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MUKPOKJIAITAHBI B MUKPO®JIOUJHBIX YCTPOMCTBAX.
YACTD 2. ITACCUBHBIE MUKPOKJIAITIAHBI (OB30P)

Kitanansl SBISIOTCS BaKHBIMHU (DYHKIMOHAIBEHBIMHU 3JIEMEHTaMH, HEOOXOIUMBIMH JUISl CO3JaHU MUKPODITIOMITHBIX
ycrpoiict, miardopm "maboparopus Ha umne" W MuUKpocucTeM momHoro aHaimmza (UWTAS, micro total analysis
system). WneanpHass MukpourongHas cucTeMa OOBEAWHSET MHOTOYHCICHHBIC ITOCIEOBATEIbHBIC OIEPALUH,
obecrieunBaeT TOYHOE POCTPAHCTBEHHO-BPEMEHHOE BHICBOOOK/IEHHE PEareHTOB U KOHTPOJIb ITOTOKA, a TAKXKe IPH-
TO/iHa JUIs OBICTPOTO W HEAOPOroro u3rorosieHus. [1oaToMy pazpaboTka KiaraHoB SIBISETCS OAHOW U3 BaYKHEHIINX
3aj1a4 MMpU IIOCTPOCHUH MOJOOHBIX cucTeM. [10 cpaBHEHMIO C aKTMBHBIMU KJIallaHAMU NACCUBHbBIE OoJiee yI00HbI JUIst
MHTErpalui B MHUKPO(QIIOMIHBIE YCTPOMCTBA, MOCKOJIBKY OHH TO3BOJISIIOT PETYJIHMPOBAaTh CKOPOCTh IOTOKa 0e3
CJIOXHOU 0OpaTHOM CBSI3M M 00ECIIeUNBATh IEPEKPHITHE MMOTOKA, CMEIIMBAHUE OTOKOB U T.J. IlaccHBHBIE MUKPO-
KJIallaHbl IMEIOT MEHBLIYIO CTOMMOCTB M O0Jiee MPOCTYI0 KOHCTPYKIIMIO, YeM aKTHBHEBIC. B cTaThe paccMaTpHBaroT-
Cs1 MaccUBHBIC 0OpATHBIE U KAMUIIPHBIE MUKPOKJIAIAHbl, IIPUBOASATCS MPUMEPHI Pa3HbIX KOHCTPYKIUH.

Ka. cn.: Mukpoduoninka, MUKpO(IIIOUIHbBIE YCTPOHCTBA, MUKPOKJIANaH, NAaCCUBHBIN KJIaNaH, KalWUIIpHbIC

MUKPOKJIaIIaHbl

BBEJEHUE.
IHACCHUBHBIE MUKPOKJIATIAHBI

Mukpokananpl SBISIOTCS OJHUM H3 HamOolee
BaXKHBIX M IIMPOKO HMCIIOJIB3YEMBIX DJIEMEHTOB B MHUK-
podronaHBIX yCTpoOiicTBax, oOyerdas aBTOMAaTH3a-
UI0 ¥ UHTerpauuio B Mukpodmonnuke [1, 2]. Kna-
MaHBl TIO3BOJISIIOT 00ECTIEYNTh MHOXECTBO OMeparuit
C JKUAKOCTBIO: TIEPEKIIIOYCHNE MM PEeryJMpoBKa I0-
TOKOB B KaHajlaX MUKPOQIIIOUAHBIX YHIIOB, CMEIINBA-
HHUE PEareHTOB, JIO3UPOBaHUE WIIN ONpeelicHHE Bpe-
MEHH NPOBEJICHUS peaKuil.

[lo npuamMmy paboTel MUKPOKIANAHBI MOKHO
paslenauTh Ha aKTUBHBIC W maccuBHbIC [3]. B akTuB-
HBIX KJIallaHaX OOBIYHO MCIIONB3YIOTCSA BHEITHHE TIPH-
BOJIBI JUISL YIIPABIEHUS THIPABINIECKIM COIPOTHUBIIE-
HUEM MHUKpOKaHaioB. OJHaKO BHEIIHUH MPHUBOJ
YCIOXKHSAET KOHCTPYKITUIO MUKPO(ITIOUIHOTO YCTPOii-
CTBa, YTO HE MOJIXOAMT JUII MUHHUATIOPHBIX CHCTEM.
Hcnonp3oBanue KilamaHOB MMAaCCUBHOTO THIIA, HE Tpe-
OyIOIIMX JOTMOJHUTEIBHOTO BHEIIHEro 00OpyAOBa-
HUS, SBISIETCS aNbTEPHATUBHBIM pEIICHUEM IS
yIpaBJICHUsS. MOTOKAMH B MHKPO(DIIOMIHBIX YCTPOM-
CTBax.

Knaccudukanmst 1 0030p MUKpPOKIIANIaHOB aKTHB-
HOTO TuMa ObLIU JIaHBI paHee [4].

[laccuBHBIE  MUKpOKIJIAMIaHBI  MOAPA3AEIAIOTCS
Ha oOpaTHBIE KJlamnaHbl, UMEIOIINEe MEXaHUYECKHE T10-
JBHKHBIE YaCTH, W KallWJUIPHBIE KJIAMlaHBl, HE MMe-
IOIIME MOABMKHBIX YacTel. BOJIBIIMHCTBO MaCCUBHBIX
00paTHBIX MHMKpPOKJIAaHOB BCTPOEHBI BO BXOBI MIIU

BBIXO/IbBI MHUKPOHAaCOCOB B Ka4e€CTBE MEXaHWYECKHX
JBIDKYIUXCST 9acTeH, TaKUX KaK 3acJIOHKH, MeMOpa-
HBI, IIapbl UM TOJBMKHBIE KOHCTpyKuuu [5]. Kanm-
JSIpHBIE KJIAIIaHbl LIMPOKO MCIOJB3YIOTCS B LEHTPO-
OeXKHBIX MUKpODIIOMIHBIX cucTeMax [6, 7]. OmHako
TaKle CHCTEMBI 0OBIYHO HYKIAIOTCSI B BEICOKOCKOPO-
CTHOM YIPaBJISIEMOM BpalIEHUH, YTOOBI 0OECIEeYUThH
HEOOXOAWMEBIE MJaBIEHUS IS  OTKPBITHS/3aKPBITHS
Kiamnasxa [8].

1. TACCHUBHBIE OBPATHBIE MUKPOKJIATIAHBI

B o0paTHBIX KiTamaHax MOIBUXHBIC IJIEMEHTHI —
3acnonka [9, 10] wim memOpana [11-14] — cmpoek-
THPOBAHBI KaK CTPYKTYpPHl MUKpOKaHaja IJIs yIpaB-
JIEHUS! OJHOHANPABIECHHBIM MOTOKOM HAKocTU. [lo-
CKOJIBKY COTPOTHUBJICHHUE MOTOKY KUIKOCTH HEBEIUKO
B OJHOM HAIPAaBJICHUU W 3HAYUTEIHHO B IPOTHBOIIO-
JIO)KHOM, OOpaTHBIN KJIAallaH TAaKKE Ha3bIBAIOT 'KUJI-
KOCTHBIM auosoMm". OOpaTHBIC KiIamaHbkl MOTYT OBITh
W3TOTOBIICHBI U3 PAa3IMYHBIX MAaTEPUANIOB, BKIIOYAs
TBEpJbIC MaTepuaibl (HAIpUMEpP, KPEMHHUH U MOJIUME-
ps1). [lomumeph! ABISIOTCS MpHUBIIEKATEIBHBIMA MaTe-
puasiaMu Jijisi OOpaTHBIX KJIAlaHOB W3-3a WX HU3KOU
CTOMMOCTH ¥ TUOKOW TEXHOIIOTUH POHU3BOJICTBA.

B pabore [9] npeacraBieH MUKPODIIOUIHBIN YHUIT
CO BCTPOCHHBIM OOpaTHBIM MHKPOKIIAIIAHOM, COCTOSI-
MM U3 TUOKOW TOHKOW 3aCIIOHKH, PaCIOJIOXKCHHOHN
B HEMOCPEICTBEHHON OJIM30CTH OT KECTKOTO CTOIOPA.
Tonkast 3aclIOHKa NMPUKpEIUIEHa TPEeMsI CBOUMH Kpasi-
MU K BEpPXHEW, HWKHEH U OJHOW BEPTUKAIBHOMN



4 I'. E. PYJHULIKAZ, A. H. 3YBUK, A. A. EBCTPAIIOB

a
Mpamoin .
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Puc. 1. Ilpumep maccuBHOTO OOpaTHOTO KIalaHa
"3acnonka" (a); omrwdeckas Mukpodororpadus ycr-
poiicTBa, Buz cBepxy (0) [9]

CTeHKaM MUKpokaHana. [IpuMep maccuBHOTO 00Opat-
HOTO KiamaHa "3acioHka" mpuBeneH Ha puc. 1. Ilma-
HApHBIA TPOTOTHUII YCTPOWCTBA OBbLT W3rOTOBIICH
C TIOMOINBIO CTAHAAPTHOM TEXHOJIOTHUA (POPMOBAHUS
permk u3 momumuMeTmicuiokcana (IIJIMC). dopma
U pa3Mep 3a30pa MEXKIY 3aCIOHKOM U CTOIOPOM H3-
MEHSIOTCSl B 3aBUCHMOCTH OT BEJIMYWHBI U HaIIpaBlIie-
HUs TOTOKa. Pasmep 3a3opa urpaer KIoueBYIO POJb
B XapaKTepUCTHKAaX YCTpOicTBa: HeOONBIIONH 3a30p
YMEHBIIUT CKOPOCTH OOpPATHOTO IIOTOKA, HO TaKXKe
YBEIIUMYHT COMPOTHBIICHHE NpPSIMOMY TMOTOKy. Ilpa-
BUJIBHBINA BBIOOP (OPMBI U pa3sMepOB KOHCTPYKIIUHU
"3aCJI0HKa — CTOMOP" IMO3BOJIAET YCTPOWCTBY (YHK-
[MMOHUPOBATh KaK OOpaTHBIA KiIallaH C KeIaeMbIMHU
xapakTtepuctukamu. I[IpoToTunm ycTpoicTBa mpoje-
MOHCTPHUPOBAI BO3MOXHOCTh PETYIUPOBAHUSI PaCXo-
na Boasl oT 0.21 mo 1.2 Ma/MHH C OTKIIOHEHHEM Me-
Hee 3% mpu m3MeHeHuU padodero masienus or 100
10 6oxee 200 xI1a.

MemOpaHHBIH KJamaH — 3TO €IIe OJUH THII Mmac-
CHBHOTO OOpaTHOTO KJjamaHa B MHUKPODIOUIHOM
YCTPOMCTBE, KOTOpPBIM B OCHOBHOM IIPHBOJUTCS
B JICWCTBHE 3a CUET U3MCHECHIUS COMPOTHUBIICHHSI TTOTO-
Ky B MHKpOKaHayiie. MeMOpaHHBIN KiamaH OOBIYHO

COCTOMT M3 JBYX KaHAJIOB: KaHalda Uil KHUIKOCTU
Y KaHala YIPaBJICHUs, KOTOPBIC pa3IeNcHBl TOHKOM
ANIACTUYHON MeMOpaHoit. Koria kaHai i )KUIKOCTH U
KaHaJ yIPaBIICHUSI 3aII0JTHEHEI, TTOBHIIIICHUE JTABJICHUS B
KaHaJIe yIPaBIICHYSI MPUBEIET K OTKJIOHCHUIO MeMOpa-
Hbl, YTO W3MCHHUT IIONEPEYHOE CEUCHHE KaHala JUIs
JKUIKOCTH, a CJICIOBATEIBHO, M CKOPOCTH MOTOKa [15].

Ha puc. 2 cxemaTuuecku Noka3aH MPHHIUI pado-
THI TTACCUBHOTO peryisTopa pacxoga [16]. Perymsrop
MMOTOKa WHTETPUPOBAH CO BCTPOSHHBIM MEMOpaHHBIM
KJIAIIaHOM, KOTOPBIA BKJIIOYACT B Ce0s ABA OTIEIHHBIX
KaHalla YIpaBJiC€HMs, OJWH OCHOBHOM KaHal WU JABE
TOHKHE MeMOpaHbl. OCHOBHOW KaHAJI 3a)aT MEXIy
IByMs TOHKHMH MeMOpanamu. [lpu mnpuioxeHn
JIABJICHUSl K KaHajlaM YIIpaBJICHUS MeMOpaHbl MOTYT
nehOpMHUPOBATLCS HABCTPEUY APYT APYTy, UTO TIPHU-
BOJUT K YMEHBIICHUIO IUIOLIAAU MOINEPEUHOTO ceve-
HUS OCHOBHOTO KaHana. [lockonbKy ruapaBiIndeckoe
CONPOTHUBJICHUE KJIAllaHA OIpEAesAeTCa IUIOUaAblo
MONEPEYHOTO CEUEHUS, TO €r0 MOXHO PEryJIHpOBaTh
ITyTEM W3MEHCHUS TPUIIOKEHHOTO IABJICHHS, NCHUCT-
Bylomiero Ha MmemOpanbl. Ciie/JoBaTeNnbHO, KOJcOaHUs
JABJICHUST MOXKHO KOMITGHCHPOBATh 3a CUET TUHAMU-
YECKOT'0 YMEHBILUEHUSI WIH YBEIUYEHUS THIpaBIHye-
CKOro conpoTuBiieHUs. Takke BBIXOJHOM pacxon
KJIallaHa MOJKHO PEeTryJHpOBaTh TaK, YTOOBI OH OBLI
MOCTOSTHHBIM 3HAa4YCHHEM. TakuM 00pa3oM, KiaraH
MOXET OBITH BCTPOCH B MUKPOQIIIOMTHOE YCTPOUCTBO
U JIeHCTBOBATh KaK MACCUBHBIA PEryJIATOp AJSL aBTO-
MAaTHYIECKOTO PETYIUPOBAHUS TIOTOKA XKHUIKOCTH.

ABTOpel paboTel [15] paspaboTanu maccuBHOE
MUKPO(IIOUHOE YCTPOMCTBO ¢ KIIAllaHOM PEryJIHpO-
BaHUSl TIOTOKA, KOTOPBIA CIIOCOOEH TPEIOTBPATUTH
o0paTHOE TEYCHHE IMOTOKA B IMPOIECCE TPAHCIIOPTH-
POBKH KUIKOCTH. YCTPOMCTBO COJIEPKHUT KJIalaHbl
JBYX THUIIOB: KJalaH PeryJupOBaHUs MOTOKA UCIOIb-
30BaJICS JUISI PETYIUPOBAHUS pacxoja >KHIKOCTH,
a oOpaTHBIN KIlanaH UCTIOIB30BAJICS JIJIS OTKJIFOUCHUS
oOpatHoro motoka. I[lockoyibky OOpaTHBIN KianaH
JIOIyCKaJl TOJBKO MPSMOM MOTOK >KUJIKOCTH B MUKPO-
KaHajax, TO, KOTJa JKUJKOCTh TeKja B 0OpaTHOM Ha-
MIpaBIIEHUH, KJIaNaH OJIOKWPOBaJ MUKPOKAHAIBI U OC-
TaHaBJIMBAJl OOPaTHBIN TOTOK.

Kanan ynpaBneHus

Memb6paHbl

OcHOBHOM
KaHan

KaHan ynpaBneHus

Puc. 2. Cxemarnyeckoe M300paxeHne MPUHIATIA PAOOTHI
MIACCHBHOTO peryisTopa pacxona [16]

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3
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KonnenrtyanbHelii au3aiiH ycTpoHcTBa Ui pery-
JUPOBaHUS  MHUKPO(IIOMIHOTO TOTOKAa  TIOKa3aH
Ha puc. 3, a. OOpaTHBI KJamaH COJIEpKal KaMepy
JUTSL )KUJIKOCTH, TIEPETOPOJIKY, OCHOBHOW KaHaJ U 3ja-
CTHYHYIO MEMOpaHy C OTBEPCTHEM, a KJIalaH pPeryJn-
pOBaHMs MOTOKa BKJIOYan OOIIMH OCHOBHOW KaHal
JUTST KUJAKOCTH, KaHajl YIpaBIIEHUS H DJIACTUYHYIO
MeMOpaHy. BricoTa W mmpuHa HIKOCTHOTO KaHaja
cocraBmsiit 200 MkM m 600 MKM COOTBETCTBEHHO,
a JyiHa KaHana ynpasieHus 800 MKM.

ITpu nojave >xUIKOCTU Ha BXOJl yCTPOICTBA B IIpsi-
MOM HaIpaBJICHUU MeMOpaHa oOpaTHOro KiamaHa
OTKJIOHSUIaCh B CTOPOHY OCHOBHOTrO KaHaja (puc. 3, 0).
OOpatHbBIH KIanaH OTKPBIBAICS IS TPOXOJa JKHUIKO-
CTH 4epe3 OTBEpPCTHE, U >KUIKOCTh IOCTyMajga HEemo-
CPEICTBEHHO B KJIAllaH peryinpoBaHus moroka. Ko-
I71a JaBJICHHE HA BXOJE YBEJINYHMBAIOCH, JIaCTHUHAS
MeMOpaHa KIlalaHa peryJUpOBaHUs MIOTOKA OTKIOHS-
Jjach B CTOPOHY OCHOBHOTO KaHaja M3-3a IOBBIIICH-
HOTO JaBJIEHUS B KaHaje ympaBieHus. [lockosbky
nedopMmupoBaHHas MeMOpaHa YMEHbIana IOMeped-
HOE CEYEHHE OCHOBHOIO KaHala, THJPaBINYECKOE
COTIPOTHBJICHUE YCTpPOiicTBa yBenmmumBajock. Korma

a OOpatHbi KnanaH Perynupylowuia knanaH

__Kamepa ans xugkoctu  KaHan ynpaeneHus

MembpaHa
(3] Beog xuagkocTh

Bbixon

OTKpbITO Mpamoi pexum
B Bxon

Bbixog

3akpbITO

PeBepCHUBHbLIN PEXUM

Puc. 3. Ipunimn paboTsl MUKPODIIOUTHOTO PEryisTopa
notoka [15].

a — KOHCTPYKIUS YCTpPOWCTBA; 0 — OOpaTHBIN KiIamaH
TOTOKa OTKPBIT JJId BBOJA XKUAKOCTHU B IIPAMOM PEKUME,
KJIAIlaH PEeryJUPOBAHUS MMOTOKAa paboTaeT; B — 00paTHbBIN
KJIAllaH T0TOKa 3aKPhIT, YTOOBI OCTAHOBUTH J>KUIKOCTH
B PEBEPCHBHOM PEXXAME

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3

BXOAHOE JaBJICHHE IPEBBIILIAIIO ITOPOrOBOE, IMpHpa-
HIEHUE THAPABIUYECKOTO COMPOTHBICHHUS KOMIICHCH-
pOBalo TpHpalCHUE JABICHUS, TakuM 00pa3oM
B MPSIMOM PEXHUME JOCTUTAICSA MOCTOSHHBIA MOTOK.
IMIpu pabore ycTpoiicTBa B pPEBEPCUBHOM DPEIKHME
JKUJIKOCTh MIOCTYIaJIa B OCHOBHOW KaHaJl U3 BBIXOJHO-
ro otBepctus (puc. 3, B). Kimaman perynmupoBanus mo-
TOKa He cpadaThIBal P yPAaBHOBEIICHHOM JIABJICHUH
MEXKIy KaHAJIOM YNpaBiCeHHS W OCHOBHBIM KaHAJIOM
IUIS JKUAKOCTH. 3aTeM JXHMIKOCTh IepeTeKayia B 00-
paTHBI KJamaH W TOJIKajda MeMOpaHy K BXOJHOMY
otBeperuio. Ilockonbky neperoponka Obliia H30JIUPO-
BaHa BXOJHBIM OTBEPCTHEM M KaMepoil Uil XKHIKO-
cTH, MeMOpaHa MoTJIa OBITh IUTOTHO TPIIKaTa K mepe-
TOPOJAKE H3-32 BBICOKOTO JAaBJICHUS >KUAKOCTH, MpHU-
JIO)KEHHOTO K MeMOpaHe, CONpHUKACAroIIeHcsi ¢ Hew.
Takum o00pa3oMm OOpaTHBIA KiamaH OBLT 3aKpHIT,
a TMOTOK KUAKOCTH B 0OPATHOM PEKUME OCTAHOBJICH.

310 MUKPOGDITIONHOE YCTPOWCTBO PETYIMPOBAHUS
MOTOKa MOXXKHO HCIIONIB30BaTh UI TOYHOW IOAa4M
KUJKOCTH ¢ MUHUMAJIBHBIMU YTEUKaMU TIPU 0OpaTHOM
noToKe. Pe3ynpTaThl 3KCHEPUMEHTOB IIOKA3aIM, YTO
MPaKTHYeCKH TOCTOSIHHBIA pacxon 0.42 + 0.02 wmi/c
JOCTHUTAJICSI B IPSAMOM DEXHUME NPH AUana3oHe BXOJ-
HbIX pasienuii ot 70 mo 130 xIla.

IIpy ucnonb30BaHMU MHUKPOQIIIOUAHBIX CHCTEM
¢ oOpaTHbIMHM KJallaHaMHM TUIAa '"3aCJIOHKA" WK
"MemOpaHa" BO3MOKHa TpoOjeMa ¢ yTeUKaMH H3-3a
3a30pa MEXIy CTCHKaMHd MHKpPOKaHasa U OJOKUpYIO-
HIUMU MHKPOCTPYKTYpPaMU TIPH OOpPATHOM IOTOKE.
OOpaTHBI IOTOK MOXKET HApYILIUTh TOUYHYIO JOCTaB-
Ky o0Opaslla U pearcHTOB B MHKpPOKaHAJbI, YTO B KO-
HEYHOM HUTOre yXyamaeT paboTy MHUKPOQIIOUIAHOTO
ycTpoiicTBa. [Ipobnema yTeuek npu oOpaTHOM MOTOKE
B MHUKpPOKaHaJIe MOXET OBbITh pellieHa 3a cYeT MHOTO-
KpaTHOW OJOKHPOBKM IOTOKa C MOMOIIBIO KianaHa
B BHAC TrpebcHUATOW TOMBIWKHON "mpobku" [17].
J.Hyeon u H. So pa3paborany HOBBI TUN ITACCUB-
HBIX 00paTHBIX KJIAIAaHOB, KOTOPhIC (h(HEeKTUBHO Tpe-
JOTBPALIalOT OOpaTHBI MOTOK B 3aKPBITOM COCTOSI-
HUH, o0ecIieunBasi MPaKTHYECKH TOJTHOE MEPEKPHITHE
MHUKpPOKaHaja 3a CYET MHOTOKPAaTHOH OJIOKMPOBKH
MOTOKOB 4epe3 MOJBMKHYIO TIpeOeHYaTyI0 NpPOOKY
(puc. 4).

Mukpokanan knanaHa BeimosiHeH w3 [IAMC
n nmen mupuay 300 MxMm 1 BeicoTy 95 MkM. [Ipu 00-
paTHOM moTOoke KiamaH (u3 ¢ortopesucta SUS) 6Gio-
KAPOBAJI MUKPOKaHa rpeOeHYaTBIMK BBICTYTIAMH, KaK
nokaszaHo Ha puc. 4, 6. IIpu npsiMOM HOTOKE MHUKpPO-
CTpPyKTypa rpebeHuaroil Gpopmbl nepeMenianach mo Ha-
NPABJICHUIO TIOTOKA, MEHSS 3aKpPhITOC IIOJIOKEHHE
KJlarnaHa Ha OTKpbIToe. J[BrkeHue rpedeHvyaTonl MHK-
POCTPYKTYpPHI OCTaHABJIMBAIOCH MMApOH sSKOpeH ((huk-
caropoB). Korma HampaBneHne mOTOKa MeEHSETCS
Ha TPOTUBONOJIOKHOE, rpedeHYaTas: MHUKPOCTPYKTypa
BO3BPAIAETCSI B 3aKPBITOE MOJIOKEHHE, OMOKUpYsl 00-
paTHBII MOTOK Yepe3 CLETIICHHBIE BBICTYIIBI TPEOCHKH.
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MopaBuxkHasa rpeGeHyaTas npobka

MMKPOKaHan B NOMe

Hanpasnsiowme skops

Puc. 4. Unmoctpanust paboTbl MUKPO(IFOMIHOTO 00paTHOTO KilanaHa Ha OCHOBE

MOJIBIDKHOM rpebeHyaroii npooku [17].
a — OTKPBITOE COCTOSIHHE, O — 3aKPBITOE COCTOSHHE

Puc. 5. Cxema mpolLEecCOB H3rOTOBJICHUS
MUKPOQIIIOMTHOTO  00paTHOrO  KiiaraHa
C UCIIOJIb30BAaHUEM IPeOEHYATOH MOBIIKHOM

cTpyKTypHI [17].

a dotonutorpacpus
C ABY XCITOWHbIM
¢oTopesucTtom

B lNposiBneHune
c¢hoTopesucra

I' BbicBOOOXAEHMUE
MMKPOCTPYKTYP

e CoeauHeHue
NAOMC co cTeknom

© Msrkas nutorpacwus

MMKpPOKaHanoB U3

NnAMC wa SU-8 |

S
g,
~

O BcTtpauBaHue -

CTPYKTYP B MUKPOKaHari -

a— cranzaptHasi otonurorpadusi Ha Kpem-
HUEBOW IIJIACTHHE, MOKPBITOW JBYXCIONHBI-
mu ¢oropesucramu (SU-8 2100 u AZ 9260
JUISL CO3/IaHMs TIOJIBMKHBIX MHKPOCTPYKTYD
1 J)KEPTBEHHOT'O CJI0SI COOTBETCTBEHHO);

06 — craHmapTHas MsATKas JUTOrpadus Il
M3rOTOBIEHHUS MUKpokaHaioB I1/IMC;

B — XHMHYecKas 00paboTka IpeOeHUaTHIX
MHUKpPOCTPYKTYp B mposiurene SU-§;

I — TIpOLECC BBICBOOOXKICHUSI MUKPOCTPYK-
Typ myTeM pactBopeHus AZ 9260 (:xepTBeH-
HBIH cioif) B mposBurene SU-8,

1l — MHTerpaus copMUPOBAHHBIX TPEOCH-
YaThIX MHKPOCTPYKTYp B MHUKpPOKAHAJbI
Ha CTEKIIE,;

e — coequnenue [I/IMC-pennuk u cTexna

A

____________

3MNOKCUAHBLIN KNen

-su 8§ [ InamMc

T AZ

H__ B Macka
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[TockonpKy KHAKOCTh JOJIKHA HMPOXOAMTH UYepe3
KQXKJIBIH BBICTYI IPpeOCHYATON MHUKPOCTPYKTYpHI (T.€.
HPEISTCTBUS), COPOTUBJICHUE TIOTOKY IPH 0OpaTHOM
TEYCHUU PE3KO YBEIMYMBAIOCH 32 CUET yBETUYEHHUS
TUTOIIATM KOHTAKTa KJIallaHa ¢ MTOBEPXHOCTHIO MUKPO-
KaHana.

Cxema mporiecca U3roTOBIEHHSI 00paTHOTO KIlamna-
Ha TIOKa3zaHa Ha puc. 5. MHUKpoKaHanbl ObUTM H3TO-
TOBJICHBI METOAOM CTaHIAPTHOM MSTKOH JHuTOrpaduu
B [IJIMC. [IBmxymmecs MUKPOCTPYKTYpHI (TpeOeHKH)
OBbUIM W3TOTOBJICHBI (DOTOIMTOTPAPHUEH C HCIIOJIB30-
BaHMEM JBOHHOrO cios oropesucra. Panee coobura-
JOCh, YTO OTOT METOJA IMO3BOJISIET BBICBOOOIUTH
crpykTypsl SU-8 u3 cyberparta [18].

OKCcNepUMEHTHl NTOKa3aJld, YTO MUHUMAaJbHas CKO-
pPOCTh TIOTOKA ISl aKTHUBAIlMM B PEXHME OOpaTHOTO
notoka cocraBwia 70, 75 n 80 MKI/MUH A7 MUKPO-
KJIaNaHoB C TpeOeHYaTBIMI MUKPOCTPYKTYPaMu € O
HUM, TPEMsI U IISTHIO BBICTYIIAMU COOTBETCTBEHHO.

OTO WuccnenoBaHUE TOATBEPKAAET BO3MOYKHOCTD
pa3paboTku 3(p(HeKTHBHBIX W HANEKHBIX MHKPOKJIAIa-
HOB JUIS pa3fIMYHbIX Ja00paTOPHBIX U OMOMEIMIIMHCKIX
MPUJIOKEHUHM, TAKMX KAaK YCTPOMCTBA JIOCTAaBKU Jie-
KapcTB, CEMapaTopbl KIETOK M MUKPOHACOCHI, Il KOTO-
PBIX pelieHa npobiemMa yTeuek Mpu 00paTHOM TTOTOKE.

2. KAMMJIVIAPHBIE MUKPOKJIAITAHBI

Tunbl KalWUJIAPHBIX KJIAallaHOB

Peumienne oaHONM U3 KIIOYEBBIX 3a7ad MHKpPO-
GIIOUINKH  —  MaHUNYJIUPOBaHHE  IKUIKOCTIMHU
U KOHTPOJb HaJl HUMHU BHYTPU MHUKPOKAHAJIOB —
BO3MOKHO C ITOMOINIBIO UCITOJIb30BAHUS KATUJUISIPHBIX
CHJI, YIIPABJICHUs MOTOKaMM KalWUIAPHBIMH MUKPO-
kiananamu [19].

Kanunnsphsle k1anaHsl — 3TO MaCCUBHBIC KJlamna-
HBI, B KOTOPBIX MCIOJIb3YIOTCS CHJIbI IOBEPXHOCTHOTO
HaTsDKeHUs. B HUX He 3aJleliCTBOBaHbI JABMXKYLIUECS

r

_*.
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YacTH, YTO JeJaeT 3TH KJamaHbl 0ojee MPOCTHIMU
B M3TOTOBJIEHMH W MEHEE IOABEPXKEHHBIMH 3acope-
HUIO, YeM aKTHUBHBIE KJamnansl [5, 20].

CymecTByIOT ABa THNA KaIWUIIPHBIX MHKPOKJIa-
naHoB. [lepBblif TUII OCHOBAaH Ha HAJMYUH HaHECCH-
HBIX TUAPOGOOHBIX 30H HAa ydYacTKax IOBEPXHOCTU
rUApOQUIBHOTO MHKpPOKaHalla, YTOOBI OCTaHOBHTH
MOTOK XuJKkocTH [21]. BHellHee naBieHue 3acTaBisi-
€T XXHUIKOCTh NepeceKkaTs ruapodoOHbII yuacToK, KO-
raa 3To Tpedyercs aist npouecca. KanumsipHsle kia-
IaHbl BTOPOro TUIA OCOOEHHO INPUBJIEKATENIBHBI, T.K.
He TpeOYIOT NOTOJIHHUTENBHON 0OpabOTKU /il HaHe-
ceHust TuApodoOHOTO MOKPHITHS. [loCcKONBKY TeueHne
KHUIKOCTH MPOCTO MPEKpaIaeTcs, Koraa monepeyHoe
cedYeHrne MUKpOKaHajla pe3ko MeHseTcs (THapoduib-
HBbIE MUKPOKaHAJIbI BHE3AITHO PACHIMPSAIOTCS WITH TH]I-
podoOHbIE MHKpOKAHAJIBEI BHE3AIMHO CXKAMAIOTCH).
IToTox BO30OHOBIsIETCSA, KOT/Ia TABJICHUE WIIH Pas3ps-
KEHHE, BBI3BIBAIONINE IBI)KCHUE, MPEBBIAIOT KpPH-
THYECKOEe 3HaUeHHEe, Ha3bIBAEMOE JaBIIEHUEM pa3phiBa
[22]. Takne 3amopHBIE KJIAaNaHbBl yCIENTHO MPUMEHS-
IOTCSI, HalpUMep, B MHUKPOQIIOUTHBIX CHCTEMax
Ha OCHOBE KOMIIAKT-JHCKAa, B KOTOPBIX ITOCIIEA0Ba-
TETbHOE TPOTEKaHWE Yepe3 HECKOIbKO KIAIaHOB
C YBETNMYEHHEM [aBJICHHS pa3pbiBa JOCTUTAETCS
3a CUET YBEIMUCHUS CKOPOCTH BpaIIeHUs aucka [23].

Kanuausipaelii 3an0pHbIii Ki1anan

Haznagenwne 3anopHoro KianaHa — BpEeMEHHO Iie-
PEKPBITh MOTOK XKUAKOCTH B KaMWUISpE. 3amopHBIN
KJlanaH MOXKHO c(hOpMHpOBaTh, U3MEHUB (QOpPMY Me-
HUCKA JXUIKOCTH B MHKpOKaHalle, YTOOBI CO3/1aTh He-
00X0IMMOe JOTIOJTHUTEIBHOE JIaBICHNE U MEPEKPHITh
MOTOK KUJKOCTH [24].

Y. Zhang wu gap. [25] ucnonb30Bamu 3amOpHBIN
ruapodoOHBIN KIIanaH B YCTPOUCTBE I cOopa mora

C KOXH.

Puc. 6. KanunnspHslil 3amopHbIil rua-
poctoOHbIif Ki1anaH [25]

[ rmapodo6HbIit kKnanaH
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Puc. 7. N300paxkeHws1 SMMAepMaIbHOTO MHK-
POGITIOMITHOTO YCTPOHCTBA ¢ THAPOGHOOHBIMU
KJIaITaHaM¥ [Tt 0TOOpa KUAKocTH [25].

a — cXeMa YCTpOMCTBA M NMPHUHIMI PabOTHI
KJanaHa; 6 — n300paxeHHsT MUKPOQITIOHI-
HOT'O YCTPOMCTBA Ha KOXE M IPH MEXaHUYe-
ckux gedopManuax, TaKMX Kak HW3ruo
U CKpY4HBaHHE

aboTbl

MocnepoBaTenbHbIN c60p

MuxkpodaronaHOoe YCTPONCTBO COCTOUT M3 OIHOM
WIN HECKOJIBKHX KOJUIEKTOPHBIX KaMep, OCHOBHOIO
KaHaJa, THAPO(GOOHBIX 3aMOPHBIX KIIAMaHOB U OpHIIK-
kaHanoB. KiamaH pacrosioskeH MexXIy KaMepou s
cOopa KHUJIKOCTH U OCHOBHBIM KaHAJIOM, YTOOBI 00ec-
MeYNTh cOOp MOTa M YMEHBIIUTH €ro ucrnapenne. Kax
MOKa3aHO Ha pHc. 6, KOrAa MOT MONajaeT B THIPO-
(UIBHBI MUKpOKaHaJl, 3alOpHBIN KIalaH CO3[aeT
Oapbep maBJeHUS, KOTOPBI MpeaoTBpalaeT npoao-
JKEHHE JBM)KEHHUS ITOTOKa M0 OCHOBHOMY MHKpOKaHa-
7y ¥ obecrieyuBaeT NpUHYAUTEIIBHOE TIONaaHue IoTa
B Kamepy cOopa. Korza nor 3anojHHUT KOJUIEKTOPHYIO
KaMepy TMOJHOCTBIO, 3alOpPHBIA KJIamaH OTKpPOeTcHd,
U KMJKOCTh NMPOWJET uepe3 3alopHbIN KiamnaH janee
10 OCHOBHOMY MHKpPOKaHaIy.

U3roToBiaeHo yCTpOWCTBO M3 Tpex cioeB: 1) mo-
kpeiBatomero cios u3 IIJIMC rommuaoi 240 MkMm, 2)
ciog ITIAMC ronmunoit 600 MKM ¢ MUKPOCTPYKTYypa-
MU ¥ 3) aKpUJIOBOH KJICHKOW TUIEHKH MEIUITMHCKOTO
Ha3HaYeHMs Ul YJIYUIICHHOW aare3sun K KOXe
(puc. 7). Mukpo¢mOUIHbIA KaHal HMEET IIHUPUHY
1 BeIcoTy 10 300 MKM, a AHaMeTp KaMmep — 3 MM.

I'mapodunsnyto mosepxHocts ITJIMC mnomywanu
00pabOTKOM KUCIIOPOIHOM TIIa3MOoi 1 Mo uKaIueit
nonusuHIIMUpponuaoHoM (I1BIT). [ToBepxHOCTh OC-
TaBaJlach cTaOMIBHO THAPOGUIEHON B TeueHHe 6 Mec.
I'mppodoOnenii kinaman (I'K) B Mukpodroninom ka-
HaJIe MOJTyYalH C MOMOUIbI0 MAacK JAJsl UCKIIOYEHUS

Bo3nelicTBus ma3Mbl Ha ydacTok [IJIMC. Heskcmo-
HupoBaHHas o0xacte [IJIMC mox mackoi ocTaBanach
rugpodobHoit n obpazopbiBana ['K B Mukpoduron-
HOM KaHaJe.

[onoxeHue KianaHa B OCHOBHOM MHKpoOdiron-
HOM KaHajie M €ro pa3Mepsl BIUSIOT Ha cOOp JKUAKO-
cti B Kamepbl. KOHCTpyKIMsl KiamaHa M pa3Mephl
OpHIK-KaHAIOB TaK)Ke Ba)KHBI JUISI OOECTIEYeHHsI BBI-
X0/a BO3QyXa M3 KaMep BO M30eXaHHe MPOTHUBOJAB-
JICHHUSL.

OcTaHOBKa MOTOKA XHIKOCTH B MUKpOKaHale 0e3
BHEIIIHETO BMEIIATeIhCTBA BO3MOXKHA 3a CUET PE3KOT0
pacIMpeHrs TEOMETPUH KaHajla ¢ MOMOIIBIO 3armop-
HOTO KJIallaHa paciuupsomerocs ceueHus (puc. 8, a).
XOoTs 3amopHBIe KaNMUISIPHBIC KIIallaHbl HaleXHBI
W TPOCTHI JIsl HHTETPallud B THAPOPOOHBIE CHCTEMBI,
WX CBOICTBa COXpaHAIOTCA B TEUEHHE KOPOTKOTO
BpeMeHH (Hampumep, 5 MuH [26, 27]). Maisie xpae-
BBIE YIJIBI MOTYT MPUBECTH K MOTOKY, KOTOPBIH Hapy-
mUT (QYyHKIMOHUPOBAHUE KJlanaHa (HanmpuMep, K yias-
JMBAaHUIO TY3BIPHKOB, KOTJa 3a IIUPOKHUM KaHaJIOM
cienyer cyxenue) [24]. Hns MOBBIIEHHS HAAEKHO-
cta A. Gliere u C. Delattre [20] pazpabotanu qByX-
YPOBHEBBIA 3alOpPHBIA KJIAllaH C MMKPOKaHAJIaMHU
13 TuApOQWIBHOIO KPEMHHMS, KOTOpble ObUIN repMme-
TU3UPOBaHbl THAPOPOoOHBIMU TieHKamMu u3 [1IMC
(puc. 8, 6). UcnibiTanus xnamnana pazmepom 15 X 15 MM
MOJATBEPANIN, YTO KJIallaH MOKET OJIOKHPOBATH MOTOK

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3
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Puc. 8. CxeMbl ¥ M300paKCHHUS 3aMOPHBIX KAMMULAPHBIX KJIAMaHOB, CIIOCOOHBIX OCTAaHABIIMBATH

noTok [28].

a— O}IHO}’pOBHeBHﬁ 3aHOprII>i KJ1araH: (1) TeoOMETpHd KjlallaHa C KJIIHOYCBbBIMU TNapaMETpaMiu,
HCHOJIb3YEMbIMU MIPHU aHAJIUTUYCCKUX pacuy€Tax JaBJICHUSA, U (2) OCTaHOBKA XUAKOCTH IPHU PE3KOM
HU3MCHCHUU T€OMETPHUU B MUKPOKAHAJIC; 60— )IByXypOBHeBLIﬁ 3aHOpHLII71 KJ1ariaH

Oydepa ¥ OTKpBIBaTbCA NpPU JABICHUH pa3pbiBa
B auanaszone 1-10 xI1a.

JIByMs M3BECTHBIMU HEJOCTATKaMU KaNMUISIPHBIX
3aIOPHBIX KJIAIMaHOB SIBIISIOTCA:

1) orcyrcTBHe Oapbepa [uid mapa, MOITOMY HCHa-
peHre MOXKET CTaTh MPOOJIEMON, ecly KHUJIKUH pea-
TEHT JOJDKEH XPaHUTbCS B TEYEHHUE [UIMTENBHOTO
BPEMEHHU WJIM €CIIM HarpeB SIBJIIETCS YacThIO MpOIlec-
ca, KaK, HallpIMep, NP aMIDITHQHUKAINA HyKJIEHHO-
BBIX KHCJIOT;

2) Bo3MOXKHas1 HEA(PPEKTUBHOCTH BEHTHIIUPOBAHUS
MIPU MCTIOJI30BAHUM KHUJIKOCTEW ¢ HU3KUM MTOBEPXHO-
CTHBIM HaTspkeHueM [20].

Kann/uisipHbIii TPUITEPHBII KiIanaH

Kanunnspuasle TpurrepHsie (IIyCKOBbIE) KJIamaHbI
TIPEACTABISIFOT CO00M MOAM(UKAIMY 3aIIOPHBIX Kilara-
HOB, KOTOpblE HE TOJBKO MO3BOJISIOT OCTAaHABJIMBATh
MOTOK, HO W O0ECTIEYHBAIOT MOCIEAYIONINNA BBITYCK
JKUIKOCTH TOJBKO 3a CUeT KaNWUISIPHOTO IOTOKa.
Camas mepBasi KOHCTPYKLHS TPUITEPHOTO KJlamaHa,
0 KOTOPOH cOO00INAaIochk B JINTEPAType, OCHOBHIBAIACH
Ha  COGOIMHEHMHM  HECKOJBKHX  MMKpPOKaHAJIOB
W ISl IPOJIOJKEHUST IBYDKEHHs TpeOoBajia 3aroiHe-
HUS BCceX MUKpOKaHanoB [27, 29]. Takue TpurrepHsie

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3

KJIaNaHbl ObUTM CJHICIaHbl M3 KPEMHUS M TpeOoBaiiu
OUYCHb BBICOKOTO ACHEKTHOTO COOTHOIICHHS (HAIpH-
Mmep, A / w = 12.5, tme h — BbICOTa MHUKPOKaHaJa,
W — IIUPHUHA MUKPOKaHAaJa) JUIsl YCIENTHON OCTaHOB-
Ki XKUIKOCTH (puc. 9, a) [29]. UroObl yMeHBIINUTH
TEXHOJIOTHYECKHE OTPAaHHYCHUsS] M MOBBICHTh HAJICHK-
HOCTh, ObUTM pa3paboTaHbl JBYXCTyIEHYATHIE TPHT-
repHble KJIanaHbl ¢ 0ojiee HU3KUM aCMEKTHBIM COOT-
HOIIICHUEM M0 aHAJIOTHU C JBYXYPOBHEBBIMH 3aIop-
HpIMU KianaHamu [30]. JIByXypoBHEBBIE TPUITEPHBIE
KJIanaHbl MMEIOT MUKPOKAHalbl, KOTOPBIC OPTOTO-
HAJIBHO mepecekarorcs (puc. 9, 0). [IByxypoBHeBbIe
TPUITEpHBIC KIIANaHbl OoJiee HaNEXKHBI, YeM OJHO-
YPOBHEBBIC TPUTTEPHBIE KIIATIAHBI, U MOTYT YICpXKH-
Bath xkuakoctu 6onee 30 mun [30, 31]. IByxypoBHe-
Bble TPHUITEPHBIC KJAMaHbBI MOTYT HMMETh OOJbIINe
pasmepsl (wupuHy 10 1 Mm) 6e3 ymepba mist QpyHK-
[IUOHAJIBHOCTH, MOCKOJIBKY Pa3HUIA BBICOT (TIIyOWH)
MHUKPOKaHaJOB MEXIY IBYMS YPOBHSMH MOXKET HC-
MOJIb30BaThCSI JJISl CO3JIaHHS JIOCTATOYHOro Oapbepa
JTaBJICHUS, IPEIOTBPALLAOIIErO MOTOK [28].

R. Safavieh wu D. Juncker [30] cooOrmmau o KOH-
CTPYKIIMU JBYXypOBHEBOT'O TPUITEPHOTO KIIalaHa,
KOTOPBI COCTOMT M3 HErIyOOKOro KaHaia, Imepece-
Karomero 0oJiee TIryOOKHH, TepMETH3NPOBAHHBIE THI-
potoOHOH 3amuTHON MiIacTUHOH. X KOHCTpyKUMs
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a TpurrepHbiv KnanaH

Puc. 9. [IpumMeps! TpUTTepHBIX KIIamaHoB [28].

6 [ByXypOBHEBbIW TPUITEPHbIW KnanaH
M3obpaxeHue

PesepByap

TpUrrepHoiA
KnanaH

OcHOBHOM

Cxema

a — cXeMa OJJHOYPOBHEBOT'O TPUITEPHOIO KJIallaHa, MOKa3bIBAIOIIasl, KaK XXHKOCTh BEICBOOOXK/IAETCS, KOT/1a )KUIKOCTh
TIPUCYTCTBYET C 00EMX CTOPOH COEIMHEHHSI TPUITEpHOro kiamaHa, ¥ COM-u300pa’keHHne TPHUITEPHOrO KiaraHa
¢ OOJIBIIMM OTHOIIEHHEM BBICOTHI K IIMPHHE; O — CXeMa JIByXyPOBHEBOI'O TPUITEPHOTO KIIAllaHa, IIOKa3bIBAIOIIAsl €To
TeOMETPUIO M PHHIMI padboThl, COM-u300paskeHne, MOKa3bIBAIOIIEe CTPYKTYpPY U pa3Mepbl TPUTTEPHOTO KiaraHa

MO3BOJIAET PE3KO PACUIMPSITh MONEPEYHOE CEUeHHE
KJIallaHa Kak B TOPU30HTAJIbHOM, TaK U B BEPTHKAJb-
HOM IUIOCKOCTSIX, YTO, MO WX THUIOTE3€, IOBBICUT
HaJeXHOCTh KianaHa. [Ipu nposenenuun 50 skcnepu-
MEHTOB He OBUIO 3aperHCTPUPOBAHO HU OJTHOTO OTKa-
3a KJlanaHa.

J. Li u coaBTOpHI IpeanararoT rpedeH4aThil Kiia-
naH-TaiMep, KOTOpbIM codeTaer B cebe (yHKIUU

Gy 7
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Hanpasnenne ™

fHanpaBneHue

MHKPO(MIIIONTHOTO 3aIIOPHOTO KJIAllaHa W TPUTTEPHO-
ro knanasa [32]. OH coCTOUT U3 psijia MapaIeNbHBIX
rpeObHe00Opa3HBIX BBICTYNOB M IPOMEKYTOUHBIX KaHa-
noB (puc. 10). Bpems, HeoOXoamuMoe >KUIKOCTA IS
MPOXOKACHUS uepe3 KiamaH, MOYKHO JIETKO KOHTpO-
JAPOBaTh, W3MEHSS KOJIMYECTBO TpedHeoOpa3HbIX
BBICTYTIOB.
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Puc. 10. CtpyxTypa rpebeHuaToro kiarnana-taiiMmepa (a) 1 IOBeJCHNE TIOTOKa BHYTpH KiamaHa (0) [33].
W — mmpuHa knanana, W; — HIMpHHA IPOMEKYTOYHOI0 KaHana, W, — IIMpHHA BEICTyNa, Wg — HIMpHHA 3a30pa
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Ha puc. 10 noka3aHo TeyeHHe MOTOKa KUAKOCTH
BHYTpH KiamnaHa. JKUAKOCTh MPOAONBHO MOCTYyMaeT
B KJamaH-TaliMep cO CTOpOHbI Bxona. lIpomombHoe
3aroJIHeHNe MHUKpPOKaHalla KJamaHa >KUIKOCTBIO CMe-
HSIETCS TIONEPEYHBIM TEYEHHEM BJOJIb TMPETATCTBHUS
B BHJE BeIcTyna. Korja >kKMIKOCTh JOCTUTAaeT KOHEU-
HOTO Kpas MepBOro TIpebeHdYaToro BhICTyNHa, (POHT
JKUIKOCTH  TIEPECTAeT IPOJBUTATHCSA  MPOJIOJBHO,
a CMEHSAETCS TIONepPEeYHBIM TeUEHHEM BJIOJIb BBICTYTIA.
OTO sIBJICHNE BBI3BAHO yBEJIMUYEHHEM ITTyOMHBI KaHaa
OT TpeOEHYATOTO BHICTYIA K MPOMEKYTOUHOMY KaHa-
oy (BBICOTa BBICTYNA), YTO MPUBOIUT K M3MEHEHHIO
KPUBU3HBI MEHUCKA U KAITMJUIAPHON CHUIIBI )KUIKOCTH.
Korna ¢bpoHT nocturaer 3a3opa MexIy KpaeM BBICTY-
1a ¥ CTEHKOM KaHaja KjalaHa, HUIKOCTh MepeTeKaeT
B CIEAYIOMMNA MPOMEKYTOUHBIA KaHall, a >KUJKOCTb,
OCTaHOBHUBILASCS HAa Kpalo CJIEIYyIOLIero BBICTYIIA,
Ha4YHET BHOBb MHMIPHUPOBATH B IMPOOJIHHOM Harpas-
nenuu. Ilo Mepe TeueHHs O MPOMEKYTOUHOMY KaHa-
Jy B MOIEPEYHOM HAaIPaBJICHUH KHUIKOCTh OynIeT me-
peMemaTsCs U B MPOJOIHHOM HAIPaBIEHUH IO Clle-
ayromeMy TpeOeHYaToMy BBICTYIY: HaOI0gaeTcs
KOMOWHHPOBAHHOE TE€YEHHE, COCTOAIIEE U3 MPOI0IIb-
HOI'O M HOIEPEYHOro HOTOKOB. PPOHT MPOIOIBHOTO
MOTOKa OCTAHOBHUTCSI HAa Kpalo O4YepelHOro rpedeHya-
Toro BeIcTyna. Takoe TedeHue OymeT HaOIIOAATHCS
JI0 Te€X TOp, MOKa KUAKOCTh HE BBIMJET M3 KIamaHa-
Taiimepa.

[IpencraBneHHBIH Ki1anaH UMEET MPOCTYIO KOHCT-
PYKIIHIO, KOTOPYIO JIETKO M3TOTOBHUTH Ha mpecc-hopme
U3 HEPXKaBEIOIIEH WIN JIETUPOBAaHHOM CTall MEXaHHU-
YeCKMMH METOJIaMH U3TOTOBJICHHUS.

B pa6ore Y.-J. Chang c coaBropamu [34] mpen-
CTaBJIeHA KOHCTPYKIHUS KalWUIIPHOTO 3allopHOTO
KJ1anaHa ¢ (packoi. ITOT MACCUBHBIN KJIAallaH MCTIOJb-
3yercss B MUKPOQIIIOUIHOM YCTPOWCTBE AJISI Peryiiu-
poBanus motoka (puc. 11). Pasmeps! kanwuuisspHOTO
KJlarnaHa nokaszansl Ha puc. 11, 6. [Ipu BBO#E pearen-
Ta B Kamepy | MOTOK 3amojHseT 00jacTh y3KOH Trop-
JIOBUHBI, 1 GPOHT OCTAHABIMBACTCS Y BHELIHETO Kpast

a o
OCHOBHOM 200 MKMm
KaHan "
OCHOBHOM
KaHan
Mukpo-" i
KnanaH 100 MKm |

MukpoknanaH
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TOPJIOBMHBI Ha BXOJle B OCHOBHOH KaHajd. Takum 00-
pa3oM peareHT yJIEepXKHUBaeTCcs B KaMepe Kalluusip-
HbIM KianaHoM. Kak Tosnpko oOpasen BBOOUTCS B OC-
HOBHOHM KaHaJl 4yepe3 Kamepy BBOJA 2, KammUIIpHas
CHJIA 3aCTaBJIET €ro ABUIAThCS 110 OCHOBHOMY KaHa-
ny. Korna oOpasen mpoxoauT yepe3 o0JIacTh BBIXOAa
3aIlOpHOTO KJIarlaHa, peareHT U3 KaMepsl | BBITSATHBa-
€TCsl B OCHOBHOW KaHaJI 3a CUET CHJI TOBEPXHOCTHOTO
HaTspKeHus. KaHan kjamaHa MMeeT CKOIIEHHYIO CTO-
POHY, KOTOpasi yBEIWYMBAET IJIOMIAb KOHTAKTa pea-
reHTa ¢ 00pa3LoM, IPOTEKAIOLIUM 110 OCHOBHOMY Ka-
Hasy. B 00ObIYHO HMCHOIB3yEeMOM B KauecTBE yCTPOM-
CTBa PETYJIMPOBaHUS IOTOKAa IyCKOBOM KiamaHe T-
tina (T-o0pa3Hblii TN O3HA4YaeT, YTO BHEIIHSS
KpPOMKa TOpJIOBHMHBI KJIallaHa He uMeeT (acku, a ume-
et (opmy OykBel T) 4acTo BO3HHKAET SIBIEHHE IPO-
TUBOTOKA. TecTupoBaHHe MOKa3aio, YTO UCIOIb30Ba-
HHUE KianaHa ¢ (acKkoll CHMXKaeT BEPOSTHOCTH IOSIB-
JICHUs IPOTHUBOTOKA.

Kanuspablii MArkuii kJanan

Kamnnspaple MATKHWe KiamaHbl TPEACTaBISIOT
c000H HOPMANBHO 3aKpBIThIE KianaHbl. OHU UCHOIb-
3YIOT U3MEHEHHE KallWJULIPHOTO JABJEHUS 3a CYET
PE3KOT0 PACHIMPEHUs TOMEPEYHOr0 CEYEHHS CMadH-
BaeMOro MHUKpOKaHaja (T.e. BXOJHOTO OTBEpPCTHS
kianaHa). IIoTok BO30OHOBIAETCS MPHU MPUIOKEHUH
naBieHns Ha markyo [1IMC-xpelimky, KkoTopas oT-
KioHseTcss B KaHan (puc. 12). Korga momp3oBarens
Haxumaer Ha [IJIMC-kpbllmiky, BbICOTa KaHaia
YMEHBIIAETCS, YTO MPHUBOJUT K JIOKAJTHHOMY YBEIH-
YEHUIO KallWUISIPHOTO JaBJICHHS, TEM CaMbIM B0300-
HOBJISII TIOTOK B MHUKpOKaHaje. XOTsS KanuuIIpHbIe
MSTKHE KJIAlaHbl OTHOCHUTENBHO JIETKO H3TOTOBHTb,
AaKTHBALUs IIOTOKA 3aBUCUT OT II0Jb30BATENs, 4YTO,
C OJIHOM CTOpOHBI, IO3BOJISIET OCYIIECTBIATH HHTE-
PaKkTUBHOE yIpaBIEHHE NTOTOKOM, a C APYrod CTOpo-
HBI, CO3/IaeT orpanmdeHus [35].

OCHOBHOM
KaHan

200 MKM

¢ packon

Puc. 11. KoHCTpYKIHS KanWUIIPHOTO MUKpOKIIanana ¢ dackoit [34].
a — cxeMa yCTpPOMCTBa ¢ MUKPOKJIAIaHOM, O — pa3Mepbl MUKpOKJIanaHa ¢ (ackoil, B — Hampas-
JICHHE TeUCHMS MOTOKOB MPU aKTHBALIMU KJIaIlaHa

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3



12 I'. E. PYJHULIKAZ, A. H. 3YBUK, A. A. EBCTPAIIOB

a 3akpbiTo

300MKM

Puc. 12. KanunnsipHblid MArkui kiana [35]

KanuanapHelii yaep:kuBaommii KJianas

Bce npenpinyniue kianansl paboTaad Mpy HarmoJl-
HEHHUU U KOHTPOJHUPOBAJIH 3all0JHEHHE MPOCTPAHCTBA
KHJKOCThI0. B OCHOBe mpuHIUMNA pabOTHl yACPIKH-
BAIOIIMX KJIATIAHOB JICKUT dD(DEKT ynepKUBaHUS He-
KOTOpOro 00beMa >KUAKOCTH B OTPaHUYEHHOM MpO-
cTpaHCTBe pabodeil kamepsl (3aKpbITOM KaHane). [Ipu
3TOM 00€CIeUYnBACTCS BO3MOYKHOCTH 3aMEHBI/BbI-

Kanunnnpubm y,qep)«usalomuu

Hacoc
3aKpbITbId OTKpLITBLINA
kakan KaHan

CepBUCHBIN
nopr

MokpoBHas|
nnacTuHa

TECHEHHUS ITOU KUAKOCTH U3 KAMEPBI JPYrOM XKUAKO-
cTeio. B pabore [36] npemokeHa aBTOHOMHAsI MUK-
poduronHas cucrema (puc. 13), cocrosmias U3 oT-
KpPBITOTO CEPBUCHOTO TMOPTa (B KOTOPHIA C MTOMOIIBIO
MUIETKA M3BHE MOXKET OBITH 3arpykeHa »XHIKOCTD),
COETMHEHHOTO Yepe3 3aKPBITHIM KaHall ¢ Pa3HBIM TI0-
MEPEYHBIM CEYEHUEM C TPEMs OTKPBITHIMH KaHaJlaMU
(xanmUIIpHBIA Hacoc). Yepe3 cepBUCHBIA MOPT 3a-
Ipy’KaeTcsi pacTBOP KUIKOCTH, KOTOPBIM MOJ ACHUCT-
BHEM KaIWJUIPHBIX CHUJ U 32 CUET Pa3HOrO THAPaBIIN-
YECKOTO0 CONPOTHUBIICHUs (Pa3HBIX Pa3MEpoOB B ceue-
HUM KaHAJIOB) 3aIlOJHSET 3aKPBITBIH y4acTOK KaHaja,
a 3aTeM TepeTeKaeT B OTKPHITYI0 YacTh, YaCTUIHO
3aIoJIHASA TPU OTKPBITHIX KaHana. [Ipu nocnenyromem
3allOJIHEHUH CEPBHCHOTO TOpPTa JKHUAKOCTHIO, YaCTh
9TOH KHUIKOCTH TAKKe 3a CUET KAWUIIPHBIX CHUJ Ie-
peTeKaeT B 3aKpbITYIO KaMmepy, BBITECHSS IMpEbITy-
IMHA pacTBOp B 00JACTH C OTKPBITBIMH YYaCTKaMH
kaHaza. [Iponecc ¢ 3arpy3Koi JKUAKOCTBIO CEPBUCHO-
ro KaHaja MOXHO MOBTOPSTH JI0 TE€X TOp, MOKa IOJI-
HOCTBIO HE 3alOJIHUTCS Y4aCTOK C TPEMSI OTKPBITBIMU
kaHajmamu. Kiamanom sBisieTcs camasi y3Kas 4acTh
kaHana. IlosTomy, Korzma Bcs SKUAKOCTH HPOXOIUT
4yepe3 Hero, oOpa3yercsi MEHHCK, (HOPMHUPYIOMIHA
BO3AYIIHBIA Iy3bIpb, @ 332 CYET PA3HOCTH KPaeBBIX
YIJIOB Ha HACTyNAlolled M OCYIIAIOUIEHCs TpaHule
paszena cpes KHUIKOCTh — BO3IyX BO3HHKAET KaIlni-
nsipHOE JaBiieHHe. Meskga3zHbli MEHHCK CMavMBalo-
el JKUIKOCTA TaKKe TPEeNOXpaHseT pPeakIHOHHYIO
KaMepy OT BBICBIXaHMsI, KOI/Ia CEPBHUCHBIN MOPT OMO-
PO’KHEH.

B pabGore [38] aBTOpBI MpeACTaBISIOT MHTEIIEK-
TyaJbHYI0 MAacCCUBHYIO MHKPO(IIONIHYIO CHCTEMY
ynpasnenust (Smart Passive Microfluidic Control Sys-
tem), KoTopasi o0ecreynBaeT BBINOJIHEHUE HECKOIb-
KHX MaHUMYJSAIUA C JKUAKOCTHIO B 3apaHee 3arpo-
rpaMMHUpPOBaHHON ToOcCienoBaTenbHOCTH. Onepanun
C XKHUJIKOCTBIO M WX IOCIIE€J0BATEIbHOCTh OMpPEes-
I0TCSI B NIEPBYIO OYepelb I'eOMETpUeil U CBOWCTBAMHM
MOBEPXHOCTH MHKPOKAHAIOB 0e3 HE0O0X0IUMOCTH
BHEILIHETO BO3/ICHCTBHUSI.

Kanunnﬂpu ble
YOEPKHBA KoL W
KnanaHsl

Puc. 13. [IpuMepbl KanMUIIPHBIX yIePKUBAIOIINX Ki1anaHoB: a — [36] u 6 — [37]
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Dos3upyowmi Ro

pesepByap

OTBepcTue
ans
Bo3ayxa O

MaccuBHble
MUKpPOKINanaHbl

Bxopg ans xugkoctu

CucremMa COCTOMT M3 CBSI3aHHBIX MEXAY coOoi
MUKPO(DITIONAHBIX KaHAJOB C MAaCCHBHBIMHU KJlalaHa-
MH, pacloJOXEHHBIMH B CTPaTEIHMYECKH Ba)KHBIX
Mecrax. ITacCUBHBIN KilanaH SIBISIETCS yCTPONMCTBOM
JUIsl PETYIUPOBaHMS MOTOKOB KHJIKOCTH B CHCTEME.
Ha puc. 14 nokazaH MUKpOQIIIOWAHBIA MYJIBTHILICK-
COp CO BCTPOEHHBIM JI03aTOPOM, KOTOPBIA MOYKHO HC-
MOJIb30BaTh JUIsl IEMOHCTPALMHU 3TON KOHIEMNIIHH.

Jo3zatop BBImaer To4HO (HMKCHPOBAHHBIA 00BEM
0TOOpaHHOH >KHIKOCTH, KOTIa JO3UPYIOIIUHA pesep-
Byap 3allOJHAETCS JKUAKOCTBIO, a JAaBJICHHUE BO3LyXa
MOJIAeTCsl 4epe3 BIIYCKHOE OTBEPCTHE M BO3AyXa.
B MysbTHINIEKCOpE KaXABId KaHaJl CIPOEKTUPOBAH

Puc. 14. MuxpodronHblii
MYJIBTUIUIEKCOP €O BCTPOCHHBIM
no3atopom [38]

TaK, 4TOOBI BMEUIATh TAKOE K€ KOJMYECTBO >KUJKO-
CTH, KaK M CJIeAyomas rmapa KaHainoB. B Touke pas-
BETBJICHHUSA B OAWH M3 KaHAJIOB MOMELIAETCS MAaCCUB-
HBI MUKPOKJIAaNaH, NpeACTaBISIIONMNA co0oil He-
Oompryro cyxatomrytocst obiacts. Kak mokaszaHo
Ha puc. 14, )KUIKOCTh CHadYaja 3allQJHUT KaHal 2,
MOCKOJIBKY B KaHANI 3 OHA M3HAYAJIbHO HE ITOTEeUeT U3-
3a BBICOKOTO THPABIMYECKOro compoTuBieHus RI,
a TocJie 3aloJTHeHNs KaHaia 2 yCTpeMHTCs B KaHaw 3
U3-32 PE3KOr0 YBEIHUYEHUS THUAPABIMYECKOTO COIPO-
TuBIeHUs R2 npyroii cyxatomielicst o6nactu (BTOporo
MIACCUBHOT'O KJIAIIaHa).

Puc. 15. [TocienoBaTenbHOCTD IBMKCHUS TTOTOKA JKUIKOCTH B MUKPOQIIIOMTHOM MYJIBTHIUICKCOPE HATJISAHO IEMOHCT-
pHUpYET BO3MOXKHOCTH MHTEIUIEKTYaIbHON NMAaCCHBHON MUKPOQIIIONIHOM cuctemsl [38]
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Kaxxgoe w3 3Tux naBleHHWH MOXHO paccUUTaTh
TeopeThuyecku. ['uapaBianyeckoe CONPOTUBIICHUE OII-
penensieT COOTBETCTBYIOLIMI Tepemaj JaBJCHHS.
Ha BbIXoJ1e Kax/10¥1 apbl KaHAJIOB YCTAHOBJIEHBI Tac-
cuBHbIe kinananbl (R2 u R3) HeoauHaKOBEIX pa3mMepoB
¢ TpebyeMbIMHU TiepenanaMu naBieHust APgr, u APgrs
COOTBETCTBEHHO, JIOTOJIHUTENIBHO  PEryIHpYIOIue
pacxon. B atom ciygae APr, < APgrj;, Tak 9TO XKUJ-
KOCTh CHauaja MpoxoauT uepe3 R2 u 3amonHseT Ka-
Han 4. Temepp mnepenanbl AaBICHHUS MPEBBILIAIOT
APgs3, U )KUJIKOCTh yCTpemiisieTcsa B KaHan 5. Pacmu-
psis 3TY KOMIIOHOBKY, KHJIKOCTb MOKHO HAINpPaBISTh
B TpebyeMoM HarpaBiieHHH. B 3ToM ciydae mocezno-
BaTEIBHOCTh IMEPEMEIICHUS KUIKOCTH IO KaHajam:
1— 2— 3— 4 u T. 1., KaK moka3aHo Ha puc. 14. Me-
HSiS PACHOJIOXEHHE ITACCUBHBIX KIIAMIAHOB H/HIK WX
OTHOCHTEIIbHBIC 3HAUCHHS pPa3MepOB Y3KOH oOiacTu
[0 OTHOUICHHIO K pa3Mepy KaHalla, MOXXHO 3amlpo-
TPaMMHUPOBATh IMOCIEIOBATEIBHOCTh MOAAYU SKHUIIKO-
¢t B cucteme (puc. 15).

Ota cucrema paboTaeT B COOTBETCTBUH C IPHHIH-
TIOM: €CIIH TIepena/l AaBIeHHs Ha KaHajlax Majl TI0 CpaB-
HEHUIO C MEPEernajoM HaBJICHHUS HAa MACCUBHBIX MHUKpO-
KJIalaHax, TO MOXXHO OOECIeYUTh JBW)KEHHE IOTOKa
B TpeOyeMOM HaIlpaBJICHHUH, YTO TIO3BOJISIET MUKPOKIIA-
MaHaM CITy>KUTh ICPBUIHBIMH PETYIISITOPAMH.

Karmnnﬂpmﬂe 3aMeAJIAIIIHe KIallaHbl

B HEKOTOpBIX ClTydasx jKenaTeabHO 3aJiepiKaTh M0-
TOK O)IHOﬁ KHUJAKOCTHU WJIM TOYHO pPaCCUUTATh BPEMS
MOJIAYM HECKOJIbKMX Pa3HBIX KUJKOCTEH C IMOMOIIBIO
KJanaHoB 3amenneHus (puc. 16). OnuH U3 TOIX0I0B
K 3aMEJUICHHUIO TIOTOKA B MHUKPOKAaHAJIaxX 3aKIH0YaeTcs
B HUCIIOJB30BAaHUM PACTBOPUMBIX TOHKHUX IIJICHOK
B Ka4€CTBC NPECABAPUTEIBHO 3aIllporpaMMUPOBAHHBIX
BPEMEHHBIX 3a/lep’KeK BHYTPH MUKPOKaHAIIOB.

a o
-

_®_

2
1or

Puc. 16. CumBosmueckoe (a) U cxemarudeckoe (0) nzo-
OpaxkeHHs1 3aME/UIAIOIIUX KIIAMAHOB C PacTBOPUMBIMHU
6aprepamu [28].

Crpenka yKa3bIBacT HalPaBICHUE OTOKA
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Puc. 17. HUcnonb3oBanue npoOOK C MOPUCTON MaTpHLEH
JUISL 3alIpOrpaMMHUPOBAHHOM I1OCIIEJOBATEIBHON MOJAa4YH
JKuakoctei [28]

Ota unes HanoMmuHAeT padoTsl [39] ¢ ucnonas3oBa-
HUEM TMOPHCTBIX MATPHUI JJIsI MPOrPAMMHPOBAHUS
BPEMEHH JOCTaBKH Pa3lUYHBIX pacTBOpoB (puc. 17).
PacTBopenHsIit caxap 00pa3yeT BSI3KWI HACHIICHHBIN
nepeaHuil GpoHT, KOTOPBIH, OJJHAKO, MOKET IPUBECTH
K HEXeNaTeNbHBIM 3P QPeKTaM, TAKUM KaK CHUKEHHE
CKOpPOCTH IOTOKAa M 3aKyIllOpKa KaHaloB. JTO OJHA
u3 npo0ieM Npu BHEJIPEHUH PacTBOPUMEIX 0apbepoB
B KallWJUISIPHBIE CHCTEMBI, MOCKOJIbKY H30BITOK pac-
TBOPSIEMOTO Marepuana Ha (PpPOHTE >KUAKOCTH MPH
3allOJTHECHUM KaHalla MOXKET CO BPEMEHEM HaKarllu-
BaThCA U 3aMEJJISITh TOTOK MJIM MEIATh aHAJH3Y.

UroOsl pemuTh 3Ty mpobiemy, G.A. Lenk wu co-
aBT. BCTpauBalIM "TyNUKOBble" KaHalbl JUIsl OTBOAA
pacTBOPUMEBIX OapbepoB U3 MOJMBHHUIOBOIO CIHPTA
(I1BC) na nepenaeM (HpOHTE KUIKOCTH OT OCHOBHOTO
nyTy nmotoka (puc. 18) [40].

Hpyroi#t noaxona K 3aMeIJIEHUIO KUJIKOCTEN B MUK-
pOKaHaJIaX 3aKJII0YaeTcs BO BKIIOYCHHH TUAPOGHOoO-
HO TOBEPXHOCTH B KadecTBe Oapbepa BHYTPH MHK-
pokananma. Hanpumep, uwmnm Triage™ komnanuu
Biosite (B HacTosiiee BpeMs BBIITYCKACTCS KOMITaHH-
eit Abbott) umeer "BopoTa BpeMeHH'", BBHIITOIHEHHBIE
u3 ruapodoOHo moBepxHOCTH (pHC. 19).
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- |

Kanan BBoga

BeHTUNsSUMOHHOE oTBEPCTUE
PactBopumble KnanaHbi

OcHOBHOW KaHan

TynukoBbIA KaHan

~— e
e

\
o e A A =1 ——

Puc. 18. Kinanan, uMerolmii TynikoBbIi KaHa (2) ¥ cXeMa, IIoKa3bIBarolast (PyHKIMOHAIBHOCTh TYIIMKOBBIX KaHAOB (0).

=

Ha (0) uepHblIii BET 1eMOHCTPHUPYET HNOBBIIIEHHYIO KOHIIEHTpanuio pactBopenHoro [1BC B xuakoctu [40]

Mopt ansa o6pasua

Croaa HaHocuTca
ofpasel

PeakuuoHHas
Kamepa
Manas yactb nnasmbi
u3 obpasuya
CMELUUBAETCH C

CYXWUM peareHToMm

3 BHyTpeHHux
KOHTpoOns
HesaBUCUMbIE 30HbI
Bbicokoro 1 0
3HAYEHWUN.
Heobxoaumbl aons
NOATBEPXI EHUS
NONHOTbI NPOTEKAHUSA
peakuun

cbopa orxonos
Bonbluas YacTe nnasmbl
ncnonb3yeTca Ans
NPOMbBIBKA U
cobupaetca no

NEPUMEHTPY

Knetku otgensworcs
OT Nnasmbl,
ucknoyas

HeobXoAUMOCTb

LeHTpudyrnpoBaHus

BpemeHHOI 3aTBOP

MmapodchobHas

: . NOBEPXHOCTb
BbICTYNAET B KAYECTBE

. BpeMeHHOoro Bapbepa,

> obecneunBas

Heobxogumoe BpemA
peaxkuumn

30Ha aHanu3a

'y

AHanut u
chnyopecueHTHO
¢ MeYeHble aHTuTena
: ynaenueaTca B
OTAEmMbHbIX 30HaX
TECT-YCTPOMNCTBA

Puc. 19. /lnarHoctuueckue HaHe M JUIsi UMMYHO(MIyOpECIIGHTHOrO aHamu3aTopa Triage

MeterPro [41]
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Mo uudopmanuu c caiita 3A0 "OUPMA TA-
JIEH" [41]:

e [0CJIe BHECEHHs 00pa3iia 1eIbHON KPOBH KIICT-
KM OTIENAIOTCS OT TUIa3MBbl uepe3 (GUIbTp YCTPOWCT-
Ba,

e AHTHIEH, COJCPIKAIIUICSA B IUIA3ME MOCIE pa3-
JICTICHHS, CBSA3BIBACTCS C (DIYOPECIICHTHO MEUYCHBIM
AHTUTEIILHBIM KOHBIOTATOM B PEAKITHOHHON Kamepe;

e KOHBIOraT aHTUTEHAa C (IyOPECIIEHTHO MedYe-
HBIM QHTHUTEJIOM TIepPEeMEIacTcs B 00JacTh JETEKTH-
pOBaHUsI, TJE YJIABINBACTCS aHTHTEIAMU, HMMOOHIIH-
30BaHHBIMU B TUCKPETHBIX 30HAX;

e KOHIICHTPAIMS MCCIEAYEMOTO aHaluTa TPAMO
MPOTOPIHOHAIFHA CHTHANY JACTEKTHpYeMol (iyo-
PECIICHIHH.

MuKpPOCTPYKTYPHPOBAHHBIA MHKPOKJIANIAH

Jis ycnemHoro npoBeieHusT OHOXUMHYECKHX pe-
aKIMi Ha MUKPOYMIIOBBIX YCTPOMCTBAX 3aMe/IeHHe /
OCTaHOBKa IMOTOKAa XMMHYECKHX PEarcHTOB Ha OIpe-
JICTICHHBIA TIPOMEXYTOK BPEMEHHU SIBIISICTCS peEIlaro-
muM paktopoM. Tak, 3QPeKTUBHBIA M MPAKTUUHBINA
MUKpPOKJIallaH Ha OCHOBE MacCHUBa MUKPOOTBEPCTHIA,
KOTOpBIl 00ecreynBaeT XOpPOLIYI0 IMPOM3BOAUTENb-
HOCTb, MPOrPaMMHUPYEMOE YIIPAaBICHUE M TPOCTOTY
M3TOTOBJICHUS, [UII MHKPOQUIIOMIHBIX CHCTEM Mpei-
noxkeH B [42]. TIporiecc U3roTOBICHHS TAKOTO Kiarma-

a |

MeTarn. nnacTuHa
NMVIMA

" | cTanbHom wabnoH

105 °C @2 MMa 90 MmuH

| [ nMmA
ropavyee TUCHeEHUe
! MeTan. nnacTuHa
NMMA
B ] | TMMA

I vcTan. NnnacTuHa
70 °C %0.6 MMa 20 muH

|
o |

MUWKpPOKnanaH

CnekaHue

Ha u3 nonuMerwiMetakpuinata (IIMMA) meronamu
TOpsYero THCHEHHUS WM CIEKaHWsl CXEMaTH4HO Ipej-
craBiieH Ha puc. 20.

B xnanane umcmomezyercs 3QQeKT pe3koro m3Mme-
HEHHS yTIJa CMauuMBaHWUA Uil 3aMEMJICHHs MOTOKa
KHUIKOCTH. {7151 TOTHOTO MPOHWKHOBEHHS M CMadnBa-
HUSI BCEX MHUKPOOTBEPCTHI ObUIM BBIOpaHBI ClEIyIO-
e pasMmepsl: BeicoTa oT 55 mo 100 MxwMm, nuamerp
or 160 no 250 MKM KM MEXLEHTPOBBIE PACCTOSHUS
ot 200 mo 425 mxM. Bpems 3ameuieHusi cOCTaBHIIO
npumepHo 177-213 c¢. Hammyummii addext 611 110-
JIy4deH MpH yrie cMayuBaHus, paBHoM 90° [42].

B pa6ore [43] mpemtoskeH mog00HBIA MUKPOQITIO-
WAHBIA YW C MUKPOKJAmaHOM Ha OCHOBE MacCHBa
MHUKPOOTBEPCTHI 111 OOHApYKEeHUsI OeKOB — Map-
KepoB omyxojeil. YUToObl TOYHO KOHTPOIUPOBATH
BpeMsl OMOXMMHUUYECKOW peaklUuu ¥ IMONyYyuTh OoJjee
BBICOKYIO UYBCTBHTEIBHOCTh TECTHPOBAaHUS, Mapa-
METpBl MaccuBa MHKPOOTBEpCTHH (rimyOuHa W 1ua-
METpP MHUKPOOTBEPCTHH, pPACCTOSHUE MEXIY LIEHTPaMu
MHUKpPOOTBEPCTHI) ONTUMM3UPYIOTCSI Ha OCHOBE pe-
3yJIbTaTOB WCCIEIOBAHUS BIMSAHAS W3MEHEHHS STHX
MapaMeTpoB Ha CKOPOCTh IMOTOKA M OCTATOYHYIO KHJI-
KOCTh B 00JIACTH MUKPOKJIATaHa.

MuUKpOCTPYKTypUPOBAaHHBIA KJIAllaH ~BBITTOJIHSET
JIB€ OCHOBHBIC (PYHKIMH: OIHA — yJIEPKHUBAThH MIPOOY
B 30HE PEaKIH B TEYEHHE JOCTATOYHOTO IEpPHOAA

3.5Mm

-@ 200 MKM

Puc. 20. M3roToBieHue u cxeMa MUKpOKJIallaHa Ha OCHOBE MacCUBa MUKPOOTBEPCTHH [42].

a — cxema Mpolecca U3roTOBJICHHS MUKPOKJIanaHa, BKJIIOYasi Topsiuee THCHEHNE U CIIEKaHMUE;

0 — cxeMa MHUKpOKJIaIlaHa Ha OCHOBE MacCHBa MUKPOOTBEPCTHH U pa3Mepa MUKPOKaHaa;

B — M300pakeHNe IIOBEPXHOCTH MUKPOKJIANaHa, PEITMIMPOBAHHOTO ¢ METAJUTMYECKOTO I1a0JIOHA;

I' — YBEJIMYEHHBIN ()parMeHT H300paKeHHUsI MUKPOKJIariaHa
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Bbicokasi
CKOpPOCTb

Huskasn
CKOpPOCTb

Bbicokas
CKOpOCTb

Puc. 21. Cxema, WIDTFOCTpHUPYIOMIAs TPH 3Tama mporecca
TE4eHHs MPOObI Yepe3 MUKPOKIIAaH Ha OCHOBE MacCHBa
MUKPOOTBEPCTHI [43]

BpPEMEHH, YTOOBI 00ECTICUHTh 3aBepIIeHNE OHOXUMHU-
YECKUX PEaKIuii, a Apyras GyHKIHSI — oOecredunBaTh
OBICTpOE TEUYCHHE KUAKOCTH IOCIIE 3aBEpIICHUS pe-
aKIW#, 9TOOBI COKPATUTH OOIEee BpeMs TECTa M I0-
BBICUTb €r0 YyBCTBUTEIBHOCTb. OTH ABE (GyHKIMM
BBITOJTHSIOTCS 3@ CUET YMEHBIICHHUSI CKOPOCTH MOTOKA
JKHJIKOCTH, KOrza npoba TedeT B 00JacTi MHUKpOKIIA-
MaHa, a 3aTeéM CKOPOCTh IIOTOKAa BO3pacTaeT, Kak
TOJIEKO 00JIaCTh MHUKpOKJIANaHa 3amojHeHa. B »Tom
cMmbiciie (pyHKIMS MHKpOKIAlaHa aHaJIOTMYHA TMac-
CHBHOMY MEIJICHHO OTKPBIBAIOMIEMYCS KIIalany.

Bnepen >
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[Iporecc TeueHus *KUAKOW NMPOOBI uepe3 MHUKPO-
KJIallaH MOKHO pa3AelUTh Ha TPH dTama, Kak [oKasa-
HO Ha puc. 21, rae BexTop P mpencrapnser coboii Ka-
musipHylo  cmry. CKOpocTh ABIDKEHHS 00pasia
BapbUpYyeTCs B 3aBUCUMOCTH OT M3MEHEHWM T'MIpo-
(oOHOCTH MHUKpOKaHaIa, BEI3BAHHBIX HAJTHIHUEM Mac-
CUBa MUKPOOTBEPCTHUH.

3. KIAITAHBI TECJIBI

OOpatHbIe KiIamanbl 03 ABMKYIIUXCS dacTel Mo-
ryT 3QQEeKTUBHO OCYILECTBIATH MACCUBHOE yIpaBiie-
HUE TOTOKOM J>KHAKOCTH B MHKpOKaHayaX. SIpkum
MPUMEPOM TaKOTO TACCHBHOTO KJIallaHa SIBIISETCS
KJanaH, pa3pabotansiii Hukonoit Tecnoli Gonee Beka
Hazan, B 1920 r. [44]. Joaroe BpeMsl, HOYTH CTOJICTUE
M0CJIe CBOETO M300pETEeHUs, KamaH OCTaBajics HElO-
OLIEHEHHOW KOHCTPYKIIMEH M HE HAXOJWJI CYIIECTBEH-
HOrO0 NMPUMEHEHUs, HO B TOCIIEAHEE BpEMsS IPUBIEK
BHHUMAaHHE HCCIeNoBaTeNeil U cTajd HMCIOJIb30BaThCS
B PA3IMYHBIX 00JACTAX MUKPOQITFOUIUKH.

Tecna 3agyman 3ToT "KJIanaHHBIA KaHa", YTOOBI
MO3BOJIUTH JKAJKOCTH JIETKO TPOXOAUTH B OJTHOM Ha-
NpaBJIeHUH, IPU 3TOM OKa3bIBasi CYIIECTBEHHO OoJjee
BBICOKOE COIPOTHBJIEHHE TOTOKY B OOpaTHOM Ha-
npasienuu [45]. Takoil »KUIKOCTHON AMOA, WU KIla-
MaH, MOXXHO HCIIOJb30BaTh B KadeCTBE OCHOBHOTO
KOMIIOHEHTA JUIS OJTHOHAIIPABIEHHOTO TEUEHHS MOTO-
KoB. M300pakeHne, OCHOBaHHOE Ha OPUTHHAIBHOM
yepresxke nareHta Tecner 1920 1., mnokaszaHo
Ha puc. 22. OOmias IWHA KaHala KiarmaHa U3 akpH-
moBoro miactuka L = 30 cM, cpemHsas mmmpuHa W =
=0.9 cM u riybuna d = 1.9 cm. ['eomerpus kinanana
MO3BOJISIET KHUIKOCTH TeUb 4Yepe3 M3BHIINCTYIO IICH-
TPaIFHYIO CEKIMIO B MPSIMOM HarpaBiieHuH. B obpart-
HOM HAlpaBJIC€HUU JBUKEHHE ITOTOKA OTPaHUYEHO U3-
3a NPENATCTBUM.
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Puc. 22. Knanaun Tecnel [45].
a — cxema JBIDKEHHS MOTOKa; O — reoMeT-
pus KianaHa
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Puc. 23. Mukpoknanas Tecinsl, cxema Te-
YeHUS )KUJIKOCTH [46].
a— B IpSAMOM HaIpaBlieHHH, 0 — B 00-
paTHOM HaNpaBICHUN

Krnanan umeer yHUKaIBHYIO apXUTEKTYPY, IS KO-
TOpPOH XapaKTepHbl ACHMMETPUYHBIN JU3alH U JyTO-
oOpa3nple KaHanbl. Camasi mpocrtass KOHGHUTyparus
MoKa3aHa Ha puUC. 23 U MOYTH aHAJIOTUYHA TOH, KOTO-
pyro B Makpomaciirade paspadoran Tecia.

KoucTpykius knamana, BBITIOJHEHHas B MHUKpPO-
MacmrTade, O3BOJISIET JIEMOHCTPHPOBATH XapaKTepH-
ctuku 3¢ddexra "KUIKOCTHOTO Muoma’; T.e. COIMpPO-
TUBJICHHE MTOTOKY B OJIHOM HAIPABJICHUHW BHIIIE, YeM
COTIPOTHBJICHHE TIOTOKY B JAPYroM HampasieHun [47].
CriocoOHOCTh KJlanaHa MO3BOJISATh MOTOKY >KHUAKOCTH
TE€Yh B OJTHOM HAIPABIICHUH W OTPAHUYHMBATH €€ J[BH-

I'. E. PYJHULIKAZ, A. H. 3YBUK, A. A. EBCTPAIIOB

JKEHUE B MPOTHBOIIOJIOXKHOM HAIIPaBICHUH OIICHUBA-
€TCsl TaKOM XapaKTEepHUCTUKOW, Kak "AMOIUYHOCTH"
[48]. JAnoanyHOCTh KiamaHOB Tecibl MO3BOJISIET HC-
M0JIb30BaTh UX B KA4E€CTBE MACCHBHBIX KOMIIOHCHTOB
B MHUKPO(QIIIOUIHBIX YCTPOWCTBAX HJs YIIPaBIICHUS
HaIpPaBJICHUEM JIBIKCHHS IIOTOKA U MPEIOTBPAIICHHUS
00paTHOTO TEYCHUs. DTO JENIAeT MX MOJIC3HBIM MHCT-
pyMeHTOM U 3(P(HEKTUBHBIM CPEICTBOM JOCTHKCHUS
HAIPaBIICHHOTO YIPaBJICHUS MOTOKOM 03 KaKuX-
JIU00 aKTHBHBIX KOMIIOHEHTOB WJIM BHEIIHUX HCTOY-
HUKOB ITHTAHMUS.

JlmonnyHOCTh KjamaHoOB Tecibsl MaTeMaTHYECKH
MOJKHO BBIPA3HTh CIEIYIOMNM ypaBHeHHEM [46]:

Di= (AP reverse / AP forward)Q,

rae Di — nuoauyHocTh, APjrward — HaJCHHUE JaBJIe-
HUS TIPU TIPSIMOM TIOTOKE, 8 APieyerse — MAJCHUE J1aB-
JICHUsI TIpU OOpaTHOM MOTOKE. YpaBHEHHUE TPECTAB-
JsieT co0O0W OTHOIICHHE IMaJieHHs JaBleHHs] B 0OpaT-
HOM IOTOKE K MAaJCHUIO NABJICHUS B MPIMOM IOTOKE
P OJMHAKOBOM pacxone (J, TPOXOIAIIEM dYepe3
KJIalaH B JABYX CiydYasxX. 3HAUYCHUE AUOJUYHOCTHU
0OBIYHO HAXOMUTCS B AWANa30HE OT OJHOTO J0 JBYX,
T/ie 3HaUeHNe eAMHUIBI YKa3bIBaeT Ha TO, UYTO KJIaraH
HE UMEET JMOJMYHOCTH U O0CCIeYrBacT PaBHbBIN 10-
TOK B 0OOWMX HampaBlieHWIX. 3HaueHHe OOJNbIIe eu-
HUIIBI YKa3bIBaeT HA UOJAWYHOCTH, IPU KOTOPOU IO-
TOK TIPEUMYIIECTBEHHO TEYeT TOJILKO B OJHOM Ha-
npaBjieHuH. boiee BbicOKOe 3HAYCHUE AMOJUYHOCTH
YKa3bIBaeT Ha MpPEINOYTeHHE MPsIMOro MoToka [16,
46]. JInOMUYHOCTh KJaraHoB Tecabl MOXHO JOTOJI-
HUTEIHHO ONTHUMHU3HPOBATH 32 CUET HCIOJIb30BAHUS
KOHCTPYKIIH C Pa3IMYHON MEPHOAUYHOCTHIO U KPH-
BHU3HOM [49-52].

Mpsamon noTok

<+

L1

MpamMon notok
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N

\ O6paTHbIN NOTOK
<

Puc. 24. T'eomeTpudeckne mapaMeTpsl Kia-
maHa Tecibr [53]
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Puc. 25. Busyanuzauuss moToka B KaHajle KiamnaHa Tecibl C MCHOJIb30BAaHUEM KpacuTeNs

mpu Re =200 [45].

a, B— IpsIMoOe HamnpasiieHue; 0, T — oOpaTHOe HarpaBJeHUe

Ha pamommyro XapakTepuUCTHKY 3THUX KJIalaHOB
BJIMSIIOT HECKOJIBKO BaKHBIX FEOMETPUYECKUX Mapa-
METPOB, TaKMX KaK: ¢ — YTOJI BbIXOZa OOKOBOTO Ka-
Haja KjamnaHa; f — yroy Bo3BpaTra 0OKOBOTO KaHalia
KJlanaHa; L — JjuHa npsIMOTO y4acTka OOKOBOTO Ka-
Haja kiamana; L1 — miimHa BXOJIHOTO CETMEHTA Kila-
MaHa Mo cpeaHed JuHuM; L2 — [IJIuHa BBIXOJHOTO
CErMeHTa KJIaraHa o cpenHen JIMHUY;
L3 — nnuHa npsiMoro y4yacTtka B 30HE BO3BpaTa NETJIH
KjanaHa; R — paauyc KpyroBoro cermesra; W —
mupuHa KnamnaHa (puc. 24). ABtopsl padot [50-52]
MPOBENIM ONTUMU3ALMIO XAPAKTEPUCTUK KJIANAaHOB
Tecnbl 1 ONEHWIN BIUSHUE Pa3INIHBIX T€OMETpHUC-
CKAX KOH(UTrypaluil Ha pacxoj, Ieperaj daBICHUS
W TUOJHBIE CBOMCTBA.

Uucno Petinompaca (Re) cymectBeHHO Bimser
Ha JTUOJUYHOCTH KianaHa Tecnwl. J[MOAMIHOCTH MO-
XKeT paboTaTh HAa MPAKTUKE TOJIHKO TOT/IA, KOTJA YhC-
j10 Peitnonnaca 6onbiie egunninl. Ecim unciio Peii-
HOJIBJICA CTAHOBHUTCS OJU3KUM K EIWHHIIE, ITOTOK
00bryHO 00patum. Q.M. Nguyen u coaBT. cCOOOIIMIN
0 CWIBHOW Koppesiuu Mexay Re u Di B ruapoau-
HamuKe paboTel kianana Tecnsr [45]. Uem Boite Re,
TeM Bbilie Di. DTo 03HayaeT, 4ToO MpU HU3KOW CKOPO-
CTH TIOTOKA KJIallaH pa0oTaeT KakK MOJHOCTHIO peBep-
CHBHBIN KaHaJ.

Ha puc. 25 nmpencrasiiena Buzyanm3anus MOTOKOB
B KaHaje kinamaHa Teclbl ¢ UCIOJb30BAHUEM Kpacu-
tens mpu Re = 200 B mpsimom HampaBieHuu (puc. 25,
a, B) U oOpatHOoM HampaeineHnunu (puc. 25, 0, T).
B npsmoM HampaBieHHUM TEUYEHHE B IICHTPATHLHOM
ceKkTope KaHajma HaOmomaercs 0e3 BO3IMYIICHHIA,
JUIIb C HEOOJBIIUMU OOKOBBIMU OTKJIOHEHHSIMH.
B oOparHoM HampaBieHHH TpeodIamaloT COMpPOTHB-
JIEHUE TIOTOKY U IepeMEeIIUBaHue.

I'eomeTpudeckas KOHPUTYpaFsi OKa3bIBaeT CyIIIe-
CTBEHHOE BJIMSIHUE HA XapaKTEPUCTUKU MOTOKA B CUC-
Teme KkiamaHoB Tecnmel. Ha puc. 26 mpencrasieHbl
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Puc. 26. CxeMbl CHMMETPUYHON U ACHMMETPUYHON KOH-
¢urypanuii cucremsl kinanaHoB Tecibl [47].

a — TMOJHOCTBIO CUMMETpUYHAas, 0 — YaCTUYHO aCHM-
METpPUYHAasl, B — IOJIHOCTBIO aCHMMETPHUYIHAS

Mpsimon norok

Mpamoi noTok
B S—

CXEMBbI HECKOJIBKUX KOH(UTYpanuii KiamaHnHoro 0io-
ka Tecnbl: Ax — pa3HHLIa pacCTOSTHUM MO TOPU30HTA-
1 MEXJIy HauajlaMM BEpXHEH U HIKHEH BETBEH;
X — 3TO pa3HHULA PacCTOSIHUM [0 TOPU3OHTAIM MEXK-
Iy HayauoM U KOHIIOM BepxHel BeTBU. Korma Ax = 0,
cucTeMa KiarnaHoB Tecibl SBISETCS MOJHOCTHIO CHUM-
METPUYHON KOHCTpYKuueH (puc. 26, a)

Liu Zhe wu coaBt. B pabote [47] mokazamm, 4TO
MOJIHOCTBI0 CHMMETPHUYHAsI CCTEMA KJIanaHoB Tecisl
UMEeT Jy4Illlhe XapaKTepUCTUKH OJHOHAIPABICHHOTO
MIOTOKA, YeM aCUMMETPHUYHAsl CUCTeMa KiaraHoB Tec-

Bl. DTO CBSI3aHO C T€M, YTO CUMMETPHUYHAsl CHCTEMa
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Puc. 27. inmrocTpanys HOCUMOTO KOJOPUMETPHUIECKOTO JaTUYMKa T0Ta ¢ UCIIOJIb30BaHIEM KiamaHoB Tecisl [54].
a — (oTorpadus naTunka Ha pyke, 0 — cxema uumna st coopa mora

kianaHoB Tecibl uMeeT Oosee BHICOKOE COIPOTHBIIE-
HUE JKUAKOCTH TIPU 00paTHOM MOTOKE.

B 0030pe [48] pazinuyHble KOHCTPYKIHMHK KIIATIaHOB
Tecnbl ObUIM pa3zieneHbl Ha TPU KaTerOpUH: OJJHOKAC-
kagable (STV, single-stage Tesla valve), mHOTrOKac-
kagaeie (MSTV, multistage Tesla valve) u TV-
npousBoaHble  CTpyKTypsl (TV-derivative (TVD)
structures). Koncrpykuus STV umeer onuH KiaraH,
a koHCTpyKius MSTV cocTouT M3 HECKONBKHX Kila-
MaHOB, PACIIOJIOKEHHBIX MOCIEIOBAaTEIbHO WM Ta-
paJUIeNbHO IS TOBBILIEHHS WX S(PQPEKTHBHOCTH.
Crpyktypbl TVD ocHOBaHBI Ha MpUHLUIAX KanaHa
Tecnbl, HO OBLIM MOJU(PHUIUPOBAHBI [ MOBBIIICHUS
MPOU3BOAUTEIBHOCTH WM COOTBETCTBUS KOHKPETHBIM
npuioxkeHusiM. Kareropuzanust KOHCTpYKIHMIA Kiiamna-
HOB Ba)KHA ISl TIOHUMAaHUSl Pa3UYHBIX BapUAHTOB,
JOCTYITHBIX MCCIICAOBATEIsIM M MHXCHEpPaM IpH pas-
paboTke MUKPOQITIONIHBIX YCTPOICTB.

Cy1iecTBeHHBIM NPEUMYIIECTBOM KianaHa Teciibl
SBJIIETCS] €r0 HaJeXkHOCTh. KOHCTpyKIus oTiindyaercs
OTCYTCTBHEM [IBM)KYIUXCS KOMIIOHEHTOB (MeMOpa-
HBI, KAHTHJICBEPHI WK CEPUIECKUE APUKH), OTCYT-
CTBHEM IT0JIBO/IA DHEPTUN W MCIIONH30BAHUEM HCKITIO-
YUTEJIIFHO TPOCTPAHCTBEHHBIX MEXaHHW3MOB  JUIS
yYIpaBIeHHs IBHKSHUEM JKHIKOCTeH [52].

Kianans! Teciibl MCTIONB3YIOT B KOHCTPYKLMSX HO-
CUMBIX yCTpoHCTB [54], mukponacocoB [50, 55], muk-
pomukcepoB [49, 56-58] u npu TepMOpETYIUPOBAHUU
[52].

Hocumble MeaunnuHCKHE YCTpOHCTBa obecredu-
BAlOT HEMHBA3MBHBIH METOJ MOHUTOPHUHIA (PHU3HOJIO-

THYECKUX TapaMeTpoB. [laTuymk morta B moOcCienHUE
TOJBI CTAJI OTHUM U3 HanboJiee BaKHBIX HANPaBICHUN
pPa3BUTUS HOCHMBIX JMArHOCTHYECKHUX YCTPOWCTB in
vivo. UTOOBI TapaHTHPOBATh, YTO aHAIN3 KOMITOHEH-
TOB COOpPaHHOTO YCTPOMCTBOM TOTa HE IOABEPIKECH
oImnOKaM, BEI3BAHHBIM HCTIAPEHHEM WIIH 3arpsA3HEHH-
€M OKpYJKalomed cpenod, B MHUKPOQIIOWTIHOM yCT-
poiicTBe misi cOopa moTa OBUTH WCIOJBE30BAHBI MUK-
poxianansl Tecnbl st obecriedeHus TepMETHIHOTO
XpaHeHus moTa. JWMOAMYHOCTh KJIalaHoB yIydIIaeT
cOop, TpemoTBpamaeT OOpaTHBI IOTOK Ha BXOJIE
Y OTPaHWYHMBAET NIOTOK HA BBIXO/I€ yCTPONCTBA.

H. Shi wu coast. [54] pa3zpaboTanu nOpTaTUBHBILHA
JaTYUK TI0Ta, B KOTOPOM OBII peaqnu30BaH KOJOPH-
MeTpUYecKuil aHanm3 Tioko3el 1 pH (puc. 27). Ha
BXO/JIE M BBIXOJIE yCTpoiicTBa cbopa mota ObUIM ycTa-
HOBJICHBI IIpsSIMbIe W OOpaTHbIE KiamnaHbl Tecnbl, 4To-
OBl 00J1€rYUTh MOCTYIUIEHUE KHUIKOCTH U MPENOTBpa-
THTH Pe(ITFOKC W KOHTAKT MEXIY OKpY KaroIIeH cpe-
JIOW M )KUAKOCTBIO B KaHaJle yCTPONUCTBA.

pyroe mpuMeHEeHNWE — HCIIONIb30BaHUE KIIaraHa
Tecner B Mukponacoce. N.G. Garcia-Morales wu np.
MOKa3alu BO3MOXKHOCTH CO3JIaHUSI TePMOKaBUTAIIH-
OHHOT'0 MHKpOHacoca ¢ kiananoM Tecisl [59].

Ha puc. 28 noka3ans! qBa kianana Tecisl, coeau-
HEHHbIE HACOCHOM KaMmepod, B KOTOPOM ITy3bIPbKH
WHAYLUUPYIOTCS JIa3€pOM HEMPEPHIBHOTO JEHCTBHA.
Kpyr B menTpe kKamepsl IpeACTaBisieT COOOW ITy3bI-
PeK, 00pa3yIoIUics B pe3yJIbTaTe TePMOKABUTALIUH.

Puc. 28. T'eomeTpus MUKpoOHAacOoca Ha OCHO-
BE JBYX KIamaHOB Tecibl, COEIMHEHHBIX
MOCIIE0BATENBHO YEPE3 HACOCHYIO KaMepy
[59]

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3
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30°

MnacTtuHa

Puc. 29. CxemaTnyHoe n300pa)keHHE OJTHOTO y3i1a MUK-
pomukcepa tuna Tecnbt [57]

MHormue ucciaeoBaHus MMOKa3aiH, YTO HCIOJb30-
BaHHE MHKPOYHIIOBBIX YCTPOWCTB CO CTPYKTypamu
Tecapl MokeT 3PPEKTUBHO YIYULIUTH MEpPEeMEIInBa-
HUE XUAKoCcTe. B pabore [57] MUKpOMHUKCEp THIIA
Tecnel OBLT CHPOSKTUPOBAH IyTeM pa3MeEIIeHHUS
B KaHajie MMKPOMHKCepa MPOTOYHON IUIACTHHBI MO
yriom 30° K cTeHKe KaHaia JuIs MOBBIIIeHU S dhek-
TUBHOCTHU CMeImBaHus (puc. 29).

WuTepecHo, urto ¢enomen kianaHoB Tecibl oOHa-
pyxeH u B npupoze. I[lonoOublii ¢pusznueckuii mexa-
HU3M OBIT OTMEUYEH B CHHPATHHOM KHIIEYHUKE aKyJl
U CKaTOB, I/I€ €r0 €CTECTBEHHAs KOHCTPYKIMS CyIlle-
CTBEHHO YCWJIMBAeT IMOIJIOIICHNE IUTATEeIbHBIX Be-
uiecTB [60, 61]. EcrecTBeHHast reOMETpUs KUIIEYHUKA
y 3TUX BHJIOB oOecreyrBaeT OOJBIIYIO IO b T0-
BEPXHOCTU JUIsl IpoLecca MOTJIOLIEHUS U NepeBapu-
BaHUs NMUTATENbHBIX BemecTB. [loMumo cnmpansHOTro
KHIIEYHUKA aKyJbl, CTPYKTypa KiamaHoB Tecisl Tak-
’K€ HAaIIOMHHAET aHaTOMHUIO JeTKUX yepenaxu [62].

3AK/IIOYEHUE

Munnatiopu3aus 1 KOMMEpPIUANA3anus MOJTHO-
CTBIO HMHTETPUPOBAHHBIX MHUKPO(DIIOMIHBIX CUCTEM
OCIIOKHSIETCSI M3-32 OTCYTCTBUS HAJIEXKHBIX MHKpPO-
(ITFOMIHBIX KOMITOHEHTOB, B TOM YHCIIE ¥ MUKPOKJIa-
MaHOB, XOTA UX pa3paboTKe yAessieTcsi OONbIIoe BHU-
MaHHe uccienoBareneid. s MUKpOQIIONIHBIX Kia-
MIAaHOB HE CYIIECTBYET CTAaHAAPTU3UPOBAHHBIX WIIU
OOIIETIPUHATHIX XapaKTepucTUK. Kakmas KOHCTPyK-
LYs KJIallaHa pa3iuvaeTcs B 3aBUCUMOCTH OT TMPHUH-
umna paboThl, UCMOIB3YEMBIX MaTepHaiOB, TEXHOJIO-
T W3TOTOBIICHUS, Pa3MEPOB, OMOCOBMECTHMOCTH,
BO3MO’KHOCTH MTOBTOPHOT'O MCIOJIB30BAHUS U CTOMMO-
ctu. CBoiCTBa, KOTOpBIE ACNAIOT KOHCTPYKLHIO Kila-
NaHa MpPUBJIEKATEIbHON AN OJHOTO KOHKPETHOTO
MIPUMEHEHHs], MOTYT TaK)K€ CHENaTh €r0 COBEPUICHHO
HEMPUTOAHBIM ISl UCTOJIB30BaHUS B JIPYroil curya-
rnuu. [loaToMy 3TH cBoiicTBa HEOOXOOUMO paccMart-
puBaTh B LEJIOM IpPU ONPEHECICHUHU MNPUTOJHOCTU
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JAHHOW KOHCTPYKIMM I BHIOpAHHON METOIMKH HC-
CJICIOBAHMS, aHAIN3a WM CUHTE3A.

Hcnonp3oBanue KianaHoB B MHKPODIIOMIHBIX
YCTPOMCTBAaX MO3BOJSET PAaCHIMPUTHh KPYT peIIaeMbIX
3aJa4, peajn30BaTh HOBbIE METOAMKH HCCIEAOBaHUI
KUIKUX Tpo6. s oqHOpa3oBBIX MHUKPOQITIOMIHBIX
YCTPOHCTB 3KOHOMHUYECKH 11€JI€CO00pa3HO HCIONIb30-
BaTh [TACCUBHBIE KJIanaHbl. Pemaroniyio poib B BbIOO-
pe TOH WM MHOW KOHCTPYKLHMH KJIallaHa WUIPaloT He
TOJIBKO peanu3yeMasi MeTOAMKa aHajiu3a WIH Hccie-
JIOBaHWH (T.€. KOH(QUTYpaNUs yCTPOHCTBA) U MaTEPH-
al yCTpOHCTBa (a CIeAOBATEIbHO, TEXHOJOTHH H3TO0-
TOBJIGHUSI MHKPOCTPYKTYpP, METOIBI MOAM(pHKAIH
MIOBEPXHOCTH), HO U PEXKUMBI, IPH KOTOPHIX TOJDKHBI
OCYIIECTBIIATHCS MAHHITYJISALNN C KHUIKOCTHIO (pado-
Jasg TeMIlepaTypa, CKOPOCTH IIOTOKOB, uucia Peii-
HOJIBJICA U T.]I.).

[TaccuBHBIE MUKpOKJIANlaHbl YCJIOBHO IOApa3ze-
JSIOTCS Ha: a) oOpaTHBIE KianaHbl U 0) KanUIApHbIE
KJIaTlaHbl, He UMETOIINE TIOBMKHBIX YacTeH.

OOparHble KiamaHbl MOTYT OBITH [BYX BHJOB:
C TIOJBM)XKHBIMH 3JIEMEHTaMH (3aCIIOHKH, MEMOpaHBI,
LIapbl WIK IpYyrue KOHCTPYKLUUH) U 0e3 ABHKYIIUXCS
gacTell (Hampumep, kianansl Tecisl). Takue kiamanbl
NPOITYCKAIOT IOTOK >KUAKOCTH B OJJHOM HalpaBJICHUN
Y TIPaKTUYECKU TOJIHOCTHIO OJIOKHPYIOT €ro B MPOTH-
BOTIOJIOKHOM. Takke CymecTBYIOT JBa BHJA KallwlI-
JISIPHBIX MMKpOKJanaHoB. B mepBoMm ciydae mcronb-
3YIOTCSl KalUIsipHbIE 3(QQEKTh, BO3HUKAIOUINE MPHU
JNBUKCHUU KHJIKOCTH TI0  THIPOGOOHBIM/TUAPO-
(GUIBHBIM 30HaM B KaHajax, KOTOPhIE TIO3BOJISIOT OC-
TAQHABIMBATh WJIN HM3MEHATH IOTOKM >KUAKOCTH. Bo
BTOPOM CiIy4ae ABM)KEHUE >KUAKOCTH PEryIupyercs
(mpexparaeTcst W yOBICTPSIETCS) TIPH PE3KOM H3Me-
HEHUM TONEPEUYHOr0 CEYEHUS MHKpOKaHala WU
CTPYKTYpPBI TIOBEPXHOCTH, 1O KOTOPOW TEUET KHJI-
KocTb. KanmmsipHble KIamaHbsl HIMPOKO MCITIONIB3YIOT-
csi B LEHTPOOCKHBIX MHUKPODIIOMIHBIX CHCTEMaXxX
[63—66], B TOM uucie U KOMMEpYECKUX [66].

XoTs maccUBHBIEC KianaHbl 0e3 IBHKYIIUXCS KOM-
MOHEHTOB SIBJIAIOTCA JTOCTOMHOM TEXHOJIOTHYECKON
U SKOHOMHYHOH albTePHATHBOM AaKTUBHBIM Kilama-
HaM, HO ¥ OHHM MMEIOT Henoctatku. Hampumep, Tpa-
JUIMOHHBIE KOHCTPYKIMM MAaCCUBHBIX KJIAllaHOB He-
BO3MOJKHO TPOCTO YMEHBIINTH, TIOCKOJIBKY OHH HMe-
I0T TeHJCHLUIO TEPATh CBOIO (PyHKIMOHAIBHOCTD MIPH
n3MeHeHun MaciTtabos [67]. TloaToMy MHHHATIOpH-
3alsl IACCUBHBIX KJIAlaHOB TpeOyeT pa3paboTKu HO-
BBIX KOHCTPYKLUH KJIaIIaHOB.

Paboma evinonrnena npu noodepacke I'ocyoapcmeenno-
20 3adanus Munucmepcmea HayKu u @vicuieco 06pazoea-
nust Poccutickou @eoepayuu Ne 075-00439-24-00.



22

10.

11.

12

13.

14.

15.

I'. E. PYJHULIKAZ, A. H. 3YBUK, A. A. EBCTPAIIOB

CIIUCOK JIMTEPATYPbBI

. Sesen M., Rowlands C.J. Thermally-actuated microfluidic

membrane valve for point-of-care applications // Micro-
syst Nanoeng. 2021. Vol. 7. Id. 48. DOI:
10.1038/s41378-021-00260-3

. Keating S.J., Gariboldi M.I., Patrick W.G., Sharma S.,

Kong D.S., Oxman N. 3D Printed Multimaterial Micro-
fluidic Valve // PLoS ONE. 2016. Vol. 11, no. 8.
Id. e0160624. DOI: 10.1371/journal.pone.0160624

. Qian J.-Y., Hou C.-W., Li X.-J., Jin Z.-J. Actuation Me-

chanism of Microvalves: A Review // Micromachines.
2020. Vol. 11, no. 2. 1d. 172. DOI: 10.3390/mi11020172

. 3ybux A.H., Pyonuykas I'.E., Eecmpanos A.A. Mukpo-

KJIaiaHbl B MUKPOQUIIOUIHBIX ycTpoicTBax. Yacth 1. Ak-
TUBHBIE MHUKpOKJIananel // HayuHoe mpubopoctpoeHue.
2023.T. 33, Ne 4. C. 3-27.

URL: http://iairas.ru/mag/2023/abst4.php#abst1

. Oh KW., Ahn C.H. A review of microvalves // J. Micro-

mech. Microeng. 2006. Vol. 16, no. 5. P. R13-R39. DOLI:
10.1088/0960-1317/16/5/R01

. Chang Y.J., Chen S.C., Hsu C.L. Study on microchannel

design and burst frequency detection for centrifugal mi-
crofluidic system // Adv Mat Sci Eng. 2013. Id. 137347.
DOI: 10.1155/2013/137347

. Yamada M., Seki M. Nanoliter-sized liquid dispenser array

for multiple biochemical analysis in microfluidic devic-
es // Anal Chem. 2004. Vol. 76. P. 895-899. DOI:
10.1021/ ac0350007

. Wu J., Fang H., Zhang J., Yan S. Modular microfluidics

for life sciences // J. Nanobiotechnol. 2023. Vol. 21.
1d. 85. DOI: 10.1186/s12951-023-01846-x

. Yang B., Lin Q. A Planar Compliance-Based Self-

Adaptive Microfluid Variable Resistor // Journal of Mi-
croelectromechanical Systems. 2007. Vol. 16, no. 2.
P.411-419. DOI: 10.1109/jmems.2007.892892

Ni J., Huang F., Wang B., Li B., Lin Q. A planar PDMS
micropump using in-contact minimized-leakage check
valves // Journal of Micromechanics and Microengineer-
ing. 2010. Vol. 20, no. 9. Id. 095033.

DOI: 10.1088/0960-1317/20/9/095033

Chang H.-J., Ye W., Kartalov E.P. Quantitative modeling
of the behaviour of microfluidic autoregulatory devices //
Lab on a Chip. 2012. Vol. 12, no. 10. P. 1890-1896.
DOI: 10.1039/c21c20956j

. Zhang X., Oseyemi A.E. Microfluidic Passive Valve with

Ultra-Low Threshold Pressure for High-Throughput Lig-
uid Delivery / Micromachines. 2019. Vol. 10, no. 12.
Id. 798. DOI: 10.3390/mi10120798

Brask A., Snakenborg D., Kutter J.P., Bruus H. AC elec-
troosmotic pump with bubble-free palladium electrodes
and rectifying polymer membrane valves // Lab Chip.
2006. Vol. 6, no. 2. P. 280-288. DOI: 10.1039/b509997h
Doh I, Cho Y.-H. Passive flow-rate regulators using pres-
sure-dependent autonomous deflection of parallel mem-
brane valves / Lab on a Chip. 2009. Vol. 9, no. 14.
Id. 2070. DOI: 10.1039/b821524¢

Zhang X., Zhang Z. Microfluidic Passive Flow Regulato-
ry Device with an Integrated Check Valve for Enhanced

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Flow Control // Micromachines. 2019. Vol.10, no. 10.
Id. 653. DOI: 10.3390/mi10100653

. Zhang X., Wang X., Chen K., Cheng J., Xiang N., Ni Z.

Passive flow regulator for precise high-throughput flow
rate control in microfluidic environments / RSC Ad-
vances. 2016. Vol. 6, no. 38. P. 31639-31646. DOI:
10.1039/c6ra01093h

Hyeon J., So H. Microfabricaton of microfluidic check
valves using comb-shaped moving plug for suppression of
backflow in microchannel // Biomed Microdevices. 2019.
Vol. 21. 1d. 19. DOI: 10.1007/s10544-019-0365-1

Lau KH., Giridhar A., Harikrishnan S., Satyanaraya-
na N., Sinha S.K. Releasing high aspect ratio SU-8 micro-
structures using AZ photoresist as a sacrificial layer on
metallized Si substrates // Microsystem Technologies.
2013. Vol. 19, no. 11. P. 1863-1871. DOI:
10.1007/500542-013-1740-0

Kim T., Jo K. Microfluidic Device to Maximize Capillary
Force Driven Flows for Quantitative Single-Molecule
DNA Analysis // BioChip J. 2023. Vol. 17. P. 384-392.
DOI: 10.1007/s13206-023-00115-1

Gliere A., Delattre C. Modeling and fabrication of capil-
lary stop valves for planar microfluidic systems // Sensors
and Actuators A: Physical. 2006. Vol. 130-131. P. 601—
608. DOI: 10.1016/j.sna.2005.12.011

Andersson H., van der Wijngaart W., Griss P., Niklaus F.,
Stemme G. Hydrophobic valves of plasma deposited oc-
tafluorocyclobutane in DRIE channels // Sensors and Ac-
tuators B: Chemical. 2001. Vol. 75, no. 1-2. P. 136-141.
DOI: 10.1016/50925-4005(00)00675-4

Man P.F., Mastrangelo C.H., Burns M.A., Burke D.T. Mi-
crofabricated capillary driven stop valves and sample in-
jector / Proc. MEMS Conference, Heidelberg, Germany,
January 25-29, 1998. DOI: 10.1109/MEMSYS.1998.659727
Zoval J.V., Madou M.J. Centrifuge-Based Fluidic Plat-
forms // Proceedings of the IEEE. 2004. Vol. 92, no. 1.
P. 140-153. DOI: 10.1109/jproc.2003.820541

Wang S., Zhang X., Ma C., Yan S., Inglis D., Feng S.
A Review of Capillary Pressure Control Valves in Micro-
fluidics // Biosensors (Basel). 2021. Vol. 11, no. 10.
Id. 405. DOI: 10.3390/bios11100405

Zhang Y., Chen Y., Huang J., Liu,Y., Peng J., Chen S.,
Song K., Ouyang X., Cheng H., Wang X. Skin-interfaced
microfluidic devices with one-opening chambers and hy-
drophobic valves for sweat collection and analysis // Lab
Chip. 2020. Vol. 20. P. 2635-2645. DOI:
10.1039/DOLCO00400F

Mohammed M.1., Desmulliez M.P.Y. Characterization and
Theoretical Analysis of Rapidly Prototyped Capillary Ac-
tion Autonomous Microfluidic Systems // Journal of Mi-
croelectromechanical Systems. 2014. Vol. 23, no. 6.
P. 1408-1416. DOI: 10.1109/jmems.2014.2314470
Zimmermann M., Hunziker P., Delamarche E. Valves for
autonomous capillary systems // Microfluid. Nanofluid.
2008. Vol. 5. P. 395-402. DOI: 10.1007/s10404-007-
0256-2

Olanrewaju A., Beaugrand M., Yafia M., Juncker D. Ca-
pillary microfluidics in microchannels: from microfluidic
networks to capillaric circuits // Lab Chip. 2018. Vol. 18.
P. 2323-2347. DOI: 10.1039/C8LC00458G

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3

MUKPOKJIATIAHBI B MUKPO®JIIOUIHBIX YCTPOMCTBAX. U. 2

Melin J., Roxhed N., Gimenez G., Griss P., van der Wijn-
gaart W., Stemme G. A liquid-triggered liquid microvalve
for on-chip flow control // Sens. Actuators, B: Chemical.
2004. Vol. 100, no. 3. P. 463-468. DOLI:
10.1016/j.snb.2004.03.010

Safavieh R., Juncker D. Capillarics: pre-programmed,
self-powered microfluidic circuits built from capillary
elements // Lab Chip. 2013. Vol. 13. P. 4180-4189. DOI:
10.1039/C3LC50691F

Olanrewaju A.O., Robillard A., Dagher M., Juncker D.
Autonomous microfluidic capillaric circuits replicated
from 3D-printed molds // Lab Chip. 2016. Vol. 16.
P. 3804-3814. DOI: 10.1039/C6LC00764C

Li J., Liang C., Zhang B., Liu C. A comblike time-valve
used in capillary-driven microfluidic devices // Microelec-
tronic Engineering. 2017. Vol. 173. P. 48-53. DOI:
10.1016/j.mee.2017.03.013

Image. URL: ars.els-cdn.com/content/image/1-s2.0-
S0167931717301260-fx1_lIrg.jpg (accessed 02.04.2024)
Chang Y.-J.,, Lin Y.-T., Liao C.-C. Chamfer-Type Capil-
lary Stop Valve and Its Microfluidic Application to Blood
Typing Tests / SLAS Technology: Translating Life
Sciences Innovation. 2019. Vol. 24, no. 2. P. 188-195.
DOI: 10.1177/2472630318808196

Hitzbleck M., Avrain L., Smekens V., Lovchik R.D., Mer-
tens P., Delamarche E. Capillary soft valves for micro-
fluidics / Lab Chip. 2012. Vol. 12. P. 1972-1978. DOI:
10.1039/C2LCO0015F

Juncker D., Schmid H., Drechsler U., Wolf H., Wolf M.,
Michel B., de Rooij N., Delamarche E. Autonomous Mi-
crofluidic Capillary System // Anal. Chem. 2002. Vol. 74.
P. 6139-6144. DOI: 10.1021/ac0261449

Cesaro-Tadic S., Dernick G., Juncker D., Buurman G.,
Kropshofer H., Michel B., Fattinger C., Delamarche E.
High-sensitivity miniaturized immunoassays for tumor
necrosis factor a using microfluidic systems // Lab on
a Chip. 2004. Vol. 4, no. 6. P. 563-569. DOI:
10.1039/b408964b

Ahn C.H., Choi J.-W., Beaucage G., Nevin J., Lee J.-B.,
Puntambekar A., Lee R.J.Y. Disposable Smart Lab on
a Chip for Point-of-Care Clinical Diagnostics // Proceed-
ings of the IEEE. 2004. Vol. 92, no. 1. P. 154-173. DOI:
10.1109/jproc.2003.820548

Pouletty P.J., Ingalz T. Matrix controlled method of de-
layed fluid delivery for assays. US Pat., no. 5135872,
Aug. 4, 1992.

Lenk G.A., Stemme G., Roxhed N. Delay valving in capil-
lary driven devices based on dissolvable thin films // Pro-
ceedings of The 18th International Conference on Minia-
turized Systems for Chemistry and Life Sciences (LWTAS).

San Antonio, USA, 2014. P. 216-218. URL:
https://www.proceedings.com/content/024/024717webtoc.
pdf

3A0 "OUPMA T'AJIEH".

URL: galen.ru/item/diagnosticheskie-paneli-i-rashodnye-
materialy-dlya-immunofluorestsentnogo-analizatora-
triage-meterpro/ (accessed 02.04.2024)

Xie Y., You H., Gao Z., Huang Z., Yang M. An Effective Ca-
pillary Valve based on Micro-hole Array for Microfluidic

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

23

Systems // Anal Sci. 2018. Vol. 34, no. 11. P. 1323-1327.
DOI: 10.2116/analsci.18p257

Sun C., You H., Xie Y., Xu R.X. Performance Optimiza-
tion of Microvalves Based on a Microhole Array for Mi-
crofluidic Chips // Journal of Analytical Methods in Che-
mistry. 2020. Id. 8842890. DOI: 10.1155/2020/8842890
Tesla N. Valvular Conduit. US Patent no. 1329559A,
3 February 1920.

Nguyen Q.M., Abouezzi J., Ristroph L. Early Turbulence
and Pulsatile Flows Enhance Diodicity of Tesla’s Macrof-
luidic Valve // Nat. Commun. 2021. Vol. 12. Id. 2884.
DOI: 10.1038/s41467-021-23009-y

Nobakht A.Y., Shahsavan M., Paykani A. Numerical Study
of Diodicity Mechanism in Different Tesla-Type Micro-
valves // Journal of Applied Research and Technology.
2013. Vol. 11, no. 6. P. 876-885. DOI: 10.1016/s1665-
6423(13)71594-3

Liu Z., Shao W.-Q., Sun Y., Sun B.-H. Scaling law of the
one-direction flow characteristics of symmetric Tesla
valve // Engineering Applications of Computational Fluid
Mechanics. 2022. Vol. 16, no. 1. P. 441-452.

DOTI: 10.1080/19942060.2021.2023648

Purwidyantri A., Prabowo B.A. Tesla Valve Microflui-
dics: The Rise of Forgotten Technology // Chemosensors.
2023. Vol. 11, no. 4. Id. 256.

DOI: 10.3390/chemosensors11040256

Wang C.-T., Chen Y.-M., Hong P.-A., Wang Y.-T. Tesla
Valves in Micromixers // International Journal of Chemi-
cal Reactor Engineering. 2014. Vol. 12, no. 1. P. 397-404.
DOTI: 10.1515/ijere-2013-0106

Gamboa A.R., Morris C.J., Forster F.K. Improvements in
Fixed-Valve Micropump Performance Through Shape
Optimization of Valves // Journal of Fluids Engineering.
2005. Vol. 127, no. 2. P. 339-346.

DOI: 10.1115/1.1891151

Abdelwahed M., Chor N., Malek R. Reconstruction of
Tesla micro-valve using topological sensitivity analysis //
Adv. Nonlinear Anal. 2020. Vol. 9. P. 567-590. DOL:
10.1515/anona-2020-0014

Du G., Alsenani T.R., Kumar J., Alkhalaf'S., Alkhalifah T.,
Alturise F., Almujibah H., Znaidia S., Deifalla A. Improv-
ing thermal and hydraulic performances through artificial
neural networks: An optimization approach for Tesla
valve geometrical parameters // Case Studies in Thermal
Engineering. 2023. Vol. 52. Id. 103670. DOI:
10.1016/j.csite.2023.103670

Zhang S., Winoto S.H., Low H.T. Performance Simula-
tions of Tesla Microfluidic Valves // First International
Conference on Integration and Commercialization of Mi-
cro and Nanosystems, Parts A and B. ASMEDC, Sanya,
China, 10-13 January 2007. P. 15-19.

DOI: 10.1115/mnc2007-21107

Shi H., Cao Y., Zeng Y., Zhou Y., Wen W., Zhang C.,
Zhao Y., Chen Z. Wearable Tesla Valve-Based Sweat Col-
lection Device for Sweat Colorimetric Analysis // Talanta.
2022. Vol. 240. Id. 123208.

DOI: 10.1016/j.talanta.2022.123208

Mohammadzadeh K., Kolahdouz E.M., Shirani E., Sha-

fii M.B. Numerical study on the performance of Tesla type

microvalve in a valveless micropump in the range of low



24

56.

57.

58.

59.

60.

61

62.

63.

64.

I. E. PYJIHULIKASL, A. H.

frequencies // J Micro-Bio Robotics. 2013. Vol. 8. P. 145—
159. DOI: 10.1007/s12213-013-0069-1

Hong C.-C., Choi J.-W., Ahn C.H. A novel in-plane pas-
sive microfluidic mixer with modified Tesla structures //
Lab on a Chip. 2004. Vol. 4, no. 2. P. 109-113. DOI:
10.1039/b305892a

Wang H., Chen X. Optimization of micromixer based on
an improved Tesla valve-typed structure // J Braz. Soc.
Mech. Sci. Eng. 2022. Vol. 44. Id. 143. DOI:
10.1007/s40430-022-03454-6

Kubar A.A., Cheng J., Kumar S., Liu S., Chen S., Tian J.
Strengthening mass transfer with the Tesla-valve baffles
to increase the biomass yield of Arthrospira platensis in
a column photobioreactor // Bioresour Technol. 2021.
Vol. 320 (Pt. A). Id. 124337.

DOI: 10.1016/j.biortech.2020.124337

Garcia-Morales N.G., Morales-Cruzado B., Camacho-
Lépez S., Romero-Méndez R., Devia-Cruz L.F., Pérez-
Gutiérrez F.G. Numerical modeling of a micropump
without mobile parts actuated by thermocavitation bub-
bles // Microsyst. Technol. 2021. Vol. 27. P. 801-812.
DOI: 10.1007/s00542-020-04998-0

Leigh S.C., Summers A.P., Hoffmann S.L., German D.P.
Shark Spiral Intestines May Operate as Tesla Valves //
Proc. R. Soc. B Biol. Sci. 2021. Vol. 288, iss. 1955.
Id. 20211359. DOI: 10.1098/rspb.2021.1359

. Palecek A. Shark Bellies Flow like Tesla Valves // J. Exp.

Biol. 2021. Vol. 224, no. 19. 1d. JEB237339. DOI:
10.1242/jeb.237339

Farmer C.G., Cieri R.L., Pei S. A Tesla Valve in a Turtle
Lung: Using Virtual Reality to Understand and to Com-
municate Complex Structure-Function Relationships // J.
Morphol. 2019. Vol. 280, iss. S1. P. S1—S244. DOL:
10.1002/jmor.21003

Peshin S., Madou M., Kulinsky L. Microvalves for Appli-
cations in Centrifugal Microfluidics // Sensors. 2022.
Vol. 22, no. 22. Id. 8955. DOI: 10.3390/522228955
Peshin S., George D., Shiri R., Kulinsky L., Madou M.
Capillary Flow-Driven and Magnetically Actuated Multi-
Use Wax Valves for Controlled Sealing and Releasing of

3YBUK, A. A. EBCTPAIIOB

Fluids on Centrifugal Microfluidic Platforms // Microma-
chines. 2022. Vol. 13, no. 2. Id. 303. DOI:
10.3390/mi13020303

65. Woolf M.S., Dignan L.M., Lewis HM., Tomley C.J., Nau-
man A.Q., Landers J.P. Optically-controlled closable mi-
crovalves for polymeric centrifugal microfluidic devices //
Lab Chip. 2020. Vol. 20, Ne 8. P. 1426-1440. DOL:
10.1039/c91c01187k

66. Strohmeier O., Keller M., Schwemmer F., Zehnle S.,
Mark D., von Stetten F., Zengerle R., Paust N. Centrifugal
microfluidic platforms: advanced unit operations and ap-
plications // Chemical Society Reviews. 2015. Vol. 44,
no. 17. P. 6187-6229. DOI: 10.1039/c4cs00371¢

67. Bohm S., Phi H.B., Moriyama A., Runge E., Strehle S.,
Konig J., Cierpka C., Dittrich L. Highly efficient passive
Tesla valves for microfluidic applications // Microsyst
Nanoeng. 2022. Vol. 8. Id. 97. DOI: 10.1038/s41378-
022-00437-4

Hucmumym ananumuueckozo npubopocmpoenus PAH,
Canxkm-Ilemepoypz

Kontaktsl: 3youx Anexcanopa Huxonaesna,
tunix@yandex.ru

Martepuan moctymnmi B pegakuunto 02.04.2024

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3



ISSN 0868-5886 NAUCHNOE PRIBOROSTROENIE, 2024, Vol. 34, No. 3, pp. 3-27

MICROVALVES IN MICROFLUIDIC DEVICES.
PART 2. PASSIVE MICROVALVES (REVIEW)

G. E. Rudnitskaya, A. N. Zubik, A. A. Evstrapov

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

Valves are important functional elements needed to create microfluidic devices, lab-on-a-chip platforms, and
micro total analysis systems (LTAS). An ideal microfluidic system integrates numerous sequential operations,
provides precise spatiotemporal release of reagents and flow control, and is suitable for fast and low-cost fabri-
cation. Therefore, the development of valves is one of the most important tasks when constructing such systems.
Compared to active valves, passive valves are more convenient for integration into microfluidic devices, since
they allow you to regulate the flow rate without complex feedback and provide flow shut-off, flow mixing, etc.
Passive microvalves have a lower cost and simpler design than active ones. The article discusses passive check
and capillary microvalves and provides examples of different designs.

Keywords: microfluidics, microfluidic devices, microvalve, passive valve, capillary microvalves
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INTRODUCTION. PASSIVE MICROVALVES

Microvalves are one of the most important and
widely used elements in microfluidic devices, facili-
tating automation and integration in microfluidics [1,
2]. Valves allow for many operations with liquid:
switching or adjusting flows in the channels of micro-
fluidic chips, mixing reagents, dosing, or setting the
timing of reactions.

According to the principle of operation, micro-
valves can be divided into active and passive [3]. Ac-
tive valves typically use external actuators to control
the hydraulic resistance of microchannels. However,
the external drive complicates the design of the micro-
fluidic device, which is not suitable for miniature sys-
tems. The use of passive valves, which do not require
additional external equipment, is an alternative solu-
tion for controlling flows in microfluidic devices.

A classification and review of active-type micro-
valves were given previously [4].

Passive microvalves are divided into check valves
that have mechanical moving parts, and capillary
valves that do not have moving parts. Most passive
microcheck valves are built into the inlets or outlets of
micropumps as mechanical moving parts, such as
flaps, membranes, balls, or moving structures [5]. Ca-
pillary valves are widely used in centrifugal micro-
fluidic systems [6, 7]. However, such systems usually
require high-speed controlled rotation to provide the
necessary pressures to open/close the valve [8].

1. PASSIVE CHECK MICRO VALVES

In check valves, the moving elements — flap [9,
10] or membrane [11-14] — are designed as micro-
channel structures to control unidirectional fluid flow.
Since the resistance to fluid flow is small in the for-
ward direction and significant in the opposite direc-
tion, a check valve is also called a "liquid diode".
Check valves can be made from a variety of materials,
including hard materials (such as silicon and poly-
mers). Polymers are attractive materials for check
valves due to their low cost and flexible manufactur-
ing technology.

The work [9] presents a microfluidic chip with
a built-in check microvalve, consisting of a flexible
thin flap that is located in the immediate vicinity of
a hard stopper. A thin flap is attached with its three
edges to the upper, lower and one vertical walls of the
microchannel. An example of a passive check valve as
a "flap" is shown in Fig. 1. The planar prototype of the
device was manufactured using standard replica mold-
ing technology from polydimethylsiloxane (PDMS).
The shape and size of the gap between the flap and the
stopper can change depending on the magnitude and
direction of the flow. The size of the gap plays a key
role in the performance of the device: a small gap re-

duces the rate of reverse flow, but will also increase
the resistance to forward flow. The correct choice of
shape and size of the damper-stopper design allows
the device to function as a check valve with the de-
sired characteristics. The prototype of the device
demonstrated the ability to regulate water flow from
0.21 up to 1.2 ml/min with a deviation of less than 3%
when the operating pressure changes from 100 to
more than 200 kPa.

Fig. 1. Example of a passive check valve of flap type
(a); optical micrograph of the device, top view (0) [9]

A diaphragm valve is another type of passive
check valve in a microfluidic device, that is mainly
driven into action by changing the flow resistance in
the microchannel. A diaphragm valve usually consists
of two channels: a fluid channel and the control chan-
nel, separated by a thin elastic membrane. When the
fluid channel and control channel are full, an increase
in pressure in the control channel leads to deflection
of the membrane, changing the cross-section of the
fluid channel, and therefore the flow rate [15].

Fig. 2 schematically shows the operating principle
of a passive flow regulator [16]. The flow regulator is
integrated with a built-in diaphragm valve, which in-
cludes two separate control channels, one main chan-
nel, and two thin membranes. The main channel is
sandwiched between two thin membranes. When
pressure is applied to the control channels, the mem-
branes can be deformed towards each other, which
leads to a decrease in the cross-sectional area of the
main channel. Since the hydraulic resistance of the
valve is determined by the cross-sectional area, it can
be adjusted by changing the pressure applied to the
membranes. Thus, pressure fluctuations can be com-
pensated by dynamically reducing or increasing hy-
draulic resistance. Also, the valve output flow can be
adjusted so that it is a constant value. Thus, the valve
can be integrated into a microfluidic device and act as
a passive regulator to automatically regulate fluid
flow.

Fig. 2. Layout of the operating principle of a passive
flow regulator [16]

The authors of [15] developed a passive microflui-
dic device with a flow control valve, that is able to
prevent reverse flow during liquid transport. The de-
vice contains two types of valves: a flow control valve
to regulate the flow of liquid, and a check valve to
shut off the reverse flow. Since the check valve only
allowed forward fluid flow in the microchannels, the
valve blocked the microchannels and stopped the re-



verse flow when fluid flowed in the opposite direc-
tion.

The conceptual design of a device for regulating
microfluidic flow is shown in Fig. 3, a. The check
valve contained a fluid chamber, a baffle, a main
channel, and an elastic membrane with an opening,
and the flow control valve included a common main
fluid channel, a control channel, and an elastic mem-
brane. The height and width of the liquid channel
were 200 um and 600 um, respectively, and the length
of the control channel is 800 pm.

curate delivery of sample and reagents into the micro-
channels, ultimately degrading the performance of the
microfluidic device. The problem of reverse flow
leaks in a microchannel can be solved by repeatedly
blocking the flow using a valve in the form of a comb-
shaped movable "plug" [17]. J. Hyeon and H. So have
developed a new type of passive check valve that ef-
fectively prevents reverse flow when closed, provid-
ing almost complete closure of the microchannel by
repeatedly blocking flows through a comb-shaped
moving plug (Fig. 4).

Fig. 3. Operating principle of a microfluidic flow
controller [15].

a — device design; 6 — the flow check valve is open
to introduce liquid in forward mode, the flow control
valve is working; B — flow check valve is closed to
stop the liquid in reverse mode

When liquid was supplied to the device input in the
forward direction, the check valve membrane deviated
towards the main channel (Fig. 3, 6). The check valve
was opened to allow fluid to pass through the orifice,
and the fluid flowed directly into the flow control
valve. When the inlet pressure increased, the elastic
diaphragm of the flow control valve was deflected
towards the main channel due to the increased pres-
sure in the control channel. Since the deformed mem-
brane reduced the cross-section of the main channel,
the hydraulic resistance of the device increased. When
the inlet pressure exceeded the threshold, the incre-
ment in hydraulic resistance compensated for the in-
crement in pressure, thus, in forward mode, a constant
flow was achieved. When the device operated in re-
verse mode, liquid entered the main channel from the
outlet (Fig. 3, B). The flow control valve did not oper-
ate when the pressure was equalized between the con-
trol channel and the main fluid channel. The liquid
then flowed into the check valve and pushed the
membrane towards the inlet. Since the baffle was iso-
lated by the inlet and fluid chamber, the membrane
could be pressed tightly against the baffle due to the
high fluid pressure applied to the membrane being in
contact with fluid. Thus, the check valve was closed,
and the fluid flow in reverse mode was stopped.

This microfluidic flow control device can be used
to accurately deliver fluid with minimal leakage dur-
ing reverse flow. The experimental results showed
that an almost constant flow rate of 0.42 + 0.02 mL/s
was achieved in forward mode with an input pressure
range from 70 to 130 kPa.

When using microfluidic systems with check
valves of the "flap" or "membrane" type, there may be
a problem with leaks due to the gap between the walls
of the microchannel and the blocking microstructures
during reverse flow. Reverse flow can disrupt the ac-

Fig. 4. Illustration of the operation of a microfluidic
check valve based on a comb-shaped moving plug
[17].

a — open state, 0 — closed state

The valve microchannel is made of PDMS and has
a width of 300 um and a height of 95 um. During re-
verse flow, the valve (made of SUS8 photoresist)
blocked the microchannel with comb-shaped protru-
sions, as shown in Fig. 4, 6. With forward flow, the
comb-shaped microstructure moved in the direction of
flow, changing the closed position of the valve to
open. The movement of the comb-shaped microstruc-
ture was stopped by a pair of anchors (clamps). When
the direction of flow changes to the opposite, the
comb-shaped microstructure returns to the closed po-
sition, blocking the reverse flow through the interlock-
ing comb-shaped protrusions.

Since the liquid must pass through each protrusion
of the comb-shaped microstructure (i.e., obstacles),
the resistance during reverse flow increased sharply
due to an increase in the valve’ area of. contact with
the surface of the microchannel.

A diagram of the check valve manufacturing
process is shown in Fig. 5.

Fig. 5. Scheme of manufacturing of a microfluidic
check valve using a comb-shaped moving structure
[17].

a — standard photolithography on a silicon wafer
coated with two-layer photoresists (SU-8 2100 and
AZ 9260 for creating movable micro-structures and
sacrificial layer, respectively); 6 — standard soft li-
thography for the production of PDMS microchan-
nels; B — chemical treatment of comb-shaped micro-
structures in SU-8 developer; r — process of releas-
ing microstructures by dissolving AZ 9260 (sacrifi-
cial layer) in SU-8 developer; n — integration of
formed comb-shaped microstructures into micro-
channels on glass; e — bonding of PDMS replicas
and glass

Microchannels were fabricated using standard soft
lithography in PDMS. Moving microstructures



(combs) were produced by photolithography using a
double layer of photoresist. It was previously reported
that this method allows the release of SU-8 structures
from the substrate [18].

Experiments showed that the minimum flow rate
for activation in reverse flow mode was 70, 75, and
80 pL/min for microvalves with comb-shaped micro-
structures with one, three, and five protrusions, re-
spectively.

This study confirms the feasibility of developing
efficient and reliable microvalves for various laborato-
ry and biomedical applications such as drug delivery
devices, cell separators, and micropumps, for which
the problem of reverse flow leaks is solved.

2. CAPILLARY MICROVALVES

Types of capillary valves

Solving one of the key problems of microfluidics
— the manipulation of liquids and control over them
inside microchannels — is possible using capillary
forces and controlling flows with capillary micro-
valves [19].

Capillary valves are passive valves that use surface
tension forces. There are no moving parts, making
these valves simpler in manufacture and less suscepti-
ble to clogging than active valves [5, 20].

There are two types of capillary microvalves. The
first type is based on the presence of deposited hydro-
phobic zones on areas of the surface of a hydrophilic
microchannel to stop the flow of liquid [21]. External
pressure forces the liquid to cross the hydrophobic
region when required for the process. Capillary valves
of the second type are especially promising because
they do not require additional processing to apply
a hydrophobic coating. Fluid flow simply stops when
the cross-section of the microchannel changes abrupt-
ly (hydrophilic microchannels suddenly expand or
hydrophobic microchannels suddenly contract). The
flow resumes when the pressure or rarefaction causing
the movement exceeds a critical value called burst
pressure [22]. Such shut-off valves are successfully
used, for example, in microfluidic systems based on a
compact disc, in which sequential flow through sever-
al valves with increasing burst pressure is achieved
due to an increase in the disk rotation speed [23].

Capillary shut-off valve

The purpose of a stop valve is to temporarily stop
the flow of liquid in a capillary. A shut-off valve can
be formed by changing the shape of the liquid menis-
cus in the microchannel to create the necessary addi-
tional pressure and block the flow of liquid [24].

Y. Zhang et al. [25] used a hydrophobic shut-off
valve in a device for collecting sweat from the skin.

The microfluidic device consists of one or more
collector chambers, a main channel, hydrophobic
shut-off valves, and bridge channels. The valve is lo-
cated between the liquid collection chamber and the
main channel to ensure the collection of sweat and
reduce its evaporation. As shown in Fig. 6, when
sweat enters the hydrophilic microchannel, the shut-
off valve creates a pressure barrier that prevents the
flow from continuing through the main microchannel
and ensures that sweat is forced into the collection
chamber. When sweat fills the collection chamber
completely, the shut-off valve will open, and the lig-
uid will pass through the shut-off valve and further
along the main microchannel.

Fig. 6. Capillary hydrophobic shut-off valve [25]

The device is made of three layers: 1) a 240 pum
thick PDMS covering layer, 2) a 600 um thick PDMS
layer with microstructures and 3) a medical grade
acrylic adhesive film for improved adhesion to the
skin (Fig. 7). The microfluidic channel has a width
and a height of 300 microns, and the diameter of the
chambers is 3 mm.

Fig. 7. Images of an epidermal microfluidic device
with hydrophobic valves for fluid collection [25].

a — diagram of the device and principle of operation
of the valve; 6 — microfluidic device on the skin and
during mechanical deformations, such as bending
and twisting

The hydrophilic surface of PDMS was obtained by
treatment with oxygen plasma and modification with
polyvinylpyrrolidone (PVP). The surface remained
stably hydrophilic for 6 months. The hydrophobic
valve (HV) in the microfluidic channel was obtained
using a mask to eliminate the effect of plasma on the
PDMS region. The unexposed region of PDMS under
the mask remained hydrophobic and formed HV in the
microfluidic channel.

The position of the valve in the main microfluidic
channel and its dimensions affect the collection of
liquid into the chambers. The design of the valve and
the size of the bridge channels are also important to
ensure that air escapes from the chambers to avoid
back pressure.

Stopping the flow of liquid in a microchannel
without external intervention is possible due to a sharp
expansion of the channel geometry using a shut-off
valve with an expanding cross-section (Fig. 8, a). Al-
though capillary shut-off valves are reliable and easy
to integrate into hydrophobic systems; their properties
are retained for a short time (for example, 5 min [26,



27]). Small contact angles can result in flow that dis-
rupts the function of the valve (eg, trapping bubbles
when a wide channel is followed by a narrowing)
[24]. To increase reliability, A. Gliére and C. Delattre
[20] developed a two-level shut-off valve with hydro-
philic silicon microchannels, which were sealed with
hydrophobic PDMS films (Fig. 8, ©6). Tests on
a 15 x 15 pm valve confirmed that the valve can block
a flow buffer and open at burst pressure in the range
of 1-10 kPa.

Fig. 8. Diagrams and images of capillary shut-off
valves capable of stopping the flow [28].

a — single-level shut-off valve: (1) valve geometry
with key parameters used in analytical pressure cal-
culations, and (2) fluid stoppage when the geometry
changes abruptly in the microchannel; 6 — two-level
shut-off valve

Two known disadvantages of capillary check
valves are:

1) lack of a vapor barrier, so evaporation can be-
come a problem if the liquid reagent must be stored
for a long time or if heating is part of the process,
such as in nucleic acid amplification;

2) possible ineffectiveness of ventilation when us-
ing liquids with low surface tension [20].

Capillary trigger valve

Capillary trigger (start) valves are modifications of
shut-off valves that not only allow the flow to be
stopped, but also ensure the subsequent release of lig-
uid only due to capillary flow. The very first trigger
valve design reported in the literature was based on
the connection of several microchannels and required
filling all microchannels to continue movement [27,
29]. Such trigger valves were made of silicon and re-
quired a very high aspect ratio (for example, 4 / w =
= 12.5, where # is the height of the microchannel, w is
the width of the microchannel) for successful stopping
of the liquid (Fig. 9, a) [29].

Fig. 9. Examples of trigger valves [28].

a — schematic of a single-stage trigger valve show-
ing how fluid is released when it is present on both
sides of the trigger valve connection, and an SEM
image of the trigger valve with a large height-to-
width ratio; 6 — diagram of a two-level trigger valve
showing its geometry and operating principle, SEM
image showing the structure and dimensions of the
trigger valve

To reduce process limitations and improve reliabil-
ity, two-stage trigger valves with a lower aspect ratio

were developed, similar to two-stage gate valves [30].
Two-level trigger valves have microchannels that in-
tersect orthogonally (Fig. 9, 6). Two-level trigger
valves are more reliable than single-level trigger
valves and can hold fluids for more than 30 minutes
[30, 31]. Two-level trigger valves can be large (up to
I mm wide) without compromising functionality,
since the difference in microchannel heights (depths)
between the two levels can be used to create a suffi-
cient pressure barrier to prevent flow [28].

R. Safavieh and D. Juncker [30] reported the de-
sign of a two-level trigger valve, which consists of
a shallow channel intersecting a deeper one, both
sealed with a hydrophobic protective plate. Their de-
sign allows you to dramatically expand the cross-
section of the valve in both horizontal and vertical
planes, which, according to their hypothesis, will in-
crease the reliability of the valve. In 50 experiments,
not a single valve failure was recorded.

J. Li et al. propose a comb-shaped timer valve that
combines the functions of a microfluidic shut-off
valve and a trigger valve [32]. It consists of a series of
parallel comb-shaped protrusions and intermediate
channels (Fig. 10). The time required for fluid to pass
through the valve can be easily controlled by changing
the number of comb-shaped protrusions.

Fig. 10. Structure of a comb-shaped timer valve (a) and
flow behavior inside the valve (0) [33].

W — valve width, W; — intermediate channel width,
W, — protrusion width, W, — gap width

Fig. 10 shows the flow of liquid inside the valve.
Liquid flows longitudinally into the timer valve on the
inlet side. The longitudinal filling of the valve micro-
channel with liquid is replaced by a transverse flow
along the obstacle in the form of a protrusion. When
the liquid reaches the terminal edge of the first comb
protrusion, the liquid front stops moving longitudinal-
ly, and is replaced by a transverse flow along the pro-
trusion. This phenomenon is caused by an increase in
the depth of the channel from the comb protrusion to
the intermediate channel (protrusion height), which
leads to a change in the curvature of the meniscus and
the capillary force of the liquid. When the front reach-
es the gap between the edge of the protrusion and the
wall of the valve channel, the liquid flows into the
next intermediate channel, and the liquid that stops at
the edge of the next protrusion begins to migrate again
in the longitudinal direction. As the liquid flows
through the intermediate channel in the transverse di-
rection, it will also move in the longitudinal direction
along the next comb protrusion: a combined flow,
made up of longitudinal and transverse flows is ob-
served. The front of the longitudinal flow will stop at
the edge of the next comb protrusion. Such a flow is



to be observed until liquid comes out of the valve-
timer.

The presented valve has a simple design that can
be easily manufactured using a stainless or alloy steel
mold using mechanical manufacturing methods.

The work of Y.-J. Chang et al. [34] presented the
design of a capillary shut-off valve with a chamfer.
This passive valve is used in a microfluidic device to
control flow (Fig. 11). The dimensions of the capillary
valve are shown in Fig. 11, 6. When the reagent is
introduced into chamber 1, the flow fills the area of
the narrow neck, and the front stops at the outer edge
of the neck at the entrance to the main channel. Thus,
the reagent is retained in the chamber by a capillary
valve. As soon as the sample is introduced into the
main channel through input chamber 2, capillary force
makes it move along the main channel. When the
sample passes through the exit area of the shut-off
valve, the reagent from chamber 1 is drawn into the
main channel due to surface tension forces. The valve
channel has a beveled side, which increases the area
of contact of the reagent with the sample flowing
through the main channel. In the commonly used T-
type control valve as a flow control device (T-type
means that the outer edge of the valve neck is not
chamfered but is shaped like the letter T), backflow
phenomenon often occurs. Testing has shown that
using a beveled valve reduces the likelihood of back-
flow.

Fig. 11. Design of a capillary microvalve with
a chamfer [34].

a — diagram of a device with a microvalve, 6 — di-
mensions of a microvalve with a chamfer, 8 — direc-
tion of flow when the valve is activated

Capillary soft valve

Capillary soft valves are normally closed valves.
They use a change in capillary pressure due to a sharp
expansion of the cross-section of the wetted micro-
channel (i.e., the valve inlet). Flow is resumed when
pressure is applied to the soft PDMS cap, which is
deflected into the channel (Fig. 12).

Fig. 12. Capillary soft valve [35]

When the user presses the PDMS cap, the height of
the channel decreases, which leads to a local increase
in capillary pressure, thereby resuming flow in the
microchannel. Although capillary soft valves are rela-
tively easy to manufacture, flow activation is user de-
pendent, which, on the one hand, allows for interac-

tive flow control, and, on the other hand, creates re-
strictions [35].

Capillary retention valve

All previous valves operated during filling and
controlled the filling of the space with liquid. The
principle of operation of retention valves is based on
the effect of retaining a certain volume of liquid in
a limited space in the working chamber (closed chan-
nel). This ensures the possibility of replac-
ing/displacing this liquid from the chamber with
another liquid. In [36], an autonomous microfluidic
system was proposed (Fig. 13), consisting of an open
service port (into which liquid can be loaded from the
outside using a pipette), connected through a closed
channel with a changing cross section to three open
channels (a capillary pump). A liquid solution is
loaded through the service port, and, under the action
of capillary forces and due to different hydraulic resis-
tance (different sizes in the cross-section of the chan-
nels), fills the closed section of the channel, and then
flows into the open part, partially filling the three
open channels. When the service port is subsequently
filled with liquid, part of this liquid also flows into the
closed chamber due to capillary forces, displacing the
previous solution in open areas of the channel. The
process of loading the service channel with liquid can
be repeated until the area with three open channels is
completely filled. The valve is the narrowest part of
the channel. Therefore, when all the liquid passes
through it, a meniscus is formed, forming an air bub-
ble, and due to the difference in the contact angles at
the advancing and drying liquid-air interface, capillary
pressure arises. The interfacial meniscus of the wet-
ting fluid also prevents the reaction chamber from
drying out when the service port is empty.

Fig. 13. Examples of capillary retention valves: a —
[36] and 6 —[37]

In [38], the authors present an intelligent passive
microfluidic control system (Smart Passive Microflui-
dic Control System), which provides several manipu-
lations with liquids in a pre-programmed sequence.
Operations with liquid and their sequence are set, first
of all, by the geometry and properties of the surface of
microchannels without the need for external influence.

The system consists of interconnected microfluidic
channels with passive valves located in strategic loca-
tions. A passive valve is a device for regulating fluid
flows in a system. Fig. 14 shows a microfluidic mul-
tiplexer with an integrated dispenser that can be used
to demonstrate this concept.



Fig. 14. Microfluidic multiplexer with built-in dis-
penser [38]

The dispenser delivers a precisely fixed volume of
liquid drawn when the dosing reservoir is filled with
liquid and air pressure is applied through the air inlet.

In a multiplexer, each channel is designed to keep
the same amount of fluid as the next pair of channels.
At the branching point, a passive microvalve, which is
a small tapering area, is placed in one of the channels.
As shown in Fig. 14, the liquid first fills channel 2,
since it does not initially flow into channel 3 due to
the high hydraulic resistance R1, and after filling
channel 2, it rushes into channel 3 due to a sharp in-
crease in hydraulic resistance R2 of another tapering
area (the second passive valve).

Each of these pressures can be calculated theoreti-
cally. The hydraulic resistance determines the corres-
ponding pressure drop. At the outlet of each pair of
channels, passive valves (R2 and R3) of unequal sizes
are installed with the required pressure drops APk,
and APgs, respectively, which additionally regulate
the flow. In this case, APr, < APgs, so the liquid first
passes through R2 and fills channel 4. Now the pres-
sure drops exceed APg;, and the liquid rushes into
channel 5. By expanding this arrangement, the liquid
can be directed in the required direction. In this case,
the sequence of fluid movement through the channels
is: 1— 2— 3— 4, etc., as shown in Fig. 14. By chang-
ing the location of the passive valves and/or their rela-
tive values of the sizes of the narrow area with regard
to the size of the channel, it is possible to program the
fluid supply sequence in the system (Fig. 15).

Fig. 15. The sequence of fluid flow in a microfluidic
multiplexer clearly demonstrates the capabilities of
an intelligent passive microfluidic system [38]

This system works according to the principle: if the
pressure drop across the channels is small compared
to the pressure drop across the passive microvalves,
then one can ensure flow in the required direction,
allowing microvalves to serve as primary regulators.

Capillary retarding valves

In some cases, it is desirable to delay the flow of a
fluid or precisely calculate the supply time of several
different fluids using retard valves (Fig. 16).

One approach to slowing down flow in microchan-
nels is to use soluble thin films for pre-programmed
time delays inside microchannels.

Fig. 16. Symbolic (a) and schematic (0) images of
retarding valves with soluble barriers [28].
Arrow indicates flow direction

This idea is reminiscent of work [39] highlighting
porous matrices to program the delivery time of vari-
ous solutions (Fig. 17). Dissolved sugar forms a visc-
ous, saturated leading edge, which, however, can lead
to undesirable effects such as reduced flow velocity
and blockage of channels. This is one of the problems
when introducing soluble barriers into capillary sys-
tems, since excess soluble material at the liquid front
when filling the channel can accumulate over time and
slow down the flow or interfere with the analysis.

Fig. 17. Using plugs with a porous matrix for con-
trolled sequential supply of liquids [28]

To solve this problem, G.A. Lenk et al. built
"dead-end" channels to remove soluble polyvinyl al-
cohol (PVA) barriers at the leading edge of the liquid
from the main flow path (Fig. 18) [40].

Fig. 18. A valve having a dead-end channel (a) and
a diagram showing the functionality of the dead-end
channels (0).

In (6), the black color denotes the increased concen-
tration of dissolved PVA in the liquid [40]

Another approach to retarding liquids in micro-
channels is to include a hydrophobic surface as a bar-
rier within the microchannel. For example, Biosite's
Triage™ chip (currently manufactured by Abbott) has
a "time gate" made of a hydrophobic surface (Fig. 19).

Fig. 19. Diagnostic panels for the Triage MeterPro
immunofluorescence analyzer [41]

According to information on the Galen LLC web-
site [41]:

» after introducing a whole blood sample, the cells
are separated from the plasma through the filter of the
device;

* the antigen contained in the plasma after separa-
tion binds to a fluorescently labeled antibody conju-
gate in the reaction chamber;

» the antigen conjugate with a fluorescently labeled
antibody moves to the detection area, where it is cap-
tured by antibodies immobilized in discrete zones;

* the concentration of the test analyte is directly
proportional to the detected fluorescence signal.



Microstructured micro valve

To successfully carry out biochemical reactions on
microchip devices, slowing down/stopping the flow of
chemical reagents for a certain period of time is a de-
cisive factor. Thus, an effective and practical micro-
valve based on an array of microholes, that provides
good performance, programmable control, and ease of
manufacture for microfluidic systems, is proposed in
[42]. The process of manufacturing such a valve from
polymethyl methacrylate (PMMA) using hot stamping
and sintering methods is schematically presented in
Fig. 20.

Fig. 20. Fabrication and design of a microvalve
based on an array of microholes [42].

a — diagram of the microvalve manufacturing
process, including hot stamping and sintering;

6 — microvalve diagram based on an array of micro-
holes and microchannel size;

B — image of the surface of a microvalve replicated
from a metal template;

r — enlarged fragment of the microvalve image

The valve uses the effect of a sudden change in
contact angle to slow down the flow of liquid. For
complete penetration and wetting of all micro-holes,
the following dimensions were chosen: height from 55
to 100 microns, diameter from 160 to 250 um and
center-to-center distances from 200 to 425 microns.
The deceleration time was approximately 177-213 s.
The best effect was obtained at a contact angle of 90°
[42].

In [43], a similar microfluidic chip with a micro-
valve based on an array of microholes was proposed
for the detection of proteins—tumor markers. In order
to accurately control the biochemical reaction time
and obtain higher testing sensitivity, the micro-hole
array parameters (the depth and diameter of the micro-
holes, the distance between the centers of the micro-
holes) are optimized based on the results of a study of
the effect of changing these parameters on the flow
velocity and residual liquid in the microvalve area.

The microstructured valve has two main functions:
one is to hold the sample in the reaction zone for
a sufficient period to ensure completion of biochemi-
cal reactions, and another is to ensure rapid flow of
liquid after completion of the reaction to reduce the
overall test time and increase its sensitivity. These two
functions are accomplished by decreasing the fluid
flow rate as the sample flows into the microvalve area,
and then increasing the flow rate once the microvalve
area is full. In this sense, the function of a microvalve
is similar to that of a passive, slow-opening valve.

The process of flow of a liquid sample through a
microvalve can be divided into three stages, as shown

in Fig. 21, where the vector P represents the capillary
force. The speed of sample movement varies depend-
ing on changes in the hydrophobicity of the micro-
channel caused by the presence of an array of micro-
holes.

Fig. 21. Diagram illustrating the three stages of sam-
ple flow through a microvalve based on a micro-
orifice array [43]

3. TESLA VALVES

Check valves without moving parts can effectively
passively control fluid flow in microchannels.
A prime example of such a passive valve is the valve
developed by Nikola Tesla more than a century ago,
in 1920 [44]. For a long time, almost a century after
its invention, the valve remained an underestimated
design and did not find significant application, but
recently it has attracted the attention of researchers
and began to be used in various areas of microfluidics.

Tesla designed this "valve channel" to allow fluid
to flow easily in the forward direction, while offering
significantly higher resistance to flow in the opposite
direction [45]. Such a liquid diode, or valve, can be
used as the main component for unidirectional flow.
An image based on the original drawing of Tesla's
1920 patent is shown in Fig. 22. The total length of
the acrylic plastic valve channel is L = 30 cm, the av-
erage width w = 0.9 cm and the depth d = 1.9 cm. The
geometry of the valve allows fluid to flow through the
tortuous central section in a forward direction. In the
opposite direction, flow movement is limited due to
obstacles.

Fig. 22. Tesla valve [45].
a — flow diagram; 6 — valve geometry

The valve has a unique architecture, characterized
by an asymmetrical design and arcuate channels. The
simplest configuration is shown in Fig. 23 and is al-
most similar to the one that Tesla developed on a ma-
cro scale.

Fig. 23. Tesla microvalve, fluid flow diagram [46].
a — in the forward direction, 6 — in the reverse di-
rection

The micro-scale design of the valve allows the cha-
racteristics of the "liquid diode" effect to be demon-
strated; i.e., resistance to flow in the forward direction



is higher than resistance to flow in the other direction
[47]. The ability of a valve to allow fluid to flow in
a forward direction and limit its movement in the op-
posite direction is assessed by such a characteristic as
diodicity [48]. The diodicity of Tesla valves allows
them to be used as passive components in microfluidic
devices to control the direction of flow and prevent
reverse flow. This makes them a useful tool and an
effective means of achieving directional flow control
without any active components or external power
sources.

The diodicity of Tesla valves can be mathematical-
ly expressed by the following equation [46]:

Di= (AP reverse / AP forward)Q,

where Di is the diodicity, APgowara 18 the pressure drop
in the forward flow, and AP, eyerse 1S the pressure drop
in the reverse flow. The equation is the ratio of the
pressure drop in the return flow to the pressure drop in
the forward flow for the same flow rate Q passing
through the valve in two cases. The diodicity value is
usually in the range of one to two, where a value of
one indicates that the valve lacks diodicity and pro-
vides equal flow in both directions. A value greater
than one indicates diodicity, in which the flow predo-
minantly flows in only forward direction. A higher
diode value indicates a preference for forward flow
[16, 46]. The diodicity of Tesla valves can be further
optimized by using designs with different periodicities
and curvatures [49-52].

The diode characteristic of these valves is influ-
enced by several important geometric parameters,
such as: a — the exit angle of the side channel of the
valve; f — the angle of return of the side channel of
the valve; L — the length of the straight section of the
side channel of the valve; L1 — the length of the
valve inlet segment along the midline; L2 — the
length of the valve outlet segment along the center
line; L3 — the length of the straight section in the re-
turn zone of the valve loop; R is the radius of the cir-
cular segment; W is the width of the valve (Fig. 24).
The authors of works [50—52] optimized the characte-
ristics of Tesla valves and assessed the influence of
various geometric configurations on flow rate, pres-
sure drop, and diode properties.

Fig. 24. Geometric parameters of the Tesla valve
[53]

The Reynolds number (Re) significantly influences
the diodicity of the Tesla valve. The diodicity can on-
ly work in practice when the Reynolds number is
greater than 1. If the Reynolds number becomes close
to 1, the flow is usually reversible. Q.M. Nguyen et al.
reported about the strong correlation between Re and
Di in the hydrodynamics of the Tesla valve [45]. The

higher Re, the higher Di. This means that at low flow
rates, the valve operates as a fully reversible channel.

Fig. 25 shows visualization of flows in the Tesla
valve channel using dye if Re = 200 in the forward
direction (Fig. 25, a, B) and reverse direction (Fig. 25,
0, ).

Fig. 25. Visualization of flow in a Tesla valve chan-
nel using dye if Re =200 [45].
a, B— forward direction; 0, r — reverse direction

In the forward direction, the flow in the central
sector of the channel is observed without disturbances,
with only small lateral deviations. In the reverse direc-
tion, flow resistance and mixing predominate.

Geometric configuration has a significant impact
on the flow characteristics of a Tesla valve system.
Fig. 26 shows diagrams of several configurations of
the Tesla valve block: Ax — the difference in horizon-
tal distances between the beginnings of the upper and
lower branches; X is the difference in horizontal dis-
tance between the start and end of the top branch.
When Ax = 0, the Tesla valve system is a completely
symmetrical design (Fig. 26, a)

Fig. 26. Diagrams of symmetrical and asymmetrical
configurations of the Tesla valve system [47].

a — completely symmetrical, 6 — partially asymme-
trical, B — completely asymmetrical

Liu Zhe et al. [47] showed that a fully symmetrical
Tesla valve system has better unidirectional flow cha-
racteristics than an asymmetrical Tesla valve system.
This is due to the fact that the symmetric system of
Tesla valves has higher fluid resistance during reverse
flow.

In the review [48], various Tesla valve designs
were divided into three -categories: single-stage
(STV), multistage (MSTV) and TV-derivative (TVD)
structures. The STV design has one valve, the MSTV
design consists of multiple valves arranged in series or
parallel to improve their efficiency. TVD structures
are based on Tesla valve principles, but have been
modified to improve performance or suit specific ap-
plications. It is important to categorize valve designs
to understand the various options available to re-
searchers and engineers when developing microfluidic
devices.

A significant advantage of the Tesla valve is its re-
liability. The design is characterized by the absence of
moving components (membranes, cantilevers, or
spherical balls), the absence of energy input, and the
use of exclusively spatial mechanisms to control the
movement of liquids [52].



Tesla valves are used in the designs of wearable
devices [54], micropumps [50, 55], micromixers [49,
56-58] and in temperature control [52].

Wearable medical devices provide a non-invasive
method for monitoring physiological parameters.
Sweat sensors have become one of the most important
areas of development for wearable in vivo diagnostic
devices in recent years. To ensure that the analysis of
the components of the sweat collected by the device is
not subject to errors caused by evaporation or envi-
ronmental contamination, the microfluidic sweat col-
lection device used Tesla microvalves to ensure her-
metically sealed sweat storage. The diodicity of valves
improves collection, prevents inlet backflow, and lim-
its the flow at the output of the device.

H. Shi et al. [54] developed a portable sweat sensor
that implemented colorimetric analysis of glucose and
pH (Fig. 27). Tesla direct and check valves were in-
stalled at the inlet and outlet of the sweat collection
device to facilitate fluid flow and prevent reflux and
contact between the environment and the fluid in the
device channel.

Fig. 27. Illustration of a wearable colorimetric sweat
sensor using Tesla valves [54].

a — photograph of the sensor on the hand, 6 — cir-
cuit layout of the chip for collecting sweat

Another application is the use of a Tesla valve in a
micropump. N.G. Garcia-Morales et al. showed the
possibility of creating a thermal cavitation micropump
with a Tesla valve [59].

Fig. 28 shows two Tesla valves connected by
a pump chamber in which bubbles are induced by
a continuous laser. The circle in the center of the
chamber represents a bubble formed as a result of
thermal cavitation.

Fig. 28. Geometry of a micropump based on two Tes-
la valves connected in series through a pump chamber
[59]

Many studies have shown that the use of microchip
devices with Tesla structures can effectively improve
the mixing of liquids. In [57], a Tesla-type micro-
mixer was designed by placing the flow plate in the
micromixer channel at an angle of 30° to the channel
wall to increase mixing efficiency (Fig. 29).

Fig. 29. Schematic representation of a Tesla micro-
mixer unit [57]

Interestingly, the phenomenon of Tesla valves has
also been discovered in nature. A similar physical me-
chanism has been noted in the spiral intestine of
sharks and stingrays, where its natural design signifi-
cantly enhances nutrient absorption [60, 61]. The nat-
ural geometry of the intestines in these species pro-
vides a large surface area for the absorption and diges-
tion of nutrients. In addition to the spiral intestine of
a shark, the structure of Tesla valves also resembles
the anatomy of a turtle's lungs [62].

CONCLUSION

The miniaturization and commercialization of fully
integrated microfluidic systems are complicated by
the lack of reliable microfluidic components, includ-
ing microvalves, although much research attention has
been paid to their development. There are no standar-
dized or generally accepted characteristics for micro-
fluidic valves. Each valve design varies depending on
the operating principle, materials used, manufacturing
techniques, dimensions, biocompatibility, recyclabili-
ty, and cost. Properties that make a valve design at-
tractive for a particular application may also make it
completely unsuitable for use in another situation.
Therefore, these properties must be considered as
a whole when determining the suitability of a given
design for the chosen research methodology, analysis,
or synthesis.

The use of valves in microfluidic devices makes it
possible to expand the range of problems solved and
implement new methods for studying liquid samples.
For disposable microfluidic devices, it is economical-
ly feasible to use passive valves. The decisive role in
choosing a particular valve design is played not only
by the implemented analysis or research methodology
(i.e., device configuration) and the material of the de-
vice (and therefore, technologies for manufacturing
microstructures, methods of surface modification), but
also by the modes under which manipulations with the
liquid must be carried out (working temperature, flow
rates, Reynolds numbers, etc.).

Passive microvalves are conventionally divided in-
to: a) check valves and b) capillary valves that do not
have moving parts.

Check valves can be of two types: with moving
elements (flaps, membranes, balls, or other structures)
and without moving parts (for example, Tesla valves).
Such valves allow fluid to flow in the forward direc-
tion and almost completely block it in the opposite
direction. There are also two types of capillary micro-
valves. In the first case, they use capillary effects that
occur when liquid moves through hydrophob-
ic/hydrophilic zones in channels, which make it possi-
ble to stop or change liquid flows. In the second case,
the movement of the liquid is regulated (stops or acce-
lerates) with a sharp change in the cross-section of the



microchannel or the structure of the surface over
which the liquid flows. Capillary valves are widely
used in centrifugal microfluidic systems [63-66], in-
cluding commercial ones [67].

Although passive valves without moving compo-
nents are a worthy technology and an economical al-

ternative to active valves, they also have disadvantag-
es. For example, traditional passive valve designs
cannot be simply scaled down, as they tend to lose
functionality when scaled [68]. Therefore, miniaturi-
zation of passive valves requires the development of
new valve designs.



