help in the creation of various DIY
components of microfluidic installations, but also
make it possible to build a full cycle of scientific re-
search based on them, from the design and control of
the MFC to the analysis of the obtained data.

Based on the conducted literature analysis, it can
be argued that there is a great interest in the creation
of self-made devices for use as parts of microfluidic
systems in the scientific community. The purpose of
this work in this regard was to develop and evaluate
the technical capabilities of an affordable and easy-to-
build DIY microfluidic setup designed to generate
droplets of single and double emulsions.
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DESIGN OF THE MICROFLUIDIC DEVICE

General characteristics

The developed MFC consists of two parts: a system
for supplying liquid components, and microfluidic
chips with varying geometries, in which the direct
formation of emulsion droplets occurs. All compo-
nents of the microfluidic setups came from different
sources: either manufactured parts that are widely
available, or parts produced using 3D printing. The
design of microfluidic installations differed depending
on the type (single or double) of the generated emul-
sions. First, there were microfluidic chips with differ-
ent designs, which will be described in detail further.
Secondly, the system for supplying liquid components
differed. A system consisting of two syringe pumps
was used to generate single emulsions, and a system
of three syringe pumps was used to generate double
emulsions. The setup and method for manufacturing
both syringe pumps and microfluidic chips are to be
described in detail below.

Liquid component supply system

As already noted, the supply of liquid components
was carried out using a system of syringe pumps. The
general scheme of the developed pumps is shown in
Fig. 1.

Fig. 1. General scheme of the syringe pump.

1 — left support; 2 — right support; 3 — carriage;
4 — M3x16 bolts and washers; 5 — clutch; 6 — stud
M5x%200; 7 — ball bearing and washer; 8 — nut M5;
9 — cylindrical guides; 10 — linear bearing; 11 —
syringe; 12, 14 — plates for fastening the syringe; 13,
15, 20 — M3 x 16 bolts, nuts and washers; 16 —
M3 nuts, and washers; 17 — stepper motor; 18 —
limit switch; 19 — base.

Insets: I — fastening the limit switch to the carriage,
IT — fixing the nut 8 in the carriage

The mechanical part of the pump consists of three
main elements: the left 1 and right 2 fixed supports,
and the movable part, the carriage 3. These parts, as
well as the base 19 and plates 12, 14, for attaching the
syringe, were 3D printed on an Ender-3 Pro from po-
lylactide. Three-dimensional models for printing were
designed using the FreeCAD [34] open source soft-
ware version 0.19.

A stepper motor 17 is attached to the left support 1
with four M3 x 16 bolts 4. The stepper motor is con-
nected through the clutch 5 to the M5 x 200 stud 6,
which, on the opposite side, is held in the right sup-
port using a ball bearing and washer 7. The rotation of
the stepper motor is transferred to the stud and is con-
verted by means of nut 8 into the forward movement
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of the carriage. Nut 8 is firmly fixed in the recess of
the carriage, as shown in an enlarged scale in Fig. 1,
inset II. The carriage moves smoothly along cylindric-
al guides 9 on linear bearings 10 located in special
recesses.

The thread is cut at both ends of the guides, and
they are fixed to the left and right supports with nuts
16. To make the structure more rigid, the left and right
supports are attached to the base 19 with bolts 20. The
travel of the carriage is limited by the switch 18 in-
stalled on its lower part as shown in inset 1. Liquid
components are fed into the microfluidic chip from
standard disposable syringes 11. The plunger of the
disposable syringe is attached with plate 12 to the car-
riage, which is pressed by bolts 13, and the syringe
barrel — by plate 14 and bolts 15 — to the right sup-
port. The fastening used allows one to securely fix
syringes of various volumes (in the work, 1 and 5 ml
syringes were used). A similar type of design is im-
plemented in a number of previously presented open-
source syringe pump projects [14, 17, 21]. A complete
list of parts used to assemble the mechanical parts of
the pumps is given in the Appendix, Tab. II. The list
is based on a system with three syringe pumps.

Stepper motor control system

The volumetric flow rate of liquid components is
regulated by changing the speed of movement of the
carriage 3, which in turn is set by the rotation of the
stepper motor 17. In the work, stepper motors of the
Nema type were used, which were carried out using
the Arduino Uno R3 microcontroller platform,
coupled with the CNC Shield expansion board version
3.0. The stepper motors used in the work make one
complete rotation in 200 steps, which corresponds to
an angular resolution of 1.8°. Control pulses were ap-
plied to stepper motors using DRV8825 model driv-
ers, which allow working in microstepping mode.
A step split of 1/32 was chosen, to establish that the
necessary jumpers were fixed on the CNC Shield
board. The Arduino board was programmed through
the freely distributed software product Arduino IDE,
which is available on the official website of the manu-
facturer [35]. Simultaneous control of three stepper
motors was implemented using the AccelStepper li-
brary [36]. The code (sketch) is loaded onto the board
via a USB cable connected to a personal computer. The
entire system was powered by a 90 W (19 V, 4.74 A)
power supply connected to the board via a standard
5.5 x 2.5 mm connector. A complete list of electronic
components used in this work is also given in the Ap-
pendix, Tab. II.

Design of microfluidic chips

Microfluidic chips for the formation of droplets of
single (MFCs 1 and 2) and double (MFC 3) emulsions

were designed in the two geometries shown in Fig. 2,
a, 0, which can be easily converted one into another.

Fig. 2. Design of microfluidic chips.

a — MFC for the generation of droplets of single
emulsions;

6 — MFC for the generation of droplets of double
emulsions;

B — diagram of the droplet generation section (node)
with indication of the main dimensions (highlighted
by dotted circles on a and 6): D;— internal diameter
of the T-adapter body; D,, D; —internal diameters of
the smaller and larger needles of the droplet genera-
tion section, respectively; a;, @, — wall thickness of
the smaller and larger needles; /4 is the distance be-
tween the ends of the needles;

0, — volumetric flow rate of the dispersed phase;
0.1, Opn — volumetric flow rates of the first and
second dispersed phases in the case of double emul-
sions; O,, — the volumetric flow rate of the matrix;

1 — continuous phase, 2 — vertical channel of the
adapter, 3 — retainer, 4 — needle, 5 — dispersed
phase, 6 — needle, 7 — retainer, 8 — T-shaped adap-
ter, 9, 10 — needles, 11 — retainer, 12 — vertical
channel of the second adapter, 13 — continuous
phase, 14 — needle, 15 — retainer

Fig. 2, B, shows a diagram of the areas (nodes) for
the formation of drops with an indication of the main
dimensions, the numerical values of which are pre-
sented in Tab. 1. The location of these areas is marked
with dotted circles in Fig. 2, a and 6. MFC 3 has two
drop formation zones: in the first (node 1) the core of
the composite drop forms, and in the second (node 2)
the whole drop is generated.

In this work, we follow the idea of using publicly
available components for assembling MFCs, which
was proposed earlier in a number of publications [32,
33]. In the manufacture of chips, T-shaped adapters
were used as the body of the MFC, and we used
a needle with blunt tips, from which a system of mi-
crochannels was built. The chips used only metal
needle tips, which were previously removed from
their plastic heads. An important advantage of the de-
sign of these systems is the ease of assembly of com-
ponents, which allows, if necessary, their replacement,
as well as disassembly for cleaning. Additional
processing of the inner surfaces of the needle tips in
order to change their wettability with the liquids used
in the work was not carried out. The T-shaped adap-
ters were made of polyethylene and had an inner di-
ameter (D, in Fig. 2, B) of 2.5 mm. The supply of the
continuous phase 1 is carried out through the vertical
channel of the T-piece 2 with a volumetric flow Q,,.
On one side of the horizontal channel, with the help of
a rubber retainer 3, which guarantees the tightness of
the assembly, a needle 4 is installed coaxially with the
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channel, and through it the dispersed phase 5 with
volumetric flow Qy is supplied. On the opposite side
of the horizontal channel, the second needle 6 is also
installed coaxially with the first needle with the help
of a latch 7. Needle 4 is introduced into needle 6 at
a distance of 2 = 0.7 mm, which was set under a mi-
croscope.

The dispersed and continuous phases are supplied
using syringe pumps connected to the MFC through
silicone hoses with an inner diameter of 2.0 mm. In
order to vary the size of the droplets obtained, needles
with different inner diameters were used. To supply
the dispersed phase, a 27G gauge needle with an inner
diameter (D,) of 210 um was chosen. Needle 6 used
gauges 16G and 20G with internal diameters (Ds)
1194 um (MFC 1) and 603 um (MFC 2).

Tab. 1. Main dimensions of the droplet generation
area of microfluidic devices shown in Fig. 2, B

MFC 3 is a MFC 2 combined with the second T-
shaped adapter 12 by means of a latch 11. The second
needle 10 is inserted into the latch of the adapters 8
and 12 coaxially with the horizontal channels and at
the same level as the first needle 9. The first dispersed
phase with a volumetric flow rate Q, is fed through
the needle 9, and the second dispersed phase with
a volumetric flow O, — through the vertical channel
of the adapter 8. Through the vertical channel of the
second T-shaped adapter, the third liquid 13 is sup-
plied, which in this case is the continuous phase (Q,,).
The generation of composite drops occurs at the exit
of the needle 10, which is coaxially inserted into the
third needle 14 (node 2). Needle 14 is also fixed in
adapter 12 by means of a rubber retainer 15. For
needles 9, 10 and 14 gauges, 27G, 20G, and 16G were
chosen, respectively.

LIQUID INGREDIENTS, USED IN WORK

In this work, single water-in-oil and double water-
in-oil-in-water (B;-M-B,) stabilized emulsions were
obtained using the developed MFCs. In the case of
single emulsions, vaseline oil VO (OOO YuzhFarm)
was used as the continuous phase, and distilled water
was used as the dispersed phase. For stabilization of
emulsions, a nonionic surfactant, sorbitan monooleate
(Span 80, GOST 32770-2014) in an amount of
7 wt.%, was introduced into the continuous phase of
the VO.

The B;-M-B, double emulsion is a composite
droplet consisting of an oil phase in which water drop-
lets (first aqueous phase, B;) are dispersed, which in
turn are surrounded by a continuous aqueous phase,
which is a matrix (second aqueous phase, B,) (see be-
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low Testing of the microfluidic platform, Fig. 7, 6-r).
Distilled water was chosen as phase B, and tinted with
a small amount of a water-soluble dye to create a con-
trast for microscopic studies of the morphology of the
generated emulsion. VO with the addition of 7 wt.%
Span 80 was used as the oil phase. The second
aqueous phase B, was a solution of polyvinyl alcohol
(PVA, GOST 10779-88) in water. The content of
PVA in the solution was 7 wt.%. For the designation
of all values related to the B, phase, which is the first
dispersed phase in the double emulsion, the index d1
will be used, for the oil phase, which is the second
dispersed phase, — the index 42, for the matrix, —
the index m (see Fig. 2).

The characteristics of the liquids used in the work
are given in Tab. 2. The values of surface tension (y),
dynamic viscosity (#) and density (p) for water at
a temperature of 25 °C are taken from the literature
[37]. Surface tensions for solutions (VO + 7 wt.%
Span 80) and (Water + 7 wt.% PVA), as well as inter-
facial tensions (y12) in water / (VO + 7 wt.% Span 80)
systems and (water + 7 wt.% PVA) / (VO + 7 wt.%
Span 80) were determined using the hanging drop me-
thod with an LK-1 goniometer (OOO NPK Open
Science, Russia). The density of the solutions was
determined using the pycnometric method. Dynamic
viscosity was measured using a HAAKE Rheostress 1
(Thermo Scientific, USA). All values were measured
at a temperature of 23.0 +0.5 °C.

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

In Tab. 2. density values are also given for the pure
vaseline oil used to carry out the calibration procedure
for syringe pumps.

TESTING OF THE MICROFLUIDIC PLATFORM

As mentioned earlier, the volumetric flow of liquid
components is varied by changing the rotation speed
of stepper motors. At the first stage of the work, the
procedure of calibration and subsequent calibration of
syringe pumps were carried out. For this purpose, the
frequencies of the supply of control pulses to stepper
motors were compared with the volumetric flow rates
of the liquid (Q, pL/min). To determine the volume-
tric flow at a constant motor speed within 15 min with
an interval of 1 min, the selection and subsequent
weighing of the liquid squeezed out of the syringe
were carried out. Graduation was carried out using
a 5 mL syringe.

Liquid samples were weighed on an Adventurer
AR2140 electronic scale (Ohaus, USA) with an accu-
racy of 0.1 mg. In order to prevent the loss of part of
the liquid as a result of its evaporation, vaseline oil
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was chosen for the calibration. The mass flow rate of
the liquid determined in the described manner was
recalculated into the volumetric flow rate using the
preliminary measured value of the density of the VO
(see Tab. 2). For the experimental data obtained dur-
ing the testing of syringe pumps, the standard proce-
dure for their statistical processing (GOST P 8.736-
2011) was carried out with the calculation of arithmet-

ic mean values (O ), standard deviations (S), standard
deviations of arithmetic means (SQ ), relative devia-
tions (6Q) (at n=15, p=0.95) and coefficients of
variation (¢,=S /Q). The results obtained are pre-
sented in Tab. 3.

Tab. 3. Syringe pump test results

For a syringe with a volume of 1 ml in the case of
the selected frequencies of control pulses, a very small
amount of liquid is squeezed out for weighing (about
0.01 g), which leads to large measurement errors, so

the determination of the value Q according to the

method described above was not carried out. With-
drawal and further weighing of the extruded liquid for
this syringe were carried out 8 times with an interval
of 10 min. After that, the volumetric flow per 10 min
was calculated, and the resulting value was divided by

10 to determine Q per minute. Tab. 3 shows both

values of the volumetric flow, and the flow per minute
is shown in parentheses.

Additionally, for both syringes, the theoretical val-
ues of the volumetric flow rate of liquids Q, were
found. The QO value was calculated in the following
way. Initially, the angular speed of rotation of the
stepper motors was calculated, taking into account the
implemented step splitting, equal to 1/32, according to
the formula

a [puls./s] -360°
B=—7—""—"—=0.05625- a[g/s],
200[step.] -32

where a is the frequency of supply of control pulses to
the engine, set with software, and equivalent to the
number of steps taken by the engine per second. Since
the motor makes one full revolution in 200 steps,
a factor of 360/200 appears in the expression.

Then the linear speed X of the carriage was calcu-
lated. Considering that the thread pitch of the stud is
0.8 mm, the carriage pushing the syringe plunger due
to the rotation of the motor shaft with an angular ve-
locity B, acquires a linear velocity equal to

_ B[g/s]-O.S[mm]
360"

=1.25-10" - a[mnvs].

Finally, for the theoretical volumetric flow rate of
liquid per 1 minute, we obtain the expression

0, =s[mm2]-X[mm/s]‘60=
=75-10" -s‘a[mnf/min],

where s is the transverse area of the syringe barrel,
which is calculated as the area of a circle:

s= L ]

The inner diameter d of the syringe barrel is 4.5
and 12.4 mm for 1 and 5 mL syringes, respectively.

The deviation of the average values of the volume
flow from the theoretical values was estimated using
the value of the relative error (6Q),, which can serve
as a measure of the systematic error. The values of O,
and (6Q), determined for all pulse feed rates used in
the work are given in Tab. 3.

As Tab. 3 shows, the use of a 5 mL syringe in the
setup makes it possible to vary the volumetric flow
rate of liquid in a fairly wide range from about
65 pL/min to 5.4 mL/min. The value of random error,
estimated by the coefficient of variation, for most
speeds does not exceed 0.7%, while the deviation of
the average values of volumetric flow from theoretical
does not exceed 0.3%, which is not inferior to the cha-
racteristics of syringe pumps, developed by other au-
thors, as well as industrially produced analogues [14].
If necessary, the volumetric flow rate of the liquid can
be easily reduced or increased using a syringe of
a smaller or larger volume, respectively. For example,
using a 1 mL syringe, as shown in Tab. 3 made it
possible to reduce the volumetric flow to 24.0 uL/min,
while the coefficients of variation remained.

TESTING MICROFLUIDIC PLATFORM

Generation of single emulsions

The general scheme of a microfluidic setup de-
signed to generate single emulsions (Fig. 3) consists
of two syringe pumps connected via silicone hoses to
a microfluidic chip with the geometry of the first type
(MFC 1 and MFC 2). In this part of the work, the in-
fluence of the volumetric flow rate of the matrix (Q,)
and the dispersed phase (Q,) on the size of emulsion
droplets was studied, and the stability of droplet pro-
duction was studied by estimating the coefficient of
variation for their diameters.

Fig. 3. General scheme of a microfluidic platform for
the generation of single emulsions
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For this purpose, the emulsion was collected in a
glass container, then it was examined microscopically
using a MIR-2 optical microscope (LOMO, Russia)
along with a Levenhuk C130 digital ocular camera
connected via a USB cable to a computer, which made
it possible to display the image directly on the monitor
screen. About 80 drops were analyzed for each emul-
sion sample. The average droplet diameters were de-
termined using the Fiji program [38].

Fig. 4. Dependence of the average diameter of water
droplets d in emulsions of water / (VO + 7 wt.%
Span) on the volumetric flow rate of the dispersed
phase O, and the matrix phase Q,, for MFC 1 (a) and
MEFC 2 (6)

Fig. 4 shows the dependence of the average diame-
ters of emulsion droplets on the volumetric flow rates
of the matrix and dispersed phase for MFC 1 and 2
over the entire range of volumetric flow rates under
study. In these diagrams, the size of the circles corres-
ponds to the diameters of the generated droplets. For
MFC 1, Q,, varied in the interval from 63.3 pL/min to
5430.1 pL/min, Q; — from 63.3 pL/min to
361.9 uL/min. For MFC2, @,  varied from
180.8 upL/min to 1361.1 pL/min, Q;, — from
24.0 pL/min to 180.8 pL/min. Using the developed
microfluidic chips, it was possible to obtain drops in
a wide range of diameters, from 1200 to 156 microns.

As an example, Fig. 5 shows micrographs of emul-
sions obtained using microfluidic chips 1 (6-r, n) and
2 (o—3) at various ratios of volumetric flow rates
q=0n/! Q4 For MFC 1, ¢q is 2.0 (n), 3.0 (6), 50.3 (B),
and 60.4 (1), for MFC 2 — 2.9 (n), 5.0 (k, 3), and
22.6 (e).

Fig. 5. Micrographs of single emulsions obtained us-
ing MFC 1 and MFC 2 according to scheme (a) at
various volume flow rates of the matrix Q,, and the
dispersed phase Q.

MEFC 1: (6) — O, = 90.4 pl/min, Q,, = 271.3 pl/min;
(B) — Q4= 90.4 pul/min, Q,, = 4525.5 pl/min; (r) —
Oy = 90.4 pl/min, Q,, = 5430.1 pl/min; (u) — Q, =
=361.9 pl/min, O,, = 723.3 pl/min;

MFC 2: (n) — Q, = 63.3 pl/min, Q,, = 180.8 pl/min;
() — Qu = 24.0 pl/min, Q,, = 542.1 pl/min; (x), (3)
— 0,=180.8 ul/min, Q,, = 905.2 pl/min.

Scale bar for (3) — 250 um, for the rest — 500 pm

The degree of dispersion of droplets in this case
can vary greatly depending on the values of O, and
O, . For MFC 1, up to 9,, = 271.3 pL/min and over
the entire range of Q,, studied, the coefficient of var-
iation does not exceed 1.9%, which, in particular, is
demonstrated by the micrographs shown in Fig. 5, 6-T.
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If O, is above 271.3 pl/min, the degree of polydisper-
sity of the generated droplets increases: for Q; =
=361.5 uL/min, ¢, changes in the interval from 6.2%
(for 0, = 905.2 uL/min) to 9.8% (for Q, =
= 1360 pL/min).

The situation is different with MFC 2. At all Q,
values used in the work and O, values below
634.8 pulL/min, the process of generating homogeneous
emulsion droplets was observed, for which ¢, was be-
low 2.0% (see Fig. 5, 1, e). Exceeding the Q,, value of
634.8 ul./min leads to the appearance of droplets with
small diameters in the range of 10—40 um as shown in
Fig. 5, %, and on an enlarged scale in Fig. 5, 3. The
results obtained can be explained by the change in the
modes of droplet generation from dripping to jetting
when the critical values of the volumetric flow rates
of the matrix or the dispersed phase are exceeded. As
criteria that determine the limits of the modes, it was
proposed [39] to use the capillary number Ca,, =
= Wm Un ! Y12 (N "1s the viscosity of the matrix, u, is
the velocity of the matrix) for the matrix, and the We-
ber number We, = p,D,u; / 7., (pa is the density of

the dispersed phase, u, is the velocity of the dispersed
phase) for the dispersed phase. At small values of O,
and O, and, as a consequence, small Ca,, and We,, for
both MFCs, a dropping mode is observed, which is
characterized by a high degree of monodispersity of
the generated droplets. With an increase in We, while
Ca,, remains unchanged, a transition to the widening
jet mode occurs; in turn, an increase in Ca, Wwith
a constant We; leads to a transition to the narrowing
jet mode. The generation of droplets in the jet mode
occurs as a result of the onset of the Rayleigh — Plato
instability and is usually accompanied by an increase
in the degree of polydispersity of the emulsion drop-
lets [40, 41]. Probably, it is the regime change that can
explain the increase in the coefficients of variation for
both chips at large O,, and Q,, observed in the present
work. In particular, for MFC 1 at O, = 361.5 pL/min,
when the heterogeneity of the generated droplets’ size
increases (Fig. 5, u), the Weber number We, is 1.65.
However, despite the fact that Ca,, reaches 2.0 at the
maximum matrix volumetric flow rate @, =
=5430.1 pL/min, no effect of O, on the degree of
droplet monodispersity was revealed, which, for ex-
ample, can be seen in Fig. 5, r. For MFC 2, the maxi-
mum value of We, at O, = 180.8 uL/min is 0.41, and
the coefficient of variation for the generated droplets
practically does not change in the studied O, range.
The achievement of O, = 453.8 pL/min, at which
Ca, = 1.1, is accompanied by the appearance of
a significant number of satellite droplets, which di-
ameters are on average 10% of the diameters of the
main droplets. Fig. 3 shows average diameters without
taking into account such drops. Note that the devel-
oped microfluidic platforms using both MFCs make it
possible to obtain emulsions in the regime of stable
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droplet generation that are not inferior in terms of
homogeneity to emulsions generated in the works of
other authors [32, 33].

Analysis of Fig. 3 shows that an increase in Q,, at
a constant O, leads to a regular decrease in the aver-
age diameter of the generated droplets, which is ex-
plained by an increase in the capillary number of the
Ca,, matrix. For example, if O, = 63.3 pL/min for
MFC 1, the average droplet diameter decreases from
880 wm to 290 um with an increase in Q,, from 180.8
to 5430.1 pL/min; for MFC 2 — from 553 pum to
280 pm with an increase in @, from 180.8 to
905.2 puL/min. This example also shows that the re-
placement of the second needle in MFC 1 with
a needle with a smaller inner diameter, i.e. the transi-
tion to MFC 2 also leads to the generation of droplets
with smaller sizes, since the velocity of the matrix u,,
and, as a consequence, Ca,, increase.

Generation of double emulsions

To generate double emulsions, we used a setup
consisting of three syringe pumps connected via sili-
cone hoses to a microfluidic device with the second
type of geometry, MFC 3, which is schematically
shown in Fig. 6. As in the previous case, emulsion
drops were collected in a glass container, and then
examined microscopically. The morphology of double
emulsions is much more sophisticated than that of
single emulsions. For composite drops, it becomes
possible to vary a greater number of their structural
parameters, including the diameter of the composite
drop, the thickness of the shell, the diameter of the
internal phase — the core, and the number of cores.

Fig. 6. Scheme of the microfluidic platform MFC 3
for the generation of double emulsions

These parameters can be controlled by changing
the volume flow rates of all three phases. Some exam-
ples of emulsions obtained using this setup are shown
in Fig. 7, 6-. As noted above, the matrix in this case
was water with the addition of 7 wt.% PVA, the shell
(the second dispersed phase, index d2) was vaseline
oil with 7 wt.% Span 80, and the core (the first dis-
persed phase, index d1) was water. The volumetric
flow rates QO below are given in pul./min. As can be
seen in the micrographs, at the ratio O,/ Qn/ On =
=90.4/90.4 / 1361.1 (Fig. 7, 6), composite droplets
are formed with a rather small shell thickness of
20 pm, while the diameter of the entire droplet is
430 pm. An increase in the volumetric flow rate of the
second dispersed phase by a factor of two (Fig. 5, B),
with O, and Q,, unchanged, leads to the generation of
drops with a larger shell thickness of 70 um. The di-
ameter of the composite drop in this case is 520 pum.

The core diameter practically does not change. If we
additionally reduce the volumetric flow rate of the
dispersed phase d1, as in the case shown in Fig. 5, 1,
the shell thickness will also increase due to a decrease
in the core diameter. In this case, the shell thickness is
100 pm, and the core diameter is 330 pm. The diame-
ter of the composite drop remains almost unchanged
and is about 540 pm. The given micrographs of
double emulsions demonstrate a rather high degree of
uniformity in the generated droplets. The coefficient
of variation for the cores of composite drops varies in
the range of 1.5-3.4%, for the diameters of the entire
composite drop — in the range of 1.5-3.2%.

Fig. 7. Microphotographs of emulsions obtained using
the MFC 3 platform (a) at various ratios of matrix
volumetric flow rates Q,, and dispersed phases of the
core O, and shell Q.
0—0an/On!0n=904/90.4/1361.1;

B— Ou/ QOn/ 0n=90.4/180.8/1361.1;
r—QOun/QOn/Q0,=633/180.8/1361.1

CONCLUSION

In this work, DIY microfluidic platforms for drop-
let microfluidics were designed and assembled, in-
cluding a system for supplying liquid components
(based on syringe pumps) and microfluidic chips with
different geometries. The development of the compo-
nents of microfluidic setups was carried out using
widely available components and 3D printing to
create some parts of syringe pumps, which made it
possible to create very inexpensive devices for gene-
rating emulsions with various morphologies. Produc-
tion of one syringe pump, taking into account the cost
of polymers, is about 2.5 thousand rubles, which is
completely incomparable with commercial counter-
parts with similar characteristics, their cost can reach
up to several hundred thousand rubles. [14]. The price
of a complete system consisting of three pumps,
a control system based on the Arduino UNO micro-
controller platform, and a microfluidic chip is about
10 thousand rubles.

On the example of obtaining single and double
emulsions, the capabilities of the developed micro-
fluidic platforms were demonstrated, and it was
shown that they are in no way inferior to the previous-
ly presented projects. For microfluidic chips assem-
bled for the generation of single emulsions (MFC 1
and MFC 2), the range of volumetric flow rates of the
matrix Q,, and the dispersed phase O, was determined,
in which it is possible to obtain monodisperse drops.
For MFC 1 droplet generation with a high degree of
homogeneity (¢, <1.9%) is observed up to Q; =
=271.3 uL/min and over the entire range of Q,, (from
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63.3 to 5430.1 pL/min). For MFC 2, drops with
¢, <2.0% were obtained at all O, values used in the
work (from 24.0 up to 180.8 uL/min) and Q,, below
634.8 pul/min. Also, high homogeneity was observed
during the generation of water-in-oil-in-water double
emulsions; in this case, the coefficient of variation for
the cores of composite droplets did not exceed 3.4%,
and for the entire drop — 3.2%.

Thus, based on the obtained results, we can con-
clude that it is fundamentally possible to develop low-
cost DIY platforms for droplet microfluidics with cha-
racteristics sufficient for most applications without
resorting to expensive commercial solutions and la-
bor-intensive chip prototyping technologies.

APPENDIX

Tab. I1. Components used to build a three syringe
pump system
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