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MUWKPOKJIAIIAHBI B MUKPO®JIIOUJTHBIX YCTPOMCTBAX.
YACTbH 1. AKTUBHBIE MUKPOKJIAITAHBI (OB30OP)

MuKpoKyIanaH SBISETCS ONHUM W3 BAXKHEWIINX (YHKIMOHAJIBHBIX JJIEMEHTOB MHUKPOQUIIOMIHOTO YCTPOHCTBA.
MUKpOKIanaHsl MO3BOISIOT OPraHU30BATh ABWKEHHE IIOTOKOB, NX JO3UPOBAaHHUE, PErYIHMPOBAHHUE PACX0A, CMEIIH-
BaHHE, 3arpy3Ky XHUJIKOCTH U €€ M30JSIHI0 B PEAKIMOHHON KaMepe, YTO MIMPOKO HCIONb3YEeTCsl B MHTETPUPOBaH-
HBIX MUKPOQIIONAHBIX crucTeMax. CylniecTByeT MHOTO THUIIOB MUKPOKJIANIaHOB, KQKABIH U3 KOTOPBIX UMEET Pa3HbIe
XapaKTEPUCTUKU M NPEJHA3HAYEH JUIS PELICHUs] ONpEACCHHbIX 3a7ad. MUKpOKIanaHsl pa3paboTaHbl B BUAE aK-
TUBHBIX WJIM ITACCUBHBIX KOHCTPYKTHBHBIX JJIEMEHTOB C MEXaHHMUYECKUMH, HEMEXaHWYECKUMU BHYTPEHHUMH WIH
BHEITHUMH cUcTeMaMu. B 3Toi craThe mpeacTaBieH 0030p Hanboee NCTOIb3yEMBIX KOHCTPYKIINH MHUKPOKJIIAIIAHOB
B MHUKPO(IIIONIMKE, OCHOBAHHBIX Ha Pa3JIMYHBIX UCIOIHUTEIBHBIX MEXaHU3MaX.

K. ca.: Mukpogmronanka, MUKpOKIIaTiaH, aKTHBHBIN KJIallaH, ITACCHBHBIN KIIaNaH

BBEJIEHUE

MHUKpOKJIanlaHbl SBJISIOTCS KIFOUEBBIM KOMITOHEH-
TOM MHOTHUX MHUKpPO(IIOUIHBIX TaTdopm "madopa-
topusi Ha ynme" (lab on a chip) u cucrem moxHOTO
mukpoanammsa (WTAS, MicroTotal Analysis System).
Uneansnas mukpoduronHas cucreMa oOBeInHSET
MHOTOYUCIIEHHBIE TIOCJIEAOBATENbHbIE MM Hapall-
JIeTIbHBIE Ollepaliy, 00eCIednBaeT TOYHOE IPOCTPaH-
CTBEHHO-BPEMEHHOE  BBICBOOOXKICHHE PEareHTOB,
yhpaBiieHHe IOTOKaMU M HEOOXOJUMBbIE yCIOBUS JUIS
MPOBEIEHUS] CHHTETUYECKUX WIIM aHAJIUTUYECKUX peak-
Ui, cOOp MPOMYKTOB peakiuii. DPheKTHBHBIE MUK-
poKjanaHel HEOOXOAWMBI AJISl WHTErpald B OAHO
YCTPOMCTBO HECKOJIBKUX ONEPALN, TAKUX KaK TpaHC-
MOPTUPOBKA JKUAKOCTH, CMEIIMBAHHUE, ATUKBOTHUPO-
BaHHUe, I03UPOBaHME, IPOMBIBKA U (hpakuMoHMPOBa-
HHe. MUKDOKIIallaHbl KOHTDOJIMDYIOT HaIDaBICHHE
MOTOKOB >KUIKOCTH. 00ECIIEYHBAIOT MX CHHXDOHH3a-
LU0 U Da3feieHue BHYTPH MHUKPOQIIIOWAHOTO YCT-
potictra [1].

OpHako MHOTHE COBpEMEHHBIE TTOXOABI B Tpebo-
BaHUS IPU SKCIUTyaTalluy KIIalaHa YCIOKHSIOT KOH-
CTPYKLHUIO MUKPO]IIIONAHOIO YCTPOMCTBA, IIOCKOIBKY
HNPUBOAAT K HEOOXOOMMOCTH BKJIIOYEHHS AOMOJIHU-
TENbHBIX KOHCTPYKTHBHBIX 3JIEMEHTOB M BIEKYT
3a co0OH AOMOIHHUTENbHBIE 3TAIBI UM MIPOLECCHl IPH
M3TOTOBIICHUH [2].

B pa6ore [3] oTmedaercs, 9YTO OCHOBHBIMH TIOKa-
3aTeNsiMU paboThl BBICOKOIPOU3BOAUTEIBHOTO MHK-
pOKJIamaHa SIBJISIIOTCS: HHM3Kas yTedKa B 3aKPbITOM
COCTOSIHMHM, BBICOKAasi CKOPOCTb MOTOKAa B OTKPBITOM
COCTOSHMM, HM3KOE€ SHEpronoTpebieHHe, YCTOWYM-
BOCTb K 3arpsi3HCHUSIM U BBICOKasl CTaOMJIBHOCTH pa-

0OTHI B TE€UEHHE BCErO Cpoka CiyxObl. Kpome Toro,
MEIULHCKHUE MPUIIOKEHHS, TAKHE KaK HOCHUMBIE YCT-
poOMCTBa AJIsl JO3UPOBAHUSA JICKAPCTB WJIM MMILUIAHTA-
THI, TPEOYIOT T€PMETUYHOCTH YCTPOWCTBA, BBICOKON
HAJEKHOCTH, a Takke OMOCOBMECTHMOCTH BCEX CMa-
YUBAEMBIX MJIM KOHTAKTUPYIOILMX C OPraHU3MOM I10-
BEPXHOCTEMN.

B kauectBe npumepa, rae 1enecoo0pa3Ho UCIONb-
30BaHME KJIAllaHOB C COOTBETCTBYIOLIMMHU TpeOoBa-
HUSIMH, MOKHO IPUBECTH MHKPO(DIIOMIHBIE YCTPOM-
CTBa Ui monuMepasHoi 1emHoi peaknuu (I1LP),
KOTOpasi HWIPaer BaXKHYIO pOJIb B COBPEMEHHBIX
HCCIENOBaHUIX B 007acTM OHOXHMHH, OHOJIOTMH
u reHeTuky. [loreHunagbHbIe TPEMMYILECTBA MUKPO-
yunoBsIx ycrpoiict A [P no cpaBHenuro c ITLP-
CHCTeMaMH CTaHIapTHOro (opmara (MHUKPOILIIAHIIETHI
W MHKpPOIPOOUPKH) BKJIIOYAIOT: CHIDKEHHE 00HEMOB
moTpebiaeHnss oOpaslloB W PEareHTOB, COKpAIIeHHe
BpPEMEHH aHAJIN3a, OOJBLIYIO YyBCTBUTENBHOCTh U HOP-
TaTUBHOCTh. Yunbl s npoegenus 1P mpouuin
OyTh OT HPOCTBIX  MHUKPO(DIIIOMAHBIX  YUIIOB
710 BBICOKOMHTETPHUPOBaHHBIX cUCTeM. BerpanBaemele
B YWIIBl MUKPOKJIANaHbl 00ECIeYnBaIOT OoJiee BBHICO-
KUl ypOBEHb HHTETpPAlMM W aHAJIUTHYECKOH INpPOM3-
BOJIUTEIBHOCTH, IO3BOJISAS IApaUIECIbHO aHAJIM3HUPO-
BaTh MHOXKECTBO 00pa3LOB, CYIIECTBEHHO COKPAaTHTh
BpeMsi aHAJIN3a U U30eXKaTh NEPEKPECTHOrO 3arpsizHe-
Hus. Takne MHMKpOKJIanmaHbl AOJDKHBI BBIICPKUBATH
JaBJICHHE, CO3/1aBaeMOE IPU TEPMOLMKIMPOBAHUH,
n nerko otkpeiBathes mocie [1I[P. OcHamenne kma-
MaHAMU BXOJHBIX, BBIXOIHBIX MM BEHTUIISILMOHHBIX
TIOPTOB SIBNISIETCS BaXKHON (PYHKIHEH IS yCIIEIIHOTO
mposenenus [1L[P [4].



KOHCTpYKIMS MHUKpOKJIANlaHOB ONpeesieTcs Me-
XaHU3MOM CpabaThIBaHUS, OOJACTHIO TNPHUMEHEHUS
U (GYHKIIMOHAIBEHBIMHA OCOOEHHOCTSAMH. BOIbIIMHCTBO
U3 HUX MMEIOT MHUKPOKaHalI U MeMOpaHy /Ul yIpaB-
JICHUSI €r0 OTKPBITHEM / 3aKpBITHEM. XOTS B HACTOS-
mee BpeMs CYIIECTBYET MHOMKECTBO KOHCTPYKIUI
MHKPOKJIAIIAaHOB, MO-TIPEKHEMY CYIIECTBYIOT TaKue
npoOJIeMBl, KaK yTe4Ka, HU3Kasi TOYHOCTh, HEBBICOKAs
HaJIOKHOCTb, 3HAYUTEIHLHOE SHEPrONOTPEOICHNE U BbI-
COKasi CTOMMOCTb. M3-3a orpomHOro pasnooOpasus
HET OOWIENPUHATOW KIACCU(PUKAIUU KOHCTPYKIIUH
MHUKPOKJIANaHoB [5].
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ABTOpBI 0030pHOM cTaThu [6] MpemIaramT yCiIoB-
HO pa3AeInTh MUKPOKJIAIIaHbl HA JIBE OCHOBHBIX KaTe-
rOpUH, KaK IOKa3aHo Ha puc. 1.

B pabore [5] mpemioxkeHo aHAIOTHYHOE JIeIeHNE.
OtMeudaercs, 4TO aKTHUBHBIE KJIANAHBl HCIIOIb3YIOT
BHEILIHUE MPHUBOJBI, TAKHE KAaK MarHUTHBIM, HJIEKTPH-
YECKUH WM THEBMATHYECKUH, IJI PEryJnpOBaHUS
TUJPABIMYECKUX  COIPOTHBIEGHHH MHMKpPOKAaHAJOB.
[laccuBHBIE MUKpOKJIANaHbl KOHTPOJIUPYIOT IIOTOK
3a c4er 00paTHOTO JaBJICHUS.

Kpome Toro, mo MCXomHOMY COCTOSHHUIO MHUKPO-
KJIaTlaHbl MOXKHO Pa3/eNIuTh Ha [Ba TUIA: HOPMAJIbHO
OTKPHITHIE © HOPMAJIBHO 3aKPHITHIE [5].

BHeLWHWe MarH1THLIe Nons
BcTpoeHHbIE MarHUTHbIE MHAYKTOPL!

JneKTpocTaTu4ecKkme
ONeKkTPOKUHETUYECKNE
Mbe30anekTpuyeckme

bBumeTannuyeckue
TepmonHeemarnyeckme
Cnnaekl ¢ NnamaTeo GopMel

AKTUBHBbIE BucrabuneHbie
\‘ 3neKTPOXMMUYECKue
KnanaHel ¢
HemexaHunuyeckue ¢hazoBLIMM luaporens
P> ] 30rb-rens

nepexogamu NapaduH

Peonoruueckue >/ DNeKTpOopeonorMyecKme
PeppoMMOKOCTH

Knanaue! 8 BerpoeHHele
MUKpPO-
l:tmloml:mxe MoaynbHbie > BpalaTensHbie
EAem MHeBMaTUYECKNE | MemOpaHHbIit knanaH
NuHeHeI knanaH (In-line)
OTkMAHOKM KNanaH
Mexauuqecme-—-.___* MemGpaHHeIA knanaH
O6parHbIe Lapoeon knanaH
aniauhl P> THEAHEIA KNanaH MoBuneHoN
MaccuBHbIE KOHCTPYKUMK
\ Judbdy3opHelit kKNanaH
Hoitkainiociiis Kanunnaptisio i) OTpelBHOM KNanax
——— KnanaH xugkocTtHoro cpabaTtbieaHus

PaapsieHOW knanaH

Puc. 1. Knaccudukaiysi MUKpOKIamnaHoB [6]
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HopmanbHO OTKpBITBIE MUKPOKJIAIAHbI MPENSTCT-
BYIOT ITIOTOKY >HJIKOCTH TOJBKO TOTJa, KOrjga KiamnaH
AKTUBHPOBaH.

AKTUBHBIE MUKPOKJIAITAHBI

OO0mas xapakTepucTHKa

AKTHBHBIC MHUKPOKIIATIAHbl UCTIOJIB3YIOT BHEITHHE
¢dusnvecKre TMONs WM XUMHYECKYIO CTUMYIISIHUIO
JUISl IPUBE/ICHUS B JICHCTBUE MEXaHUUYECKUX W HEMe-
XaHWYECKUX JBWKYIIUXCS YacTeld W yrpaBJeHHs TO-
TOKOM >KHAKOCTH [7, 8].

B aKkTHMBHBIX MUKpOKIANAaHAX MPHUMEHSIOTCS pas-
JUYHBIC TIPUHIMITEI cpadaThiBaHus. Puc. 2 wimocT-
pUpyeT MHPOKO WCIOIb3yeMble B KOHCTPYKIIHSX
MUKPOKJIAMIAHOB MPHHIUIBI CPAaOATHIBAHUS: MArHHUT-
HBIC, SJICKTPUUYECKHE, TTHe303JIEKTPHYCCKHUE, TEIIIOBbIC
WJIN IpyTHeE CIIOCO0HI [6].

DJ1eKTPOCTATHYECKU I MUKPOKJIANAH

DJEeKTPOCTaTUYECKUIl ~ MHMKpOKJIAmaH  COCTOMT
U3 DJIEKTPOJia, 3aKPBIBAIOLIEIO KJIAINAH, 3JIEKTPO.a,
OTKPBIBAIOMIETO KJIANaH, U THOKOW TOJBHYKHOW MeM-
Opanbel. Pabora kimamaHa OCYIIECTBIISIETCS 3a CYET
yIpaBiieHHs HalpsDKEHUEM, II0AaBaeMbIM Ha MeMOpa-
Hy. DJIEeKTPOCTaTHUECKHE MUKPOKIAIIaHbl B OCHOBHOM
MPEACTABIIAIOT COO00Hl HOPMaJIBHO 3aKPBIThIE MHUKPO-

a | e | KaTywwka 6
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KJIamaHel. Bpemsi oTKiIMKa KiamaHa KOpPOTKOe, a Io-
TpeOieHne dHepruu Huskoe [9]. DTOT THH KiamaHa
B OCHOBHOM HCIIOJIB3YETCS JUIsl YIPABICHHS TTOTOKOM
Bo3ayxa. Korya kimaman mcnone3yercs Ui yrpaslie-
HUSI TIOTOKOM JKHJIKOCTH, TpeOyeTcs BBICOKOE MPHIIO-
YKEHHOE HarpspkeHue [5].

KoHCTpyKIIMH HOPMalIbHO-3aKPBITOIO 3JIEKTPOCTa-
THYECKOTO0 MHKPOKJIANaHa W HOPMaJIbHO-OTKPBITOTO
AIIEKTPOCTATHYECKOT0 MHUKPOKJIANaHa HE MMEIOT SB-
HbIX oTinmuuii (puc. 3). OTnuureM SBISETCS OpUTH-
HaJbHas (popMa MeMOpaHBI, KOTOpas y HOPMAaIbHO
3aKpBITOr0 MHUKpOKJIAIlaHa OHa IUIOCKas, a y HOp-
MaJbHO OTKpPBHITOrO — BoruHyTas [10, 11].

DJIeKTPOXUMHYECKHEe MUKPOKJIATIAHBI

DJIEeKTPOXMMUYECKUE MHUKPOKJIAMAaHbl CUUTAIOTCS
BBICOKOMHTEIPUPOBAHHBIMA KOMIIOHEHTAMH C OYEHb
HU3KUM MEPTBBIM 00BEMOM W TIOTPEOIIEMOI MOIITHO-
cTbi0. BerpauBanue B MUKPOQUIIOUIHYIO CETh MOXKET
OBITH JIETKO OCYIIIECTBIEHO OJaromapsi WX BHEIUTOCKO-
CTHOW apxutrektype. KnamaH oTiMyaeTcss KOMIAaKT-
HBIM TPUBOJIOM, HE3HAYUTEIBHOM 3aHMMAaeMOM IIIO-
Iagbl0 U HOAXOAWUT JUII MAaccoBOI'O IPOU3BOJCTBA.
DT XapakTepUCTUKH JIENal0T TMOJ00HBIe KIIANaHBI
0COOEHHO TIPUBIIEKATEIHHBIMU JUIS TIPIIIOKEHUH '"ma-
6opartopus Ha uune" [12].
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Puc. 2. I/IJ'IJ'IIOCTpaL[I/IH TIPUHITUIIOB Cpa6aTBIBaHI/IH AKTUBHBIX MHUKPOKJIAIIAHOB C MEXaHUYCCKUMU NMOABUKHBIMH

JacTsaMU.

a — DIEKTPOMATHUTHBINA; O — 3JEKTPOCTATUIECKHUN; B — MBE30IIEKTPHUECKIH; T — OMMETaJUIMIeCKuil; 1 —
TEPMOITHEBMATHYECKHIT; € — MPUBOJ U3 CILIABA C MaMAThIO (OpMBI [6]
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Puc. 3. CpaBrenne paboTsl HOPMAIBHO 3aKpHITOro (a) [11] ¥ HOpMaIBHO OTKPHITOTO 3IEKTPOCTATHICCKUX

MHKPOKJIammaHos (0).

1 — HanpsbKeHHe OTKIIFOYEHO, KIIalaH MOJHOCTBIO OTKPHIT; 2 — HaNpshKEHHE BKIIIOUEHO, KIalaH HauuHaeT
3aKpBIBATHCS; 3 — HAIMPSHKEHNE BKITFOUEHO, KITanaH MOTHOCTHIO 3aKpHIT [10]

B ommume oT 3nmeKTpocTaTHYECKUX MHUKpPOKJIAIa-
HOB, 3JIEKTPOXMMUYECKNE MUKPOKJIAIAaHbl HCIOJIb3Y-
0T 3JIEKTPOIBI ISl 3JIEKTPOIN3a PACTBOPOB C LENIBIO
momyderust Bopopoaa [13]. MukpokmamaH COCTOUT
U3 3JIEKTPOXUMHUYECKOI0 IPUBOJa, THOKOH, HapuMep
nonuaumermicuiokcanoporr  (IIJIMC)  memOpanst
(mmm xanTHNEeBepa n3 SUS) u mukpokamepsl. [IpuBos
HUMEET  KaMepy, COICpXaIlyld  OKMCIMTEIbHO-
BOCCTaHOBHUTEJIBHYIO TIapy B pacTBope, a 00beM pac-
TBOpa ompenensercs TpedyeMbIM o0beMoM cpadaThl-
BaHUs KianaHa. [lodydeHHBIM OpH BIIEKTPOSIU3E Ta3

Mpoknagka

Kananbl

MopLueHs

3aCTaBJIICT MEMOpaHy DIIEKTPOXUMHUYECKOIO MHKPO-
KJIalTaHa OTKJIOHAThCA [12].

JlBa THNa MPHHIMITHAIBHBIX CXEM MHKpOKIIaIaHa
C JIEKTPOXUMHUYECKUM ITPUBOIOM:

1) MukpokmamaH Ha ocHOBe KaHTmieBepa SUS
C DIIEKTPOXUMHYECKUM TIPpUBOIIOM [12],

2) MUKpPOXKHKOCTHBIA KJTallaH Ha OCHOBE MeMOpa-
HBI C DIIEKTPOXUMHUYECKUM TpUBOIOM [14], —

[I0Ka3aHbl HA PUC. 4 U 5 COOTBETCTBEHHO.

~a— OcnabneHHbiii
i KaHTUnesep

Puc. 4. Cxematnueckoe u300pakeHHE PaOOTHI AIEKTPOXMMHYECKOrO KilaraHa

C KaHTHJIIEBEPOM.

a — B COCTOSTHHU TIOKOSI U 6 — B 3aKPBITOM COCTOSIHUU [12]
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Puc. 5. TlpuHimnuanbHas cxema paboThl JEKTPOXUMUYECKOTro Kianana [14].
a — KJIallaH OTKPBIT, ¥ )KUIKOCTh OTKAYMUBAETCS M3 KaMephl M TeUeT Yepes KilalaH K BEIXOLY; 0 — KJanaH 3aKphIT

[IpencraBnennsnii B pabore [12] kiamad COCTOUT
U3 KaHTHJIEBEPA, PACIOIOKEHHOIO PSIAOM C DIIEKTPO-
XMMHYECKUM IPUBOIIOM, I'Zie Iy3bIpEK raza obpasyer-
csi B pe3yiabTaTe peakuuu dJekTponmsa (puc. 4, a).
JloCTUTHYB KpUTHUYECKOrO pa3Mepa, My3bIpeK HAYHET
NPWKUMATh KaHTHUJIEBEP K KaHaJaM C IIOMOILBIO
nmopirHg U Omokupyer ux (puc. 4, 6). Knmanan nmeer
HNPOKJIAAKY I/ MMUHHMH3ALMHM YTEYEK B 3aKPHITOM
pexume.

B paGore [14] ommcana pabora >JeKTpOXUMHUYE-
CKOT0 MHKPOKJIAIlaHa, W3TOTOBJIEHHOIO C IOMOILIBIO
texHonorui LIGA (Lithographie, Galvanoformung,
Abformung; nuTorpadus, rarpBaHOIUIACTHKA U HoOp-
MOBKa). YCTPOMCTBO COCTOUT U3 JABYX IEKTPOXHMH-
4YecKuX NpHUBOAOB. B kadectBe pabouero smekrpoza
HCIOJIB30BAJINCH TIJIATUHOBBIE YEPHEHBIE JIEKTPOABI,
a B KauyecTBE 3JICKTPOJa CPABHEHHUS — DIIEKTPOIBI
Ag/AgCl (puc. 5).

Kak nokazaHo Ha puc. 5, a, B pe3yJIbTaTe 3JIEKTPO-
JM3a pacTBOpa B NPaBOi KaMmepe BO3HUKAIOLIME ITy-
3BIPBKU r'a3a BBITECHSIOT XXHUIKOCTb U NPOTrOHSIOT €e
gepe3 KJIalaH K BEIXOAY. DIEKTPOIN3 B JEBOH KaMmepe
(puc. 5, 6) IPUBOIUT K YBEIWYESHUIO TIeperaia qaBie-
vusa Ha [1JIMC-memOpane. Dta pasHHIA JaBICHHHA
ToNKaeT MeMOpaHy BBepX. B pesympTaTe memOpaHa

Z a
o6pasely

Bycpbep| 4
R Y

KnanaH

)(nanaH 3

cnue-1

p. 4

aHanms
cnne-1 :

aHanus

cnue-2

3aKphIBaeT BBIXOIHOE OTBEPCTHE, M MOTOK B KaHAJE
OCTaHaBJINBAETCS.

KiamaH MOXXHO CHOBa OTKpBITh, MaHHUITYIUPYS
ANEKTPUIECKUM HaIpsDKEHUEM, M0/1aBaeMbIM
Ha JJIEKTPO/BI B KaMmepax kiamaHa. [lepeman nasie-
HUSI HA MEeMOpaHe NpeoI0JIeBaeTCs CHIION BOCCTaHOB-
JEHUsT DIACTUYHOCTH MEMOpaHbI, YTO IPHBOIHUT
K YMEHBIIEHHIO Tpornda MeMOpaHbl M OTKPBITHIO
KJIara”a.

DJIeKTPOKUHETHYECKUI KiIanaH

DJEeKTPOKWHETUYECKH KJIallaH JIydIlle BCEro Omu-
caTh Kak "MapmpyTu3atop', KOTOpBIH paboTaeT Tolb-
KO C HeNPEphIBHBIM TOTOKOM.

I'pymmer A. Manz u J. Michael Ramsey [15, 16]
MPOJEMOHCTPUPOBAIIM, KaK MOXHO HCIOJIb30BaTh
AIIEKTPOOCMOTHYECKUH TOTOK Uit OBICTPOro Tepe-
KITFOYCHHUS JKUIAKOCTH W3 OJHOTO0 KaHajla B JIPYroi
Ha CHCTeMe KalMJUIIPHOro 3iekTpodopesa. B skcme-
pPUMEHTaX WCIIOIB30BAM CTEKIISIHHBI MHKPOUHII
(puc. 6); o0ydepnsrii pactBop — 20 MM Terpabopat
Hatpus (pH 9.2); obpazenr — 100 mMxM pacTBOp
(hyopeceHTHOT0 KpacuTens pogaMuHa B (B aTOM ke
Oydepe). llpm HaNOXKEHHUH SIEKTPUYECKOTO TIOJS
3IIEKTPOOCMOTHYECKHUH TTOTOK B KaHAJIC YHITa HAIpaB-
JieH K a”oxy [16].

Mpo6ka obpasua

Puc. 6. Cxema MUKpOYHIIA C SIEKTPOKUHETHICCKUM KIIaTIaHOM (CJIEBa).
N3o0pakeHne kiamaHa B CBETIOM Tolie (a); u300pakeHus: (yopecleHIMd KpacuTens: 0 — 3arpyska, B — JI03UpO-

BaHHE U T — B pexknMe aHanmsa [16]
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[lorenmman, mogaBaembrii Ha OydepHBIi pe3epByap
4yepe3 BbICOKOBOJIBTHOE pelie, IPEnsTCTBOBAN TPaHC-
MTOPTUPOBKE MPOOBI B KaHAN aHAIIM3a, a mpoda Moria
CBOOOZHO TE4b MO IEPEKPECTHI0O B KaHAJI CIUBA
(puc. 6, 6). lns momayw MpoObl B aHATMTHYECKAN Ka-
HaJ TIoTeHIHal B Oy epHOM pe3epByape BBHIKIIOYAET-
C IyTeM pa3MbIKaHHs BBICOKOBOJIBTHOIO —pee
Ha KOpPOTKMIl nepuopn BpemeHu, Hanpumep 0.4 c
(puc. 6, B). B pesynbrare yero obpaszyercs HeOOIb-
mas mpoOka o0pasima, pa3Mep KOTOPOW 3aBHCHT OT
JUINTETIbHOCTH BBIKJIFOUEHHS HAIIPSKEHUS U CKOPOCTH
3IEKTPOOCMOTHYECKOro moroka [16]. Takum oOpazom
npoba 3NEKTPOKMHETHYECKH TPaHCIOPTUPOBAIACH
B KaHaJ aHanu3a. YToObl OCTaHOBUTH TPaHCIOPTHUPOB-
Ky o0Opasia B KaHaJl aHam3a, B OydepHOM pesepByape
OBLT TOBTOPHO MPHIIOXKEH MTOTEHIHAN (pHC. 6, T).

DJEeKTPOKMHETHYEeCKUH KJIalaH B HACTOsIee Bpe-
MsI TIPUMEHsIeTCsl B crenuduyeckoM Habope Tpuio-
KEHHWH (TJTaBHBIM 00pa3oM B KaIMJUIIPHOM JJIEKTPO-
¢dopese, TOE UCHONB3YEeTCA DBIEKTPOOCMOTHYECKUN
MOTOK) M3-32 CEpbhe3HBIX HENOCTaTKOB, a HMEHHO
Ha TIOTOKH J>KUIKOCTH TIPH 3JIEKTPOKHHETHYECKOM
TpaHCTIOPTE BIUSIOT: 1) CBOHCTBA MOBEPXHOCTH KaHa-
JI0B (Ha MPaKTHKE HAJIEKHO pabOTaeT TOIBKO CO CTEK-
JISTHHBIMH [TOBEPXHOCTSAMH, & MHUKPOYMIIBI U3 CTEKJa
CIIOKHBI M JIOPOTH); 2) HOHHBIN cocTtaB Oydepa. Kpo-
Me TOro, TpeOyroTcs noporue W Hebe3omacHble HC-
TOYHHMKH BBICOKOT'O HAIIPSDKEHHS M KOMMYTATOPbI Ha-
MpsDKEHUH, a JUIsl paboThI KIIallaHOB TpeOyeTcs: Tedue-
HUE HENPEPHIBHOIO IIOTOKA >XUAKOCTH, IOCKOJIBKY

ong

[MBKMIA 3aTBOP KNanaHa M

MpUuxMMHOe KOMbLO

pabora KiamaHa CBOJMTCS TOJBKO K IepeHarpaniie-
HUIO IBYX TIOTOKOB XHUAKOCTH [16].

IIbe3031eKTPUYCCKM I MUKPOKJIANIAH

[Ibe300mexTpruecKkne MPUBOABI HIMPOKO HCIOIb-
3YIOTCSI B MHKpPOHACOCax, T.K. IHhE303JIEKTPHIECKUN
¢ ekT MOoXKer TeHepHpoBaTh KaK Ype3BBIYAITHO
Oomnbmoe n3rubdaromee ycune (Heckonbko MIla), Tak
u Masble nepementenns (¢ gedopmanueii menee 0.1%)
[6].

BaxxHeWIMMy KOMIIOHEHTAMH IIb€303JIEKTpUYE-
CKOTO MHKDOKJIAIaHa SBISIOTCS IThE30aKTI0ATOD,
MeMOpaHa Ki1anaHa (ruOkasi IpoOKa KitaraHa) U Ceio
knamnasa [17. 181. K mpeumyIecTBaM KjlaaHOB 3TOTO
THTIA OTHOCSITCS: OTHOCHUTENNBHASI TIPOCTOTa KOHCTDVK-
LMK TIDHBOJIA, MACIITAOMPyeMasi T€OMETPHs, HU3KOE
9HEpronorpediIeHne, HaXSKHOCTh W dHeproddbek-
THBHOCTh. B TpamuImoHHOM BapuaHTe TaKOro MUK-
DOKJIATIaHa THE302JEKTPUIECKHI aKTI0ATOD OOBIYHO
UCIOJIB3VETCS B KayecTBE NPOOKH KiaraHa, YTOOBI
IIepXKaTh KaHaT 3aKDBITBIM WJIM OTKDBITHIM, MOCKONb-
KY CMEIIEHHE IbE30IEKTPUYECKOrO aKTI0aTopa He-
BEJIMKO, TMPOMYCKHAs CIIOCOOHOCTh M YCTOWYHBOCTH
K gactumam Huskue [19].

[IpencraBnennsnii B pabore [19] mukpokmamax
TIPUBOIUTCS B JICHCTBHE JMICKOBBIM ITbE303JIEKTPHYE-
CKHUM aKTI0aTOpPOM, OCHOBaHHBIM Ha MEXaHW3ME THI-
paBiryeckoro verieHus. [1be30aaekTpruueckuil Kianas
(puc. 7) nmeer TMOKYIO 3allOPHYIO YacTh, OCHOBaHHE

BbMOﬂ

P ] on,q ANA KUOKOCTH

_/_{__
OcHoBaHuWe KnanaHa M

Mapaenuyeckan kamepa

— [

ﬂbeBOSJ‘IeKTpI/‘IL'EECKM N aKTraTop

Puc. 7. KoHCTpyKIINS MHE303JIEKTPUIECKOr0 MUKpOKIanana [19]

a Bxopa,

Mbkaa npobka knanaHa

OcHoBaHue knanaHa--——

' Bbixop,
OBuxy wan cpeaa

. [be309NEKTPUYECKNII aKTIOaTOP

B

_ad
#

Puc. 8. IIpuaiun paboThl MbE303IEKTPUIESCKOT0 MUKPOKIIAIaHa.
a — HeT BHEUTHETr0 HaNpsDKEHHsT, 0 — oOpaTHOe HanpspKeHHe; B — npsaMoe HanpsbkeHue [19]
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KJlallaHa, Kamepy Ul THAPAaBJINYECKOW KHUIKOCTH,
MbE30IEKTPUIECKUH AKTI0ATOP, MPHKUMHOE KOJIbLIO,
BXOZHOE OTBEPCTHE IUIS >KUIKOCTH, BBITYCKHOE OT-
Bepctie u T.1. [uOkmit 3arBop (mpoOka) KiamaHa
¢ noiycgepruuecKoil MOBEPXHOCTHIO XOpPOIIO COrJja-
CyeTcsl C OTBEPCTHEM KJIallaHa, YTO MMEET OYEBHIIHOE
MPEUMYILIECTBO.

[pyHIHT paboTel MUKpOKITaNiaHa TIOKa3aH Ha pHC. 8.
Tak kKak B KaMepe C >KUIKOCTbIO MMEETCS JaBJIEHUE,
rubkass mpoOka kiamaHa co cdepuueckoit (opmoit
IUTOTHO IIpUJIeTaeT K OTBEPCTHIO KJIAllaHa, UMEIOIIEMY
COOTBETCTBYIOIIYIO C(EepHIecKyl0 KOH(PHUTYpaIHnIO,
obecriedynBasi XOpolllee YIJIOTHEHHE B "HOPMAaIbHO
3aKpBITOM" COCTOSHHUM MHKpoOKjiamana (puc. 8, a).
[Ipy momaue BHEWIHErO HANPSIKEHHUS, Ha3bIBAEMOI'O
OOpaTHBIM HaNpsDKEHHEM, HMMEIOIIMM HallpaBJIeHUe,
COBI/AIONIEE C HAIpaBJICHUEM IOJSIPU3ALIH TTbE30-
JIEKTPUUECKOro aKTIaTopa, NocIeaHui nedopmupy-
eTcs B HallpaBJIEHWH, MTOKa3aHHOM CTPENKoil (puc. 8,
0). [Ipu >TOM XUAKOCTH B KaMepe HCIBITHIBAET pa3-
psSOKeHHE W 3acCTaBIisieT THOKYI0 MpoOKy KIlalaHa co-
OTBETCTBEHHO CXKMMaThcs. |'mOkas mpoOka KiamaHa
BBIXOJUT U3 OTBEPCTHS KJIANlaHA, U KaHAJI OTKPBIBAET-
ca. [Ipn monmaye BHEIIHEro HANDSHKEHHS. WMEIOIIEro
MPOTHUBOIIOJIOKHOE HAIPaBJICHUE IOJSIPU3ALUM I1be-
303JIEKTPHYECKOT0 aKTIaTopa (IpsSMoe HATIPsKEHHE),
MPOMCXOAUT ero nedopmanus, 3a C4eT KOTOPOil BO3-
HUKAeT JIaBJIeHUE B )KUIKOCTH, IPUBOASALIECE K YIUIOT-
HEHHIO U TIEPEKDBITHIO BXOIHOTO OTBEDCTHS I'MOKON
MeMOpanoii (puc. 8, B). Takum obpa3om, paspaboran-
HBI MHKDOKJAIlaH MEHsAeT paldodyee COCTOSHHE 3a
CUeT M3MEHEHHS BHEIIHEro HampsDKEHHs, BO3IEUCT-
BYIOLLIETO HA MbE303JIEKTPUUECKHUH aKTI0ATOP.

MarauuTHsble KJanaHbl

THUNUYHBIA MarHUTHBIA MHUKPOKJIAIIaH COCTOMUT U3
MOCTOSSHHOI'O MAarHuTa M TI'MOKOW 3JIAaCTUYHOM MeM-
OpaHBI M3 MATKOTO MarHUTHOTO MaTepuana. OTKIo-
HEHHE MEeMOpaHBbl BBI3BIBAETCSI MATHUTHBIMU CHJIAMHU.
OTOT TUI MHUKPOKJIallaHa OTHOCUTCSI K MUKPOKJIaraHam

KnanaH oTkpbIT

BHewHun T
MarHuT

7
\ ’

|| KoHconbHag
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i
Bxop,

HmxHas
MeMbpaHa
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C BHEUIHMM ympasiieHueM. lIpocTora KOHCTpyKuuu
obecrieunBaeT HU3KYI0 CTOMMOCTb M MOPTATUBHOCTb,
YTO BaYKHO JUISI OIHOPA30BbIX MHUKPO(MIIOMIHBIX CHC-
TeM. MarautHas  KoHcCoibHas ~ Oamka  [20]
Y MarHUTHBIA mapuk [21-23] Taxxke MOryT OBITh HC-
TTONTE30BAHBI ISl YIpaBlieHHs (BKIIOYEHHE / BBIKITIO-
4yeHue) kinanaHoM. Kpome Toro, mpumeHeHne Marau-
TOPEOJIOTHYECKUX JKMIKOCTEH, HAaHECEHHBIX Ha II0-
BEPXHOCTb  JIACTUYHOM  MeMOpaHBl, II03BOJISIET
ynpaBIaTe Aedopmanreii MeMOpaHBbI MO JeHCTBHEM
MarLuTa, oOecrne4yuBas BO3MOXKHOCTb HEpPEKpPbITHS
mukpodmronHoro kanama [24]. Takum obpazom,
HNPUHLUI PadOThl MAarHUTHOTO MUKPOKJIAmaHa IpocCT.
PaznuuHble MOJIOKEHUS] MarHuTa OINpPENesloT Ha-
NpaBJeHUE OTKJIOHEHUS MeMOpaHBl, a OTKJIIOHEHHE
MeMOpaHBbI, BRI3BAaHHOE MATHUTHOW CHUJION, OTKPBIBAET
WIK 3aKpbiBaeT kianadH. Onepanus MOXET NPOU3BO-
IUTHCS. AUCTAHLMOHHO C MOMOUIBIO MAarHUTHBIX IIO-
neil. Takol TUIT MUKpOKJIAaNaHa MPUBOAUTCS B ACUCT-
BHE W3BHE, IIOATOMY B3aUMOAEHCTBHE C KOHTPOJIH-
PYEMOI KHUIKOCTbIO OTCYTCTBYET, YTO OOECIIeUnBaeT
0e301acHOCTh OIIEePaTOpOB MpH paboTe C HEKOTOPHIMHU
omacHbIMM BemiectBamMu. OTmedaercs, YTO CaMbIM
OONBIIMM HEJOCTATKOM MAarHUTHBIX MUKPOKJIAIaHOB
SIBJISIETCSI HEBO3MOXKHOCTH IIOJIHOTO TIEPEKPBITHS Ka-
HaJla KJIallaHoM IT0JI IeHCTBUEM MarHUTHOW CHITBI [S].

B paGore [20] wucmomb3oBaHa MarHUTHas V-
oOpa3Has KOHCOJbHAs OajKka sl yIpaBJIeHUs Kiarma-
HOM. ba3oBasi KOHCTPYKIMSI MUKPOKJIaliaHa MoKa3aHa
Ha puc. 9, rae npeacTaBieHbl ABE OCHOBHBIE YacCTH
MHUKpOKJIallaHa: BepXHss V-o0pa3Has KOHCOJbHAS
Oanmka W HWXHIS MeMOpaHa. [lnms Toro, 4ToObI 3a-
KpPBITh MUKpOKJIanaH, V-oOpa3zHas 0ailka MMeeT Tajb-
BaHWYeCcKH ocaxaeHHbIH Co — Ni ci10¥, KOTOPBINA BBI-
3bIBa€T OTKJIOHEHHME BEpXHEW OaJku B NPHUCYTCTBUH
BHEILIHEr0 MarHWTHOTO IIOJISl, CO3/1aBaeMOro IOCTO-
SIHHBIM MarHUTOM, PacIlOJOKEHHBIM BOJHM3M MHUKPO-
KjamnaHa. Tak, B 3aBUCUMOCTHU OT IIOJIOKEHHSI MarHu-
Ta, KOHCOJbHAas Oalika OTKPBIBAET MWJIM 3aKpPhIBAET
MyTh T€UEHUS XHUIKOCcTH (puc. 9).

KnanaH 3akpbIT

KoHconbHas
Oanka

Puc. 9. Cxema (yHKIHOHHPOBa-
HHS MHUKPOKJIaIlaHa ¢ MAarHUTHBIM
npuBoaoMm [20]
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B pabote [24] uconp30Baii MarHATOPEOJIOTHYE-
CKHE XMIKOCTH, HaHECEHHble NOBepX nedopmupye-
Mot memOpanbl u3 IIJIMC. Ha puc. 10 mpuBenen
HNPUHLMI AeHCTBUS MUKPOQIIONIHOIO KjamnaHa ¢ MH-
TErPUPOBAHHOW MeMOpaHOW C MarHHUTOPEONIoTHde-
CKOH JKHIKOCTBIO. BoznelcTBre MarHuTa Ha MarHu-
TOPEOJIOTHYECKYIO JKUIKOCTD BBI3BIBACT JeOpMaIIIo
torkoro cios [IJIMC, 9ro mpuBOIUT K TIEPEKPHITHIO
KaHaJa.

MarsHuTopeonorndeckasl KHUAKOCTb NPENCTaBISET
co00ll CyCHEeH3MI0 MHKPOYAacCTUL B JKMIKOCTH-HOCH-
tene. KimroueBbIM NpenMyniecTBOM 3TOr0 IOAXOAA
SIBJISIETCS] TO, YTO MAarHUTHAsl IMPOHUIIAEMOCTh MarHu-
TOPEOJIOTUYECKOH JKUIKOCTH 3HAYUTEIbHO BBILIE
M0 CPaBHEHHIO ¢ MarHUTHO-JerupoBanHeiMu [1JIMC-
MeMOpaHaMH, TTIO3TOMY MOXET OBITh IOCTUTHYTA 3Ha-
YUTENpHO OONbmIas nedopmarus. ITO MO3BOISAET H3-
rOTaBJIMBaTh KJIAllaHbl MEHBILIETO Pa3Mepa, YTO JeNaeT
9TOT moxxox OoJyiee MOAXOAALIMM [yl KpyIHOMAac-
mrabHOW MUKPOQIIONIHOW WHTerpanuu. [pyrumun
MPEUMYIIECTBAMU 3TOr0 MOAXO0a SBJISIETCS SKOHOMHU-
geckast A((EeKTUBHOCTh, a TaKKe€ COBMECTHMOCTH
C HIMPOKO HMCIOJb3YEMBIMHU MPOLECCAMH MATKOW JIH-
Torpaduu Ui W3TOTOBJIEHUS MUKPOQIIONIHBIX Ka-
HAaJIOB.

B [25] moxpoGHO ommchIBaeTCS KOHCTPYKITUS U HIC-
MOJTB30BaHNE MAarHUTHO-aAT€3WBHOIO KIarmaHa Juis
XpaHEHHs PeareHTOB U YIPABICHUS MOTOKOM JKHJIKO-

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

KnanaH 3akpbIT

\ Mognoxka
NAMC memGpana t{'

KnanaH 3akpbIT

Puc. 10. IIpuHiun neficTBus 3macToMep-
HOr0 MEMOpaHHOrO KianaHa ¢ MarHuTO-
PEONIOTMYECKOH JKUIKOCTBIO U TOCTOSIH-
HBIM MarHuToM [24]

cti B Mukpodmongaom ycrporictse (puc. 11). Kak
CXEMaTU4HO I[I0Ka3aHO Ha puc. 11, mepBoHayaibHO
3aKpBITHIN KJIALIAH COCTOUT M3 MOPTa, COSOUHSIOLIEr0
nBe (mm Ooree) KaMephl B pa3HbIX MJIOCKOCTAX BHYT-
pPU  MHOTrOCIOWHOro ycrporcrtBa. TOHKOE KOJIBLO
W3 YYBCTBUTEIBHOM K [aBJICHUIO JABYCTOPOHHEH
kneiikoir jeHThl (PSA, pressure-sensitive adhesive)
CIIy’)KWJIO CEIUIOM AJIsl HEOJMMOBOI'O TUCKOBOI'O Mar-
HWTa, KOTOPBIA 3aKphIBaeT oTBepcTHe mopta (puc. 11,
"3akpeIT0"), IpENOTBpalas MepeMerieHne KUIKOCTH
MEXKAYy IByMs KaMepamMu. B 3aKpbITOM COCTOSHUH
KJIarlaHa HEOAMMOBBIM ANCKOBBIII MarHUT yAep>KUBa-
ercsl KOJIBLIOM KJIeBOH IUIEHKHM HaJ] OTBEPCTHEM, CO-
eIMHSIOIMNM JBe Kamepbl. KianaH npuBomwiics B Ae-
CTBHE ITyTE€M KOHTAKTa BHEIIHErO MarHUTa C BHEIIHEH
MMOBEPXHOCThIO ycTpoiicTtBa (puc. 11, "AxkTtuBHpoBa-
HO"). [IpniokeHHOe MarHUTHOE TI0JIe CO3aBaI0 yCH-
JIMe, 10CTaTOYHOE ISl OTPhIBA BHYTPEHHEr0 MarHuTa
ot kombeiia PSA u ero cmemenus. [lpu 3Tom OTKpHI-
BaJICS COCOMHUTENbHBIN MOPT MEXAY ABYMs Kamepa-
MH, YTO IO3BOJISUIO TPAHCHOPTUPOBATH COIACPKUMOE
MEXKAY KaMepaMH B Pa3HbIX IJIOCKOCTSIX HPOCTO IMPH
BCTpsIXMBaHUU ycTpoiicTBa (puc. 11, "OTkphITo").

Hwxusas nmanens puc. 11 comepxur dotorpadun
W3rOTOBJIGHHOIO MAarHWTHO-aJr€3MBHOIO  KJjlaraHa,
COOTBETCTBYIOIIME JTamaM padoTbl, IOKa3aHHBIM
Ha BEpXHEW MMaHeu.

HAYYHOE I[TPUBOPOCTPOEHUE, 2023, Tom 33, Ne 4
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3aKkpbITO AKTUBMPOBAHO

BHelwHwWiA
MarHuT

KonbLo v3
agresusa

XpaHumble
peareHThl

KnanaHa

Mariut BcnomoratensHbie

Kamepa ans
KWNAKOCTH

CTPYKTYpI

Puc. 11. Cxema u ororpaduu paboTsl MAarHUTHO-3ATE3UBHOTO Kianana [25]

Takum o0paszom, OBLIO MPOIEMOHCTPUPOBAHO HC-
MOJIb30BAHUE KJIallaHA Ha MarHUTHO-aATe3MBHOM OC-
HOBE U151 KOHTPOJIS TPAHCIOPTUPOBKU M CMEIINBAHUS
peareHTOB B YCTPOMCTBE 0€3 MCTOYHMKOB HampspKe-
HUA (MCTOYHUKOB DHEPTUHN) C WCIOIB30BAaHUEM TOIb-
KO BHEIIIHEro MarHuTa u (YU3n4ecKoro BCTPSIXUBAHUS
ycTpoiictBa. Kpome Toro, mpuBeneHue B JeEiCTBUE
KJIarllaHa U yOpaBJIeHHE IOTOKOM >KUIKOCTH IPaKTH-
9YeCKU He TpeOyloT TeXHUYECKMX 3HAHWH WM CIeLU-
JIbHOr0 O0YYeHHUs, a TAKKe MEXaHHYECKUX, TEIUIO-
BBIX MJIM DJIEKTPUYECKUX BO3IEUCTBHM. DTO 1MO3BOIS-
€T COXPaHUTh I'€PMETHYHOCTh YCTPOICTBAa BO BpeMs
paboThl, YTO MOBBILIAET 0€30M1ACHOCTDH IMOJIb30BATENS
IpH aHAJIM3€ IOTEHIMAJIbHO ONACHBIX MAaTEPHAJIOB
W TOMOraer Hu30exarb 3arpsi3HEHUs OKpY’Karoulen
cpenbl. Takum oOpaszom, pocTast u Hexoporasi KOHCT-
pykuus kinanaHa (meHee 0.20 mommapa CIHA 3a xna-
MaH) MOXeT OO0JIerduTh pa3paboTKy ycTpoHcTB "ma-
Oopartopust Ha yure" Ui UCTIONB30BAHMS B YCIOBUAX
OTpaHMYEHHBIX pecypcoB [25].

3J'leKTp0MaFHPlTHbII71 KJ1anmaH

Pa3zpaOoransl crHenuanbHble 3JIEKTPOMAarHUTHbIE
MHUKpPOKJIAIlaHbl, OCHOBAaHHBIE Ha HCIIOJIb30BAHUH

HAVYYHOE ITPUBOPOCTPOEHUE, 2023, Tom 33, Ne 4

beppoxuakocTn. PeppoxKUIKOCTH — 3TO MATHUTHBIE
XKHUJKOCTH: B3BECh (DEPPOMArHUTHBIX YAaCTHUL] pa3Me-
poM 10 HM B XHUAKOCTH-HOCHTeNE. JKUAKOCTH-HOCH-
TENH MOTYT MPENCTaBIATh COOOW BOMY, IHAI(PHPHI,
YIJI€BOAOPOIBl WK (TOPYIJIEPOAbl M MOAXOIAT UIS
pa3IMYHBIX NOpuMeHeHUuU. DeppoXKUAKOCTH NPUHU-
MaT (opMy KaHalla, MOTEHIMAJIbHO oOOecrednBas
Xopolee YyIUIOTHEHHE, 1 PearnpyloT Ha BHEIIHHUE JIO-
KaJM30BaHHbIC MAarHUTHBIE CHJIBI, OOECHEYMBasi Cpa-
OarpiBaHue Kiamana. KOHCTpyKIUS ¥ MPUHIATT pabo-
THl 3JEKTPOMArHUTHOTO MHUKpPOKJIAallaHa Ha OCHOBE
(heppOoXKUAKOCTH TOKa3aHbl Ha puc. 12. Deppoxwuma-
KOCTh KOHTPOJIMPOBajia OTKJIOHEHHE MEMOpaHbl U pe-
TYJIMpOBaJIa TIOTOK JKUIKOCTH B KaHaie [26].

Knanan npeacrasmnsier co00i MHOTOCITOMHYIO KOH-
CTPYKLIUIO U3 TPeX KPEMHHUEBBIX IUIACTHH, TepMEeTHY-
HO COEIAMHEHHBIX MEXAY COOOH, U COCTOUT W3 YeThbI-
pexX OCHOBHBIX YacTeil: MHKpOKaHaja, 3JeKTpoMar-
HUTHOM KaTymku, rubkoii memOpanbl u3 IIJIMC
U IPUBOJA Ha OCHOBE (eppOXuAKOCTH. MHUKpOKaHa
pasmepom 100 MM % 3000 MxMm X 15 MM (BbIcoTa X
MUpUHA X JJIWHA) C MOJIOCTBIO IS yAep KaHus dep-
PO’KHIIKOCTH M3TOTOBJIEH METOJIOM IITyOOKOIrO pPeaKTHB-
HOTO HMOHHOI'O TPaBJIEHHS HAa KPEMHHEBOH MOIIOKKE
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Puc. 12. YcTpoiiCTBO U IPUHIKIT paOOThI AIEKTPOMArHUTHOTO MUKPOKIIATIaHa Ha OCHOBE (heppoxkuaKocTH [26].

pasmepom 1000 MM X 15 MM X 15 MM, pacnosioxeH-
HOW mocpenuHe. TakuMm e crmocoOoM TodydeHa To-
JIOCTh I MUKPOKATYUIKM Ha BEpXHEH KpPEMHHEBOH
nmomtoxke. MemOpana u3 [IJIMC ucnons3yercs B ka-
yecTBe nuadparmel, a HeppoKUAKOCTh BIPHICKHBAET-
csl B TIOJIOCTh. B KauecTBe OCHOBaHHWS HCIONB3YeTCS
HYDKHSSL KpEMHHEBas IIOAJIOXKKA.

IIpy nonaue Toka Ha MHUKPOKATYILKY CO3IA€TCS
110JI€ MAarHUTHON MHIYKLUH, KOTOPOE BBI3bIBAET JJIECK-
TPOMAarHUTHYIO CHIIy MEXIy KaTYIIKOH u (Qeppoxun-
KOCTBIO, BCIEACTBHE Yero MeMOpaHa MeXIy MHKpO-
KaTymKkoil u (peppokUaKOCThIO YIPYTo nedopMupy-
ercs U OJIOKMPYET HMOTOK >KUIKOCTH B MHUKPOKaHAJIe.
OTO0 — 3aKpBITOE COCTOSHHME KJIalaHa, KaK IOKa3aHo
Ha puc. 12, 6. Kak TOThKO TOK KaTYIIKH OTKIIOYAeT-
csl, BJIEKTPOMAarHWTHasi CUjla ucuesaer, U aunadparma
CTaHOBMTCSl IIJIOCKOW Ojaromapsi cuje YINPYrOCTH.
DTO — OTKpPBITOE COCTOSIHME KJIallaHa, KaK MOKa3aHo
Ha puc. 12, a.

OcHoBHast uzEsl COCTOUT B TOM, YTOOBI OTKPHIBAThH
W 3aKpbIBaTh IOTOK >KUAKOCTH B MMKpOKaHaje, HC-
10Jb3ys (PEPPOKUIKOCTh U HIEKTPOMATHUTHBIA IPHU-
Box. OtcyTcTBHE KaKMX-THOO MEXaHWYECKUX [IBU-
KYIIUXCS 4YacTeld M HpPENOTBpAILICHUE 3arps3HEHUS
(beppOXKUIKOCTBIO SBJISIFOTCS OCHOBHBIMU IPEUMYIIe-
CTBaMHM JAaHHOW KOHCTpyKUMU. braromaps cBoeu mio-
CKOM KOHCTPYKITUM TaKOH MHKpPOKJIAITaH MOXET OBITh
WHTETPUPOBAH C OPYTUMH MHUKPOQIIOMIHBIMH YCT-
porictBamu "nmabopaTopuu Ha yure'.

IIneBMaTHUYecKue MHUKPOKJIAMMAHbI

[THeBMaTHUecKne MUKpOKJIANAHbl [IMPOKO HC-
MOJTB3YIOTCS] B KAUECTBE KITFOUEBBIX KOMITOHEHTOB IS
ABTOMATH3AIMN MAHHITYJIALHUI C )KUIKOCTSAMH M YIIpaB-
JIeHUs] TOTOKOM B MuKpoduronnuke. s ux dyHK-
[IMOHUPOBAHUA TPeOyeTCs] BHEIIHAS CHCTEMa, OOBITHO
COCTOSIILAsl U3 BaKyyMHOI'0 Hacoca (WM KOMIIPECCO-
pa) ¥ MTHEBMATHYECKOTO PHBOJIA.

MemOpana Taxke SIBISETCS OJHOM M3 Hambolee
BaKHBIX YacTell MHEBMAaTHYECKOT0 MHUKPOKIJIAIlaHa,
n3rotaBnuBaemas, Hanpumep, u3 [IJIMC, cunmkona
WJIM CHITMKOHOBOM pe3nHbI [27]. Otu rubkue MmeMOpa-
HBI MOT'YT OBITh Je)OPMHUPOBAHBI C TIOMOIIBIO ITHEB-
MaTHUYECKOTO MPHUBOJAA VIS 3aKPBITHA MM OTKPBITHS
XKHUJKOCTHOI'O KaHaJla COOTBETCTBYIOLIETO KJlalaHa.
B oneparnmoHHbI (yrpaBisIONIMiA) KaHAT BCTpanBa-
ercsl TOHKass MeMOpaHa, KoTopas oA AeiicTBUEM pa3-
PSDKEHMST WIIM JaBJIEHWS HM3rudaercs, 4To HPUBOIUT
K 3aKpBITHIO (MM OTKPBITHIO) KUAKOCTHOTO MHUKPO-
KaHaJa, CONPSDKEHHOIO C ONEepallMOHHBIM. ToJIuHa
MeMOpaHBbI, 1aBJeHrne cpabaThIBaHUS, KOH(UTYpAIIHS,
YPOBEHb CIIOXKHOCTH KOHCTPYKLIMH U TIOJIOXKECHUE
MHUKpPOKJIallaHa B YCTPOWCTBE BJIMSIOT HAa XapaKTepH-
CTHKH MHUKPOKJIAaHoB [5].

BapuaHTbl KOHCTPYKIIMH THEBMATUYECKUX MUKPO-
KJIaTIaHOB TIPUBEJEHBI B Tabmwie [5].

OtMeruM, 4TO HapsAAy ¢ KiIallaHaMH, KOTOpbIE pa-
00TalOT NP NPUIOKEHUH OTPULATEIBHOIO JABICHUS
(paspexeHun) B orepaniMoHHOM KaHane (mo3. 1 u 2,
Tabnuna), B MUKpOMIIOUANKE IHPOKO MPUMEHSIOTCS
KJIanaHel, (YHKINOHUPYIOLIUE [IPHU NPHIOKEHUH T10-
BBIILICHHOI'O JABJICHUS K YIPAaBIIOIIEMY KaHAIy WIIH
kamepe (11o3. 3, Tabnwia). MUKpoOKTammaH Takoro THUMa
W3rOTABJIMBACTCSl IIyTeM pa3MELICHUS] TOHKOH MeM-
opansr u3 [1JIMC mexmy IByMs MHKpOKaHATAMHU.
[IpunoxxeHre MTHEBMAaTHYECKOTO IABICHHUS K OXHOMY
W3 MHUKPOKaHAaJIOB BBI3bIBA€T M3TH0 TOHKOH MeMOpa-
HBI, B PE3YyIbTaTe 4€ro APYrod MUKpOKaHAI Iepe-
KpeiBaercs [32-34].

OnHako MMKpOKaHaJd HPSMOYTOJIBHOTO CEYeHUs
(puc. 13, a) He cocobeH 00ecneunTh MONHOE Tepe-
KPBITHE IIOTOKAa >KMIKOCTH H3-3a HAJUYUS HPSIMBIX
yIJIOB, T.K. MeMOpaHa He BIMCHIBAE€TCS B IPSMO-
YTONBHYIO (OPMY MHUKpOKaHaIa. ITO MOKET MPUBECTH
K IEPEeKPECTHOMY 3arps3HEHUIO B ClIydae HCIIONIb30-
BaHUSI MUKPOKJIAIIAHOB JUISI OMOJIOTMYECKUX JKCIIEPH-
MEHTOB, HalIpUMep, C HECKOJIbKUMH TUIIAMHU KJIETOK.

HAVYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4
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Ta6J. BapraHThl KOHCTPYKIMI THEBMATHIECKUX MUKPOKIIATIaHOB [5]

JlaBnenue (kI1a)
Ne Cebln CocrosHHe
[puHIIT paboTel Konctpykuus
n/m Ka OTKpBI- | 3aKpPbITO
TO
R
! B r
1 f
! ' Gonbluas
: ? mem6paHa
KaHan, . gt
[29] ﬂPaBﬂeHMﬂ(d);‘ % ManeHbKkas MeMGpaHa 1 0
pabounit
KaHan (=
p ul T
7 ‘ —
1 D ¥ . » L
P
/ L
[28] o 0 100
P
N L
JOHESA WonOpana Toncras ueHTpanbHas
Bakyym mMeM6paHa
2 40
3 0 190

Mpumeuanue. LC — xuakocTHbIN KaHa;, P — naBneHue/paspspkeHue, yKa3blBarolee MonocThb (KaHai, kamepa),
B KOTOPOH MpUMEHSEeTCs NaBJeHNE ISl OTKPBHITHS FIIH 3aKPBITHS; IITPUXOBKa o3Hadaer cior I1[IMC; nuaroHans-

Has ITPUXOBKA — CTEKJIO WJIN CJION TEPMOIUIACTHUKA.

st pemenust 3Toi poOsIeMbl TIPEATIOKEH MHUKpPO- N3-3a mpocToil KOHCTPYKLUMK U HU3KOU CTOMMOCTH
KaHaJ C MOITYKPYIJIbIM IIONEPEUHBIM CEUEHHEM. B MUK-  ITHEBMaTH4YeCKHHi MHKPOKJIAIAH IIPUMEHSAETCS] BO MHO-
pokaHasie ¢ TakuM cedeHueM (puc. 13, 6) memOpaHa THX MPHIOKEHUSIX, BKIFOYAs WCIOIH30BAHHE MHKPO-
CHocoOHa HAJIEKHO M IUIOTHO INpHWJeraTb K CTEHKe,  (DIIOMIHBIX KOHTYpPOB, ISl CMEIIMBAaHUSI PEarcHTOB

YTO TIPUBOUT K MOTHOMY 3aKpBITHIO [32].

W COPTHPOBKHU Kalleib, JUIsi ObICTPOro BBOJA MPOOEI
u T.1. [5].

HAVYYHOE ITPUBOPOCTPOEHUE, 2023, Tom 33, Ne 4
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13. CeyeHus MHKpPOKAHAJOB ITHEBMOIIPUBOAHBIX MHUKpPOKIamnaHoB [32].

a — NPSAMOYTOJIBHOE CeYeHHUE; O — MONYKPYIJIOe CeYeHHe

Mukpox/1anaHbl Ha OCHOBe CIIaBa
¢ NamMATbI0 GopMbI

Dddexr mamsaTa HOPMBI ABISAETCS TPUBIEKATENb-
HBIM SIBIEHHEM, O0ECHEeYHBAIOIIMM BO3MOXXHOCTh
MIPIJIOKEHUST OONBIMNX YCHJIMA B MAalbIX 00beMax,
Ha OCHOBE KOTOpOro paspaboraH psiig HPOCTHIX
U KOMIIAKTHBIX KOHCTPYKLHMH MHKpPOKJIAIaHOB, CIO-
COOHBIX KOHTPOJIHMPOBATH OOJNBIINE TIEepernajsl JaBie-
HUS 1 ToToKH [35-37].

Martepuanel ¢ mamateo Qopmer (SMA, shape
memory alloy) 061agaroT TepMOyTIPYTroCThIO U CBEPX-
YIPYTOCTHIO, YTO ITO3BOJISIET UM I10CIIE CYLIECTBEHHOM
nedopmanuu (no 10%) BoccraHaBiInBaTH CBOKO (oOp-
My, OEHCTBYS C OONBIIMMH YCHJIMSMH (JOCTYIHBIE
nnotHocTH SHeprun gocturaot 107 Jix/m). Crpyk-
Typel SMA MHKPOMETPOBOTO pa3Mepa JOMYCKaroT
IUKIUYHOCTh cpabaTeiBaHus mopsanka 100 I'm [38].
B pa6ore [39] mokazaHo, uTo >dext mamstu Gopmbl
COXpaHsIeTCsl JUIsI MUHUATIOPHBIX IPUBOIOB Pa3MEpOM
10 100 M.

HeoOwraub1ii 3amopHBIA KiTanaH (C yIMpaBISIFOIIAM
aneMeHTOM M3 SMA) [UTst KOHTPOJS ABYKEHUS KHJI-

£

a 0

Puc. 14. [Ipuniun paboThl MUKPOKJIANAHOB C 3P PeKToM

s

koro obpasma B [I[|P-umrie ommcan B paGote [40]
(puc. 14, a). Knmanan mpencraBisier co00H BEHTHIIS-
IMOHHOE THApopoOHOE oTBepcTHe (AMaMETpOM
800 MKM) W BHEIIHWW YIUIOTHHUTENIBHBIN TIOpPIIEHb,
BCTPOCHHBIN B MUKPOYHII U IPUBOANMBIN B IBHIKEHHE
MPOBOJIOKOW M3 MaTeprajia ¢ mamsAThio ¢opmbl. Kak
TONBKO XHUAKas "MpoOka" obpasma 1mox JeicTBHEM
JABJICHUS MPOXOIUT MHMO BEHTWISLIMOHHOI'O OTBEp-
CTHsI, TaBJIeHHE cOpachIBaeTcs, 1 00pa3el OCTaHABIIH-
BaeTcs 3a OTBEPCTHEM B OIPENCICHHOM MECTe
(puc. 14, 6). AxtuBanus matepuana ¢ SMA (Ha pu-
CYHKE HE [10Ka3aHO) BBI3bIBACT 3aKPHITHE BEHTHJISALIM-
OHHOT'O OTBEPCTHS IIOpPLIHEM, IIPH 3TOM JAaBJICHUE
Ha "mpoOKy" CHOBa BO3pacTaeT W MPUBOJUT €€ B JIBH-
xenne (puc. 14, B). brnaromaps BCcTpoeHHBIM Kiama-
HaM B pa3pabOTaHHOM MHKPOYHMIIOBOM YCTPOMCTBE
MOXKHO OBUIO MPOBOAWTH HecKombko 3tamoB [IL[P-
anammsa (Beimenenune JIHK, mpurortoBienme cmecu
st [P, npoBeaeHue peakuuu ¢ ONPEAeSIEHuEM KO-
HEYHOI'0 IPOAYKTa) B MOJTHOCTBIO ABTOMAaTH3MPOBaH-
HOM pexxume [4].

TIaMsTHU I TOYHOI'O ITO3UITMOHUPOBAHUA o6pa3ua.

a — xujkas "mpooOka" npoObl MPOXoAUT ruApo(GoOHOE BEHTHISIIMOHHOE OTBEPCTUE U Cpa3y MOCIe Hero OcTa-
HaBIIMBAETCS; O — BO3IYX BBIXOAUT Yepe3 BEHTHISALMOHHOE OTBEPCTHE; B — IIOCIIE 3aKPBITHS OTBEPCTHS MOPII-

HeM "mpoOka" mpoObI MOXKeT ABUTAThCS nanbiie [40]

HAVYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4
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HopmanbHO OTKPbITLIA
knanaH (NO)

| Orkpeito | ﬁ FL—'—I

HopmanbHO 3aKpbITbIN
knanaH (NC

Kopnyc knanana

SMA

%
‘F, V‘ [epxatens npuﬂuy -
@ l Cthepudeckunin nopLIeHs
F

|
Foo

3aKpbITO -
o e
—Harpes TF“‘?

o) 3.8 KoHTakTHas nnacTuHa 4 i
: :  lf—

CrepxeHb 13 SMA

10 mm

Puc. 15. Hopmansro otkpbIThid (NO) 11 HOpMansHO 3akpeIThiid (NC) MEKpOKIIa-
NaHBl U3 CIUIaBa C MaMATHIO (OPMBI VIS MEPEKIIIOUSHUS U yIPaBJICHUS JKUIKO-
CTSMH.

a — BHJ COOKY B OTKPBITOM H 3aKPBITOM COCTOSIHUSX; O — CXEMaTHYeCKHH BHI
cBepxy MUKpoakTioaTopa SMA mis mukpokitamanoB NO (cieBa) u NC (cmpasa);

B — (pororpaduu mukpoknananos [41]

B pabore [41] onucaHbl KOHCTPYKIIH HOPMAIbHO
otkpeitoro (NO) u HopMmanbHO 3akpbiToro (NC) Muk-
POKJIAIIaHOB M3 CIUIaBa C MaMATBIO (OPMBI JUIs
yhnpaBieHusl NOTOKaMu >kuakoctu (puc. 15). OcHoB-
HBIM PabOYKM DJIIEMEHTOM KIIATIAHOB SIBJISICTCS TOHKASI
(tommuaOK 20 MKM) THTaHO-HHKeneBas SMA-¢omb-

HAVYYHOE ITPUBOPOCTPOEHUE, 2023, Tom 33, Ne 4

ra, Koropas oONagaer OJHOCTOPOHHUM 3((HEKTOM.
B kmamane Qompra MexaHWYeckd Harpyxkaercs cge-
pUYecKnM TITyH)KepoMm (mmamerpoMm 750 MKM) wimm
HaXUMHOHN TIpyXuHOo# (puc. 15, a). Jlns mukpokiana-
Ha NO npu snexkrpuueckoM Harpese SMA-¢oinbra
NPUHUMAET IIOCKYIO (pOopMy M NPHKHMAET ITYHXKep
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BHHM3 K cery kimamana. B mukpokinanane NC n3Ha-
YaJbHO MPY)KHUHA 3alMpaeT KJlamaH, P 3TOM YCHUJINE
npyxunbl (F,,) npeoOnagaer Hajg MeXaHHYECKUM
yeunueM (Fex) dombru u3 SMA u naBiaeHueM Kui-
koctu (F,). [lpu mxoyneBom Harpee SMA-¢dombra
MPEO0IeBAET YCHIINE NPYXHUHBI MU OTKPHIBAET MHK-
pokinanad. IlocTosHHBIE BpeMEHHM MNpPH BIIEKTpUUE-
CKOM HarpeBe ONpeleNsioTCs MacCol 3JIeMeHTa
n3 SMA, nostoMy (hopMa B BHAE PACXOMAIINXCS OT
HEHTPAIbHON 00JIACTH TOHKHX JIy4ed MO3BOJIMJIA TI0-
BBICUTh CKOPOCTh cpalaThIBaHMs KilalaHa, a TaKxKe
peryiaupoBaTh YCHIME MUKPOIPHUBOAA BO BHEIUIOCKO-
CTHOM HAaIlpaBJICHHH 3a CYET W3MEHEHUs IIMPHUHBI,
TONMIMHBI ¥ KonmudecTBa nydeit (puc. 15, 6). SMA-
3JIEMEHT M3TOTaBIIMBAETCSI METOIOM (poTonmuTorpadun
U MOKPOTO XMMHYECKOTO TpPaBJIEHUS, TEXHOJOIHYe-
CKMH Tporecc OBIT CIlenuaibHO pazpaboTaH ais ce-
PUIHOr0 NPOU3BOACTBA.

Mukpoxkiianabl ObUIM PAacCUMTaHbl Ha PacXon
12.5 Ma1 B MUHYTY (BO/Ia) B OTKPBITOM COCTOSIHHH TIPH
pasnune naBinenuii 200 kIla. Pacxon perynupyercs
00paTHOM CBS3BIO C IOMOLIBIO BBICOKOCKOPOCTHOI'O
JaT4hKa CKOPOCTHM IIOTOKAa. TOYHOCTH yIpaBJICHUS
OTOKOM cocTtaBuiia ~1.5%, BpeMs OTKJINKa — MEHee
24 mc. Bricora mukpormanmano NO u NC paBHa 7
n 11 MM coorBercTBeHHO (puc. 15, B). Ha Bepxueit
CTOPOHE 000MX MHKPOKJIAIIaHOB PACIHOI0KEHBI YEThI-
pe KpEneKHbIX BUHTA U JABE MIEKTPUUECKUE COCANHU-
TeNbHbIE MJIOMAAKH, a MUKpokianaH NC umeer no-
MOJHUTEIBHBIA BHUHT ISl PEryJIMPOBKH HATSDKEHMS
MPY>KUHBL.

B nanpreiimiem [42] ObIT mpeayio)keH MHOTOXOO0-
BOM MMKpOKJIallaH, B KOTOPOM J/IBa aHAJIOTUYHBIX 3Jle-
MeHTa U3 SMA, paboTaromux HE3aBUCHUMO JPYT OT
Ipyra, o0eclednBaloT CMEIINBaHUE MM pas3zielieHue
MIOTOKOB, Ipeasaras Judo 1Ba BXOAa U OJUH BBIXO[,
mn0o oavH BXoA W 1Ba Bbixona. KoHTakTmpyromue
C JKUIKOCTBIO YacTH KJamaHa ObUIM H3TOTOBJIEHBI
13 OMOCOBMECTHMBIX MaTephasoB, Omarofaps 4emy
MHUKpPOKJIAllaH MOXKHO OBUIO HCIONB30BaTh Uil OHO-
JIOTMYECKUX MCCIICAOBAaHHM.

C 2017r. xommanua  Memetis  GmbH
(https://www.memetis.com/) B ['epmanum 3amycTmia
B IIPOMBILIIEHHOE MPOU3BOACTBO MUKPOKJIANaHbI HA OC-
HoBe poipr SMA, mpenHazHaYeHHbIE I aHAITUTH-
YECKUX, OMONIOrMYECKMX M MEAMLUHCKUX IpPHUMEHe-
Huil. B paborte [43] mpoaeMOHCTpUpPOBaHA KOMITAKT-
Hasg MHUKpoduIronaHas maTdopma Ui TOTyaBTOMa-
TUYECKOI'0 KYyJIbTHBHPOBAHMS KJIETOK, NPH H3IOTOB-
JIGHUM KOTOpOH wucnojp3oBasiock 11  KkiamaHoB
Memetis GmbH, B ToM dYmcne Ans TOYHOW peryiu-
POBKM pacxoia >XHAKOCTU. bBplIo mporecTHpoBaHO
IBa THINA TEPBUYHBIX KJIETOK YeJIOBEKAa: 3HIOTEIH-
aJIbHBIE KJIETKU ITyIIOYHOW BEHBl M ME3EHXHMMAaJbHbIE
CTBOJIOBBIE KJIETKH. JIJIi CpaBHEHHUS! MCIIOIb30BAJIH
KJIETK{, BbIpAallleHHbIE B CTaHIAPTHBIX KYJIbTypallb-
HBIX YamKkax. ABTOpBl pa0oTsl [43] oTMewaroT, 4To

WCIOJIb30BaHUE NPELNU3HOHHBIX MHUHHUATIOPHBIX KJla-
MAHOB M TIbE30IEKTPUYECKOTO Hacoca I03BOJISIET
MOJJIEPKUBATh JJAMMHAPHBIA NOTOK HA NPOTSHKEHUH
BCEro MHOI'OJJHEBHOT'O aHaNW3a, u30eras pe3Kux M3-
MEHEHUIl HalpsDKeHHs CABUTa BO BpeMs mepdys3uu
Cpenbl, BIMSIOIIMX HA KIETOYHbIE KyJIbTYPBbI.

B pabore [44] ommcan MUKpOKIAmaH Ha OCHOBE
cTepkHS M3 ciiaBa ¢ SMA, KoTophlii crubdaercs /
pacnpsaMisieTcs mpu HEOObIYHOM croco0e Harpesa:
Ha TIOAJIOKKY CO CTEpXHEM HaHEceHO napaduHoBOe
Macjlo, KOTOpOE HarpeBajioch IOA JEHCTBUEM I10-
BEPXHOCTHBIX aKyCTHYECKHX BOJIH OT TreHeparopa pa-
IMOYACTOTHOrO CUTHAJA U [1apbl BCTPEYHO-IITHIPEBBIX
npeobpazoBateneii. Kak Tompko Temmepatypa SMA-
CTEp)KHS NpUOMKaIach K TeMIlepaType Iepexona
(60 °C), crepkeHb pacHpsSMILTIICS M ATIOMHUHHEBBIM
ynopom mepekpbiBan [1/IMC-kananm ¢ XHIKOCTHIO.
Jns marpeBa 10 mxim macma TpeboBanocsk 30 ¢, mpu
3TOM MOILIHOCTb 3JIEKTPUUYECKOI'0 CHUTHAJa OJKHA
ObITh He MeHee 21 nmermben-muummBart. [lpu yBenm-
YEeHUW MOLIHOCTU B 1.5 pa3a BpeMs BKIFOUEHHS MUK-
poKinanaHa cocTaBuwio npumepHo 20 ¢, BpeMs BbI-
KIIFOYEHHs] — MeHee 46 c.

K mnpemmymecrsam kiamaHoB Ha ocHOBe SMA
MOYKHO OTHECTH: OECITyMHYIO paboTy, HHU3KOE dHep-
ronotpebiaeHne, OONbIINE YCHIHS W CPaBHHUTEIHHO
OoubIIIHE TTepeMeTeHHS.

MHKpOKJIaHaHbI C HEMEXAaHUYCCKUMHU
ABMXKYIIMMMUCSH YaCTAMMU

Bbrnaromapsi ocoObiM cBOWCTBAM HEKOTOpHIE Mate-
pHasbl MOI'YT HMCIIONB30BAaThCS IJISI MPSAMOIO IpHBe-
JleHUs B AeCTBUE MUKpOKIanaHoB. Hanpumep, marte-
puaisl ¢ (pa3oBEIM NEPEXOIOM, BKIIOUAs! TOTUMEPHbIE
(rmaporenu, 307b-renn), MapaduHBL, JIErKOILUTaBKUE
CIUTaBHI (CIUIABBI C HU3KOM TeMIepaTypoi MIIaBJIeHN)
u ap. Mukpokianassl ¢ (a30BbIM NEPEXOAOM SIBIIS-
IOTCSI OTHOCUTEIHHO HOBBIMH M JICIIEBBIMHU IO CpaB-
HEHHIO C TPaJAULMOHHBIMM MEXaHWYECKUMH aKTHB-
HBIMU MUKpOK/IanaHamu. HemexaHnveckue akTHBHbIE
MHKPOKJIaNaHbl MPEICTaBIsIIOT 0COOBI MHTEpPEC C TOU-
KU 3pEHUs UX MPOCTONH KOHCTPYKLIMU M OJHOPA30BOC-
TH, 4TO JIeJlaeT UX MOAXOAALIMMHU [Vl HPUMEHEHUS
B ycTpoicTBax "maboparopuu Ha dute".

buogornyeckue MHUKPOKJIAIIAHbI

Hekoropsle MHKpOOpPTraHU3MBI W OakTepuu WC-
MOJB3YIOTCSl B KQUECTBE aKTI0ATOPOB MUKPOKIIANaHa
B COCTaBE MHUKPOQIIIOUIHBIX yCTpoicTB. CyiecTByer
BUJI KOJOHHAIBHBIX OJHOKJIETOYHBIX 3E€JIEHBIX BOJO-
pocnei poxa Volvox, naseiBaembii V. Carteri, o0ma-
natommid ororakcucoMm. B pabore [45] coobmraercs
0 MOJIeNN YIPABJIIEMOr0 CBETOM MHKpOKIIAraHa, oc-
HOBAaHHOI'O Ha aKTWBAIMHU Volvox Kak TOABHKHOTO
3JIEMEHTAa B MHOTOCJIOHHOM MHUKpPO(IIOHIHOM YCT-
poticte (puc. 16), H3rOTOBJIEHHOM METOIOM JIUThSI.
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Puc. 16. bruonornueckuii MUKpOKIIATIaH.
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a — mukpodororpadus konoHuu V. Carteri; 6, B — cxema ynpasJieHHs ABIKEHHEM Volvox ¢ TIOMOIIbIO

cuHe-3enenoro ceeroauona LED [45]

HUcnionp3oBamm dororakcrueckoe nosenerne V. Car-
feri ¥ KOHTPOJIUPOBAJIN X ABWKCHHE B MUKpPOKaHale
npu oceewieHuu ceeroM. V. Carteri MUTIPUpPOBAIIA
[0 KaHally K MCTOYHUKY cBera. belo oOHapyxeHo,
YTO KOJIOHHS OCTaHABIIMBAET ITOTOK.

MuxkpokJanassl ¢ (pa30BbIM NEPEX0A0M

B Mukpokiananax ucrnonbs3yercsi napapuH ¢ HU3-
KOl TeMmIiepaTypoil IaBieHus, (a3oBbIC TEPEXOIbl
KOTOpOr0 B TBEPAYI0 M JKUIKYIO (a3bl IO3BOJISIIOT
MEPEeKpPhIBaTh MOTOK JKUAKOCTH B MUKPOKaHaJe yepe3
negopmupyemyto Mmembpany. llepexitrouenue xmama-
Ha KOHTPOJIMpYeTCs IUIaBiIeHHWeM napaduHa IpU Ha-
rpeBaHuH. TOHKasi BepXHAA CTEHKAa OTAEISET KaHal
IUIS1 KUJIKOCTH OT Napa(uHOBOM KaMepbl, 1 OCHOBHAS
3ajaya 3aKJI04aercs B TOM, YTOOBI KUAKOCTh B KaHa-
ne He Oblma 3arps3HeHa TBepAsM THapadwuHoM. Jlis
9TOTr0 THIA MHKpOKJIamaHa TpeOyeTcsi MUKpOKaMmepa
Uil XpaHeHusT mnapaduHa W MHKpOHarpeBartellb

A 3SoHa Harpesa
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B r
BoagywHbiin
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JUIsL ero HarpeBa. Bpemst oTkinMka Ha OTKPBITHE M 3a-
KpBITHE OTHOCHUTEIIbHO MeJIeHHoe [5].

ABTOpBI paboTel [46] pa3paboTany KiIanmaHHBIA
MEXaHU3M, B KOTOPOM NapaduH HCIIOIB3YeTCsl B Ka-
94eCTBE HMCIOJHUTEIBFHOTO Marepuaia, KOTOPBIA Tpe-
TeprieBaeT (pa3oBbBIil epexoa U3 TBEPAOrO COCTOSHHUS
B JKHJIKO€ B OTBET HAa M3MEHEHHs TemiiepaTypsl. [1po-
JEMOHCTPUPOBAHO HECKOJIIBKO CXEM KJIAlaHa OIHO-
KkpatHoro npuMmeHeHus (puc. 17). IlepBwiii kiaman
THTA "3aKPBITO — OTKPBITO" MMeeT OJIOK M3 mapaduHa,
KOTOPBIH M3HAYAIBHO 3aKpbhIBaeT kaHai (puc. 17, a).
UtoObl OTKpHITH KaHaJ, mapaduH pacIUIaBIsAeTCs
C MOMOIIIBIO HarpeBaTeNs MO HUM M TOJ JIaBICHHEM
nepeMeraeTcs Mo KaHaly Jajee Mo moToky. Kax
TOJIBKO PACIUIABJICHHBINA MapauH BBIXOAWUT W3 30HBI
HarpeBa, OH HAa4yMHAeT 3aTBEP/EBAaTh Ha CTEHKE IIH-
POKOTrO ydYacTKa KaHayia, B pe3yjbTaTe 4Yero KaHai
CTaHOBUTCS OTKPHITHIM (puc. 17, 6). Bropoit kmamax
THTIA "OTKPBITO — 3aKPBITO — OTKPHITO" TMPEACTABIISIET

Kamepa
§ AnA nupP

Puc. 17. CxemaTHyecKre WILTFOCTPALMN KOHCTPYKIMH Napa(uHOBOr0 MUKPOKJIaIlaHa.
a, 0 — KJamaHsl THIA "3aKPBITO — OTKPHITO"; B, T, T — KJIAMaHBl TUMA "OTKPHITO — 3aKPBITO — OTKPHITO";
e — (ororpadus xkamepst st [TLP ¢ napaduHOBbIME MUKpOKITaiaHaMu [46]
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co0Oif HOpPMaNBbHO OTKPBITHIA KJIarmaH ¢ OJIOKOM Ta-
paduHa, COEOUHEHHBIM C BO3AYIIHBIM KapMaHOM,
KOTOpBI AEHCTBYET KaK BO3AYLIHBIM HACOC C TEPMU-
geckuM nipuBonioM (puc. 17, B). [Ipu BKiIrOUeHUHN Ha-
rpeBartens BO3AyX B KapMaHE pacIIMpsieTcsl U BBITAJI-
KHBAaeT paCIUIABIICHHBI TapaduH B perymupyeMblit
kaHas. Ecnu HarpeBartenb HeEMEUIEHHO BBIKIIIOYAETCS,
napauH 3aTBEpAEBAcT B KaHaJle OCHOBHOI'O MOTOKa,
YTO MPUBOJUT K 3aKphITHIO KaHama (puc. 17, r). Ka-
HaJl MOXHO CHOBa OTKpBITh, IIOBTOPHO aKTHBHPOBAB
Harpesarens (puc. 17, m).

[ImanapHast KOHCTPYKIMSI 3THUX MHKPOKJIAIaHOB
YIpOLIaeT UX HM3TOTOBJIEHHE M HWHTETpaLuio. JKcIle-
PUMEHTBI II0Ka3aJld, YTO MMKPOKJIAIaHbl Ha OCHOBE
nmapauHa WMEIOT HYJIEBYIO YTE€UKYy B "3aKpHITOM"
nojoxeHun. Kiananel Ha ocHOBe nmapaduHa MPOYHEI
1 00NaJaroT MPEBOCXOMHON MEXaHMYECKOW CTaOWIIh-
HOCTBIO. Bpemsi oTkimnka, HEOOXOAUMOE Ui OTKpBI-
THSL ¥ 3aKpBITHS KJIallaHOB Ha OCHOBE napaduHa, co-
craBisger mopsaka 10 c. YcmemHas amrumaduKanus
JHK B kamepe, 3aKpbITOM MUKpOKJIaniaHaMu Ha OCHO-
Be mapaduHa, MoKasaia, 4TO mMapapuH COBMECTHM
c IIIP. Ha puc. 17, e, mpuBeneHo m3oOpakeHue Ka-
Mepsl TP, okpyXeHHOW NATbI0 MHKpPOKJIAIlaHAMHU
Ha OCHOBE MapaduHa: KiamaHel 1-3 MpencTaBIsIOT
co00# "OTKpBITBIE — 3aKPHIThIE" KIIAMAHBI, a KIIAMaHbl
4 u 5 — "3akpeIThle — OTKpHITHIE" Kiamasbl. [lepen
Havanom [I1[P Bce xmamanbl HaxomaTcs B "3aKpBITOM"
MOJIOKEHUH.

[InanapHble KOHCTPYKLHH KJIallaHOB Ha OCHOBE
nmapaguHa HE comepkaT THOKyr muadparmMy W TIo-
3TOMY SIBJIIIOTCS OoJiee MPOCTBIMU, YeM TPaaUIMOH-

HBbIE KOHCTPYKIIMH NIPUBOAA C MEMOpaHOM, U KOTO-
PBIX TpeOYIOTCSI MHOTOCIIOMHBIE CTPYKTYPHI [46].

Knananbl ¢ npuMeHeHHeM MeTaAJJIM4YeCKOoro
CIUIABA C HU3KOH TeMIepaTypoil IiaBJaeHus

B pab6ore [47] npennoxen [IJIMC-knanan ¢ ¢puk-
canueil KOHEYHOro MOJOKEHUS 32 CUeT NMPUMEHEHUs
METAJVIMYECKOr0 CIUIaBa C HU3KOW TeMIlepaTypoil
wiaBneHus. [lo MexaHusMy paOoThl KiamaH HOXOX
Ha TTHEBMATHYECKHH, T/Ie K TOHKOM MeMOpaHe Ha Tie-
pecedeHu IBYX KaHaJIOB (BO3AYIIHOMY YIPaBIISIO-
meMy M SKHJIKOCTHOMY) J00aBIII€TCS MPOMEXYTOU-
HBIU CIIOM, 3aIOJHEHHBIA MaTEPUAIOM C HU3KOU TeM-
NepaTypoil IJIaBJIEHUS, M3BECTHBIM KakK CIUIaB WIIH
meramn Punma (32.5% Bi, 51% In u 16.5% Sn)
(puc. 18). Croif 13 METAIITMYECKOro CIUTaBa NpH Ha-
rpeBe Boime 62 °C CTaHOBUTCH XUAKHM, TMO3BOJISSL
YIPaBISIOLIEMY BO3LYIIHOMY KaHaly IEepPEeKpbIBATh
Y4YaCTOK HJIKOCTHOI'O KaHaja, IPH 3ToM ciuiaB duir-
7ia B KHJIKOM COCTOSIHUM 3aIl0JIHAET 00pa30BaBIIyOCS
BoleMKY (puc. 18, 6). Korma crutaB octeiBaer u 3a-
TBEPJEBAET, 3aKPHITOE MOJIOKEHNE KIlanaHa QUKCUPY-
ercs (puc. 18, B) 1 MOXeET yAepKUBATHCSI B TAKOM CO-
CTOSTHUHM 0e3 moTpebiienus >Hepruu. Kimaman MoxHO
MIEPEBECTH B OTKPHITOE COCTOSHHE 3a CYET Harpesa
B OTCYTCTBHE ITHEBMATHYECKOTO [aBJIEHUS, TOrAa
BoccTaHaBnMBaromas cuia memopansl [1IMC Bertan-
KHMBAaeT pacIljIaBJICHHBIN CIJIaB 0OpPaTHO B €ro MCXO-
Hy10 30HY (puc. 18, 1) ¢ mocnexytomel (uxcammeit
KJIarlaHa B OTKPBHITOM ITOJIOKEHHUH T10CIIE OXJIAXKICHUS
(puc. 18, a).
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Puc. 18. Cxema paboThl (pUKCHPYIOIIErocs KianaHa ¢ JerKomiaBKuM cruiaBom [47].

a — KJIamaH OTKPHIT ¥ 3a()MKCUPOBaH; 0 — JIOKANBHBIA HarpeB ciuiaBa Ouija ¢ IOMOIIBIO BCTPOEH-
HOT'O TOHKOIUIEHOYHOT'O HarpeBaTells U MoJaya ITHEBMaTHYECKOr0 JAaBJICHHUS B YIPABJISIOIIMI KaHAaT
BBITECHSIOT CXKIDKEHHBIN crutaB Ouia M 3aKphIBAlOT KJIaNaH; B — OTBOJ TeIlIa MPUBOAUT K 3aTBEp-
JeBaHMIo ciutaBa Ouia, GUKCHPYS KIIalaH B 3aKPhITOM COCTOSIHUM; I — HarpeB ciuiaBa Ominga 6e3
MTHEBMATHYECKOr'0 JABJICHUS BO3BPAIIAET KIIAllaH B OTKPHITOE COCTOSIHUE
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Perynupyst mHeBMaTu4eckoe AaBieHuE, MeMOpaHy
MOYKHO 32()UKCHPOBATH B JIFOOOM TOJOXKEHUH MEXIY
OTKPBITBIM U 3aKPBITHIM COCTOSTHUSIMH.

Bruto m3roroBneno ycrpoiictso u3 [IJIMC c mo-
manpto MmeMOpans! kmanana 100 mxm x 100 mxm. Ha-
I'PEB OCYLIECTBIISUICS 32 CYET BCTPOEHHOI'O TOHKOILIE-
HOYHOTO METaJJIMYECKOro HarpesaTens. Bpems cpa-
0aThIBaHUS ONPENENIOCh BpeMEHEM, TpeOyeMbIM IS
pasmsirdeHust cruiaBa Puima, ¥ OLEHHMBAIOCH IPHU-
MepHo B 100 Mc, BpeMs 3aTBepAEBaHUs CIIaBa IOCTIE
OTKITIOYeHHs HarpeBartens Obuto meHee 33 mc. Mom-
HOCTb, HeoOXoauMasi Uil pacIUIaBIE€HHs MeTaa,
coctrasmia 50 MBT npu Hanpspkenuu 1.2 B. YcraHoB-
JIEHO, 4YTO TMpH JABJIECHHHM JKUAKOCTH  BBIIIE
0.14 Mlla memOpaHa 3aKkpbITOrO Kiamana aedopMu-
poBajack, 4TO MPHUBOIMWIO K YTEUKE )KMIKOCTH. YBe-
JIMYEHHE TUIOIAAN KJIAllaHa TO3BOJIMIIO OBl IIOBBICUTH
KPUTHYECKOE AABJICHUE, OHAKO 3TO IPUBEAET K yBe-
JMYEHHIO BpeMeHH cpabaTeiBaHMs Kiamnasa. [Ipenmo-
Jaraercsi, YTo MOMOOHBIA 3aMUPAONIUICS KIanaH
MOXHO HCIOJIb30BaTh U XPaHEHUS] PEareHTOB, KO-
ria paboune JaBiIeHUs HEBBICOKHE, a TpeOyeTcs Hu3-
KO€ SHEPronoTpedieHue U JJIUTENbHOE XPaHEHHE.

I'uaporeneBbie MUKpPOKJIANAHbI

lupporeny mpencTaBisIFOT COOOW  TpeXMepHbIe
CILUTHIE MOJIMMEPHBIE CETKH, CIOCOOHBIE MOIJIOIATh
OonpIIOe KOMWYECTBO BOAbl. ['maporenu, 4yBCTBU-
TeNbHBIE K CTHMYyJaM, 00JazaroT OOJBbIIUM IOTEH-
LUAJIOM Ul MUHUATIOPHBIX, MHTETPUPOBAHHbBIX CEH-
COPHBIX U HCIOJHUTEIBHBIX CHCTEM, OCOOEHHO IS
TexHonoruu "maboparopus Ha 4une", HO UX TpPUMe-
HEHHE BCE eIll€ HAXOAUTCS B 3a4aTOYHOM COCTOSIHUH.
OnHa W3 OCHOBHBIX HPUYMH MOXKET 3aKII0YaThCs
B TOM, YTO NPOEKTUPOBAHHWE U PeATU3aLMs CHCTEM
Ha OCHOBE TMAPOreNs ABJSIIOTCS CIOXKHBIMU U TPYHO-
eMKkuMH [48].

Pearupyromuit Ha cTUMYINBI, WK "yMHBIA", THAPO-
relb Croco0eH o0paTUMO M BOCIIPOM3BOIMMO H3Me-
HATH CBOM 00BeM Ooliee ueM Ha TMOPANOK AaKe MpH
O4YeHb HEOONBLIMX W3MEHEHHUSX MapaMeTpOB CPEbl,
Takux kak pH, Temmeparypa, 3ieKTpHUEcKoe IoJie
WJIM CBETOBOE M3IIydeHue [6].

Beebe u xommern [49] mpeacTaBuiIN KOHIEHIHIO
MHUKpOKJIallaHa Ha OCHOBE TUAPOTesIsl U1l aBTOHOMHO-
IO YIpaBJeHHS HNOTOKOM BHYTPH MHKPOQIIOHMIHBIX
kaHanoB. CTPYKTYpHbIE OBJIEMEHTBl W3 THIPOreis
Obu  Cc(OPMHUPOBAHEI B MHUKPOKaHallaX METOIOM
xuakodazHoil doronoauMepusannuu in Ssitu ¥ ObUIH
CHOCOOHBI 00pPaTHMO pPACIIUPATECA U CKUMATBHCS
B 3aBucuMocTu oT pH okpyxatomeit cpensl. bout pasz-
paboTaH TPEXCIOWHBIN THOPUAHBI MHKPOKJIAIAH,
KOTOpBIH coenuusut TuOkyro [IJIMC-memOpany ¢ ruma-
porenesbiM mpuBozoM [50]. I'maporeneBwlii pHUBOA
pacmmpsuics 1o Mepe Toro, kak pacrsop ¢ pH 11 npo-
TeKall o ympasJisionieMy kaHamy. Membpana nedop-
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MHpOBAJIaCh ¥ TOJHOCTBIO IepeKphIBaia pabounit
KaHaJ.

Bei1o 0OHapyXeHO, YTO ecii MONepeyHbIe pa3Me-
pBI 00BEKTOB M3 THIPOTeNst MEHBIIE BHICOTHI KaHala,
OHHM CKJIOHHBI J1e(OPMHPOBATHCA HIM MHUTPHPOBATH
10 KaHaJly NpU U3MeHeHuHn oObema. [ m3rorosie-
HUS CTAaOMIIBHBIX OOBEKTOB C MallbIM BpPEMEHEM OT-
KIIMKa TIPEUIOKEHO ITOJIMMEPU30BaTh THAPOTENIeBbIE
CTPYKTYpBI BOKPYT TIPEIBAPUTEIHFHO H3TOTOBJIEHHBIX
B kanane mtugToB. [lItndTel obecreunBatoT HaIexX-
HYIO TTOJUIEPKKY, a TakKe yIyqlIaloT BPEMEHHOH OT-
KITUK Onaromapsi HeOONBIIOMY PACIIMPEHUI0 KaXKHOi
U3 TOHKHX THJIPOTENEBBIX 000JO0YEK, OKpPYKArOIIHX
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Puc. 19. KoHCTpyKiss MHUKpOKJIAmaHa coO MITHPTAMH
B MUKpOKaHaJle, CIyXallUMHM OIOpPOM HJsi TUAporeieit
[49].

a — cxeMa KJalaHa co IUTU(QTAMH C TUAPOreJIeBBIMH
obomoukamMu; 0 — M300pa)KeHHE CeUeHHs KaHaia Iociie
MONMMEPHU3AaLUH THAPOTENsl; B — TUAPOTeNeBble 000104-
KA OJIOKHPYIOT OOKOBOW KaHAl B aKTHBHOM COCTOSIHUW;
r — "cxarple" 000JOYKH THAPOTENS MO3BOJSIOT JKUIKO-
CTH MPOTEKaTh MO0 OOKOBOMY KaHaly; A — YIy4YIICHHE
BPEMEHHOTI0 OTKJIMKAa KOHCTPYKIHHU C THAPOTEIIEBOH 000-
JIOYKOW (KPY>KKH) IO CPAaBHEHHIO C aNbTEPHATHBHON KOH-
CTpYKLHMEN, B KOTOPOM HCHOJIb3YeTCS €AMHCTBEHHAs LU-
JUHApPHUYECKas CTPYKTypa OONbIIEro pa3Mepa B KaHaie
TOrO e pa3mepa (KBaapaThl), fp — OTHOCHTEILHOE H3Me-
HEHHUE JruaMeTpa
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mtugTel. MaccuB WTH(TOB C THIPOTeNEBbIM ITOKPHI-
THEM MOXKET KOHTPOJIHMPOBATh IOTOK B OONBIINX Ka-
HaJlaxX, KaK MoKa3aHo Ha puc. 19. Peakuus Ha u3MeHe-
Hue pH Uit pacimpeHus 3Toil KOHCTPYKIIMH KJlaraHa
co mTudTamMu cocTaBisieT § ¢ (peakius Ha cKaThe
HUMEEeT TOT e nopsAaok). Hamporus, anbrepHaTHBHAS
KOHCTPYKLM KJIallaHa, B KOTOPOH NCIOJIb3YyeTCsl OJHA
Ooblas HWIMHAPUYECKAs CTPYKTYpa B KaHasIe TOro ke
pa3Mmepa, UMeeT MEPEXOAHYH XapakrepucTuky 130 c
B ToM ke nuamna3zone pH. Takum oOpas3om, mHTETpa-
sl WTAQTOB C TMIPOTeIeBBIMU 000JI0YKaMHU B MHK-
POXHMIKOCTHBIE CHCTEMBI 00€CTIEYNBAET IPEOOICHUE
OCHOBHOI'0 HEJOCTaTKa T'MIPOreNeBbIX KJIallaHOB —
MEUICHHOT'0 OTK/IHKa [49].

B [49] Taxxe npencTaBieHa KOHCTPYKITUS, B KOTO-
POl TUAPOreneBhlii KOMIIOHEHT MOXKET XapaKTepu30-
BaTh XUMHUYECKYIO CpEAy B OJHOM KaHaJIe M peryiu-
poBaTh IMOTOK B COCEAHEM KaHajle, KaK IOKa3aHO

Puc. 20. KoHcTpyKuusi ¥ IpUHIUN (PYHKIIMOHUPOBAHUSI
3aIopHOro KJIamaHa ¢ ruzgporenem [49].

a — KOHCTPYKLUs KJIallaHa, CTPeNKd 00O03HA4YaloT Ha-
NpaBJieHHe OTOKA KHUAKOCTH; O, B — THUIPOTeb pacili-
psercs u aedpopmupyeT MeMmOpaHy, OJOKHUpPYS IOTOK
B COCE/THEM KaHaJe.

Ha m3o06pakenusix cinesa (0, T') IOKa3aH BUJA yCTPOWCTBA
CBEpXY, & Ha M300pa)KeHUsIX crpasa (B, 1) [MOKa3aH BUJ
cOoky. JKHOKoCcTh B 3aKyIIOPEHHOM KaHAJIe OKpalleHa
JUISL HATJUSITHOCTH; T, [T — THAPOTeNb CKUMACTCS, 1 MEM-
OpaHa BO3BpaIaeTCs B IIOJIOKEHHUE, ITO3BOJIAIONIEE KM
KOCTH T€4Yb B COCEJHUH KaHaJI

Ha puc. 20. ITO YCTPOICTBO COACPKUT THOKYIO MEM-
OpaHy, KOTOpast MOXKeT Ae(opMHpOBaThCA, OIOKUPYS
IOTOK B cocegHeM KaHaine. CTpyKTypa THApOTes,
MOJIMMEPU30BaHHOIO B KaHalle HaJl MeMOpaHOH, pac-
LIMpsieTCs] MM CcxxumMaercs: npu u3meHenuu pH. Cu-
JIbl, CBSI3aHHOW C 3TUMHM OOBEMHBIMH HM3MEHEHMSMU,
JIOCTATOYHO, dTOOBI e opMHpOBaTH MeMOpaHy
U, CJIEOBATEIbHO, KOHTPOJIMPOBATDH ITOTOK B HIDKHEM
KaHaJle.

B »a70i1 ke pabore [49] mpencraBieH "cOpTHPOB-
MUK TOTOKOB". DTO ycTpoHCTBO cocTouT w3 T-
00pa3HOro KaHajua, B KOTOPOM BXOX B Ka)KIYIO BETBb
MIEPEKPBIBAECTCS TUAPOreIeBOl CTPYKTYpOl YHUKAJIb-
HOI'0 XMMHYECKOro cocTaBa. I'maporenb OIHOrO co-
CTaBa pacumpsiercst nmpu BbicokoM pH u cxumaercs
npu HuU3koM pH B mepBoM KaHaie, B TO BpeMs Kak
THIPOTrellb JPYroro cOCTaBa 3aKphIBaeT BTOPON KaHAJ
1 JEMOHCTPUpPYET o0paTHOe MoBeneHue (T.e. CKUMa-
ercsi mpu BbICOKOM pH u pacmmpsiercs npu HU3KOM
pH). YcrpoiictBo U rpaduk ero pe3ymbTUPYIOMIHX
BBIXO/IHBIX XapaKTePUCTHK TOKa3aHbl Ha pHc. 21. Do
YCTPOICTBO aBTOMAaTHYECKH HANpaBlisieT MOTOK
B LIGHTPAJIbHOM KaHajie B Ty MJIM UHYIO BETBb B 3aBU-
cumoct ot pH. B ompenenenHom nuamnazone pH
(5.7-6.8) oba rumporeneBpIx KiamaHa HaOyxaroT, 3a-
KynopuBass KaHail. Kaxnaplii ruzaporeneBblii Kia-
[IaH BBIIIOJHSIET HCIONHUTEIbHBIE U PEryIupyIOLIne

O%G DX

pH 4.7

o Jon

pH 7.8

Puc. 21. Peaxkmus pa3usix ruaporeneit Ha pH okpyxato-
e xuakocta [49].

BBepxy — oTHOcHTeNnbHOE H3MEHeHHe auamerpa (fp)
rugporeneil B 3apucumMocTtd oT pH. BHH3Y — m300paxe-
HUS, JJEMOHCTpUpYIOIIHe nepeximodeHne ('copTupoBky')
IIOTOKa JKUAKOCTH B 3aBUcuMocTH OoT pH. I'maporens,
3aKpPBIBAIOIIUHA TPaBBIii KaHal (KPYXKKH), pacIIUpSeTCs
B IIEJIOYHOU Cpele U CKUMAeTcs B KUCIoW. ['maporens,
3aKpPBIBAIOIIUH JIEBBIA KaHAN (KBaApaThl), PAaCIIUPIECTCS
B KHCJIOH M CXKnMaercs B mienodHoil cpene. IIpu pH 7.8
MOTOK HampaBjieH B JeBblid kaHan Ilpu pH 4.7 morox
HaIIpaBJIEH B MIPaBblii KaHa
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(GyHKUNYM, OOBIYHO pean3yeMble OTAEIBHBIMH KOM-
MMOHEHTaMM (KJIalaH, JaTYUKH, SJIEKTPOHWKA) B Tpa-
muioHHoN cucteMe. [lombupas Xxumudeckuii coctaB
THIPOTeNis, MO)KHO U3MEHUTH BBIXOIHYIO XapaKTepH-
CTHKY, YTO I103BOJISIET UCIIOJIb30BATh YyBCTBUTEIIbHBIE
K pH runporenu B pa3nu4HbIX 001acTIX.

W3BecTHO, UTO TEPMOUYBCTBUTEIBHBINA THIPOrENb,
monu(N-u3onponuiakpuiIaMi), TpeTepreBaeT 3Ha-
quTelbHbIe 00paTuMble O0ObEMHBIE W3MEHEHHS INPHU
MOBBIILICHNHN €ro TeMIIEPaTypbl OT KOMHATHOM /10 TEM-
nepaTyphl BbILIE TeMIepaTypbl (as3oBoro mepexoza
32°C.

Wang u coaBTopsl [51] BOCHOIB30BANHMCH 3TUM
s dexrom M3MeHeHHs o0beMa IS CO3MaHHS TepMO-
KJIallaHOB HAa OCHOBE THMApOreNs Ui MUKPOQUIIONI-
HBIX CUCTEM. OTHU KJIaNaHbl IPUBJIEKATEIbHBI TEM, YTO
OHU HE TPEOYIOT KaKMX-THOO MEXaHWYEeCKHX KOMIIO-
HEHTOB, B HUX HET IBIJKYLIMXCS 4acTei, U UX JIErKo
WHTErPUPOBATh B MOUIOKKH U3 Pa3IMYHBIX MaTepua-
70B. BbIIM CKOHCTpYMpOBaHBI JABa THIA KIIANAHOB.
B omgHOM ciydae kiamaH COCTOSUT M3 LIWJIMHApHYE-
CKOM TIpOOKH, BCTAaBIEHHOH B Te(hJIOHOBYIO TpPYOKY.
Bo BTOpoM ciydae kiamaH OblT BCTaBJIEH B MOJIOCTD,
BCTPOCHHYIO B TOJUKAapOOHATHYIO KOHCTPYKLHIO.
B nocnennem ciydae ruaporens 3aHHMall OKOJIO I10-
JIOBHHBI 00BbEMa MONOCTH. B 00omx ciydasx Bpems
3aKphIThs (HaOyxaHWs) KiIanana COCTaBHiIo OKoio 4.5 c.
Bpemsi oTkpeITHS KiTanaHa 3aBUCENO OT o0bema I'ui-
porems. 'uaporeneBblie knanaHsl padoTany B TeUEHUE
MHOTHX LUKJIOB OTKPBITUS M 3aKPBITHS C XOpOLIEH
BOCIIPOM3BOJUMOCTBIO U 0€3 KaKuX-JIMOO BHIMMBIX
YXYIIIEHUH TPOU3BOJUTEIBHOCTH.

B pabore [51] Takke OMHUCHIBAIOTCS KOHCTPYKIIUH
YCTPOICTB ¢ TMAPOreNeBbIMU KiIallaHAMU, UX IpHMe-
HEHHE Ul YIpaBJIEHHUs IOTOKaMH, IO3UPOBAHUS 00-
pasloB M pEareHTOB, paclpeneneHus o0pa3loB
10 HECKOJIBKUM KaHaJlaM aHaJin3a.

Ha puc. 22 cxemaTnyHO mOKa3aH AEIUTENb MOTO-
KOB Ha OCHOBE I'€IE€BbIX KJIAallaHOB, KOTOPBIH pacmpe-
nenser oOpasell 1Mo YeThlpeM KaMepam. Y CTPOMCTBO
M3rOTOBJIEHO U3 NojMKapOoHara. Jlo3upyromue kame-
PBI MOT'YT UMETh KaK OJJUHAKOBBIE, TaK U pa3Hble 00b-

[osunpyowme Kamepsbl

_,f \ Harpesatensb
N f‘\\

Bxoa |

—_— )
—\ ~ Tuaporenb

Puc. 22. Cxema genuTens MOTOKA C TeIEBBIMM KIaaHaMu
[51]
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embl. Kananbl nmocne no3upyromux Kamep CHaOXeHbI
TUApOreNeBbIMH KianaHamu. OOpaser] mocTymnaeT de-
pe3 BXOJHOH KaHaJl M 3aloJIHACT AO3UPYIOINE KamMe-
pul. Kamepa ¢ HauMeHbIINM THAPaBIMYECKUM COIPO-
THUBIICHWEM 3amnonHserca nepsoil. Korma >kmakocTs
JOCTUTAET THIPOTeIeBON MPOOKH, THAPOrelh Habyxa-
eT ¥ OJOKUPYET MPOXOJ B 3TOM KOHKPETHOM KaHale.
3aTeM 3anonHseTCs Apyras U3 OCTAaBILMXCS KaMep U T.1L.,
[IOKa He OyAyT 3aIl0JIHEHb! BCE TO3UPYIOLINE KaMephI.
Kak Tonpko Bce mo3upyrolmiue Kamepbl 3arlOJIHEHBI,
THIpOrelieBble KJIANIaHbl HArpeBaroTcsl (TEPMOUYBCT-
BHUTENBHBIIN Tellb CKUMAETCSI) M OTKPBIBAIOTCS. AJHK-
BOTBI JKMIKOCTH W3 JO3MPYIOLUIMX KaMep NpOABHra-
FOTCSI 110 YEThIPEM Pa3JIMYHBIM KaHajlaM aHaJn3a.

3AK/IIOYEHHUE

OcHOBHOIA 3a7a4eii IPH CO3IaHUN MUKPOAHAIHTH-
YeCKHX CHCTEM U CHCTeM "nmaboparopusi-Ha-durne" s
OMOXMMHMYECKHX, OHMOJIOTMYECKMX M MEIUIMHCKUX
MpPUMEHEHHUH sBiseTcs obecredeHre Npenu3uOHHOro
U KOHTPOJINPYEMOT'O ABHXXEHUS MHUKPOIIOTOKOB XKHII-
KX (M Ta3000pa3HBIX) Cpell B MAUKPOQIIOUIHOM yCT-
poiictBe. [l pelieHrs 3TOi 3a1auu UCCIIeN0BaTEb-
CKHe TPYIIBI NpeylararoT pa3Hoo0pa3Hble KOHCTPYK-
LMY MHKPOKJIAIaHOB MJIsl aKTHBHOIO YIIPaBJICHUS
MTOTOKaMH KUIKOCTH [4, 6]. OmHAaKO aKTUBHBIE MUK-
POKJIamaHel UMEIOT sl HEOCTaTKOB, & UMEHHO: OT-
HOCUTEIBHO BBICOKYI0 CTOMMOCTB, OIIpEIeTICHHbIE
TPYAHOCTH TIPH HWHTErpallid B yCTPOHCTBO, HEOOXO-
IUMOCTh IPUMEHEHHS] BBICOKOTEXHOJIOTMYHBIX MPO-
LIECCOB IIPH HM3TOTOBJIIEHMM W COOpKe, a HWHOIZJa —
JOCTaTOYHO CIIOXKHBIX CXEM YIIPaBIICHHS.

AKTHBHBIII MEXaHUYECKHM KJlarmaH OObIYHO COCTO-
UT W3 MEXaHWYEeCKU YIpaBisieMOd MeMOpaHbl WIIN
PBIYaKHOI KOHCTPYKLMHU B COYETAaHHM C MPUBOJHBIM
MEXaHU3MOM [UIl IEPEKPbITHUS IOTOKa >KHIKOCTH.
[IpuBon xiamaHa MoOXeT OBITH BCTPOCHHBIM B YCT-
POMCTBO (MAarHUTHBIM, 3JIEKTPOCTATHYECKHM, IbE30-
JIEKTPUYECKUM MM TEIUIOBBIM, TaKUM KaK CIIJIaB
C MaMsThIO (POPMBI MITM PEOJTOTHYECKUN MaTepHha)
WIH TIPUBOAUTHCS B JNEHCTBUE OT BHEIIHUX CHUCTEM
(MCTOYHMKM MarHuTHOIO MJIM BJIEKTPOMAarHUTHBIX
1oJIel, BaKyyMHbIE HACOCHI MJIM Ta30BbIE KOMIIPECCO-
pbl). BHemHme cucrembl yBENWYHMBAIOT CIIOKHOCTD
U CTOMMOCTb YCTPOHCTBA, HE MOAXOIAT ISl KOMIIAKT-
HBIX UM MUHHATIOPHBIX CUCTEM.

Hemexannueckne akTuBHBIE KiamaHbl (C (pa30BBIM
Mepexo7oM, OHMONOTUYECKHE, THUAPOTENEBhbIE), XOTS
U MPEACTaBISAIOT 0COOBIH MHTEpeC AJs MccieqoBaTe-
Jieil ¢ MO3UUUNA MPOCTOTHl KOHCTPYKLUH, HEBBICOKOM
CTOMMOCTH, BO3MO)KHOCTH OJHOKPATHOTO HCIIOJIb30-
BaHUs, HO BCE-TAaKNW Ha HACTOAIIMN MOMEHT BpPEMEHH
SIBJISIFOTCS JOCTATOYHO PEIKO MPUMEHSEMbIMH.

Crnenyer OTMETHTh, YTO NMPAKTHUYECKH BCE aKTHB-
HBIE KJIallaHbl, 332 UCKJIIOYEHHEM HEKOTOPbIX THIpore-
JIEBBIX, TPEOYIOT UCIIOIb30BAHMUSI BHEILIHUX HCTOYHUKOB
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SHEPTHH i oOecredeHuss pabdoThl TPUBOIOB, UTO
OrpaHMYMBAET WX NPHMEHEHHE, HalpuMep, MpH CO3-
JTaHUHM YCTPOWCTB JUIS WCIIONB30BAaHHS B YCIOBHSX
OrPaHNYEHHBIX PECYpPCOB, HAIPHUMEP CUCTEM JUIS JIU-
arHOCTHKH Ha MecTe coObITus "Point-of-Care".

Paboma ewinonnena 6 pamxax Iocydapcmeennozo 3a-

oanua Munucmepcmea HAyKu u Gvicuie20 00pa308aHus.
Poccuiickoit @edepayuu Ne 075-01157-23-00, mema "Muxk-
PODAOUOHBIE YCMPOUCTNEA € UHINMESPUPOBAHHBIMU (DYHK-
YUOHATBHBIMU MUKPO- U HAHOPAIMEPHBIMU CIMPYKMYPAMU
0711 OBUONOSUYECKUX U MEOUYUHCKUX UccIed08anull”, wugp
FFZM-2022-0012.
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MICROVALVES IN MICROFLUIDIC DEVICES.
PART 1. ACTIVE MICROVALVES

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

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The microvalve is one of the most important functional elements of a microfluidic device. Microvalves allow
dosing, mixing, starting/stopping liquid flows, flow control, and sealing reaction chambers —widely used op-
erations in integrated microfluidic systems. There are many types of microvalves, each of which has different
characteristics, and is designed to solve specific problems. Microvalves have been developed as active or pas-
sive structural elements with mechanical, non-mechanical, and external systems. This article provides an over-
view of the most commonly used designs of microvalves based on various actuators in microfluidics.

Keywords: microfluidics, microvalve, active valve, passive valve
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INTRODUCTION

Microvalves are a key component of many micro-
fluidic platforms "laboratory on a chip" (lab on a chip)
and complete microanalysis systems (LTAS, Micro-
Total Analysis System). An ideal microfluidic system
combines numerous sequential or parallel operations,
provides accurate spatiotemporal release of reagents,
flow control, and necessary conditions for synthetic or
analytical reactions, and collects reaction products.
Efficient microvalves are needed to integrate multiple
operations such as fluid transfer, mixing, aliquoting,
dosing, washing, and fractionation into one device.
Microvalves control the direction of fluid flows, en-
sure their synchronization and separation inside the
microfluidic device [1].

However, many modern approaches and require-
ments for valve operation complicate the design of
a microfluidic device, since they lead to the need to
include additional structural elements and entail addi-
tional steps or processes in the manufacture [2].

In [3], it is noted that the main indicators of a high-
performance microvalve are: low leakage in the
closed state, high flow rate in the open state, low
power consumption, resistance to contamination and
high stability of operation over the entire lifetime. In
addition, medical applications such as wearable drug
dispensing devices or implants require device tight-
ness, high reliability, and biocompatibility of all wet-
ted or body-contact surfaces.

As an example of the advisable use of valves with
appropriate requirements, one can note microfluidic
devices for polymerase chain reaction (PCR), which
plays an important role in modern research in the
fields of biochemistry, biology, and genetics. Potential
advantages of microarray PCR devices over standard
format PCR systems (microplates and microtubes)
include: reduced sample and reagent consumption,
reduced analysis time, greater sensitivity, and porta-
bility. PCR chips have evolved from simple micro-
fluidic chips to highly integrated systems. On-chip
microvalves provide higher levels of integration and
analytical performance, allowing multiple samples to
be analyzed in parallel, significantly reducing analysis
time6 and avoiding cross-contamination. Such micro-
valves must withstand the pressure created by thermal
cycling and be easy to open after PCR. Equipping in-
let, outlet, or ventilation ports with valves is an impor-
tant function for successful PCR [4].

The design of microvalves is determined by the
actuation mechanism, scope, and functional features.
Most of them have a microchannel and a membrane to
control their opening/closing. Although there are
many designs of microvalves at present, there are still
problems such as leakage, low accuracy, low reliabili-
ty, significant power consumption, and high cost. Due
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to the huge variety, there is no generally accepted
classification of microvalves [5].

The authors of the review article [6] propose to
conditionally divide microvalves into two main cate-
gories, as shown in Fig. 1.

Fig. 1. Classification of microvalves

In [5], a similar division is proposed. It is noted
that active valves use external drives, such as magnet-
ic, electric, or pneumatic, to regulate the hydraulic
resistance of microchannels. Passive microvalves con-
trol the flow due to back pressure.

In addition, according to the initial state, micro-
valves can be divided into two types: normally open
and normally closed [5].

Normally, open microvalves prevent fluid flow on-
ly when the valve is activated.

ACTIVE MICROVALVES

General characteristics

Active microvalves use external physical fields or
chemical stimulation to launch mechanical and non-
mechanical moving parts and control fluid flow [7, 8].

Active microvalves use different actuation prin-
ciples. Fig. 2 illustrates the principles of actuation
widely used in the designs of microvalves: magnetic,
electrical, piezoelectric, thermal, or other methods [6].

Fig. 2. An illustration of the operating principles of
active microvalves with mechanical moving parts.

a — electromagnetic; 6 — electrostatic; B — piezo-
electric; T — bimetallic; 1 — thermopneumatic; e —
shape memory alloy drive [6]

Electrostatic microvalve

The electrostatic microvalve consists of an elec-
trode that closes the valve, an electrode that opens the
valve, and a flexible movable membrane. The opera-
tion of the valve is carried out by controlling the vol-
tage applied to the membrane. Electrostatic micro-
valves are basically normally closed microvalves.
Valve response time is short, and energy consumption
is low [9]. This type of valve is mainly used to control
the flow of air. When a valve is used to control fluid
flow, a high applied voltage is required [5].

The designs of a normally-closed electrostatic mi-
crovalve and a normally-open electrostatic microvalve
do not have obvious differences (Fig. 3). The differ-
ence is the original shape of the membrane, which is
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flat for a normally closed microvalve, and concave for
a normally open microvalve [10, 11].

Fig. 3. Comparison of normally closed (a) [11] and
normally open electrostatic microvalves (0).

1 — the voltage is off, the valve is fully open; 2 —
voltage is on, the valve starts to close; 3 — voltage is
on, the valve is completely closed [10]

Electrochemical microvalves

Electrochemical microvalves are considered highly
integrated components with very low dead volume
and power consumption. Embedding in a microfluidic
network can be easily accomplished due to its out-of-
plane architecture. The valve features a compact actu-
ator, a small footprint, and is suitable for mass pro-
duction. These characteristics make such valves par-
ticularly promising for lab-on-a-chip applications
[12].

Unlike electrostatic microvalves, electrochemical
microvalves use electrodes for the electrolysis of solu-
tions in order to produce hydrogen [13]. The micro-
valve consists of an electrochemical drive, a flexible
(for example, polydimethylsiloxane PDMS), mem-
brane (or a SUS cantilever) and a micro-chamber. The
actuator has a chamber containing a redox couple in
solution, and the solution volume is set by the re-
quired actuation volume of the valve. The gas ob-
tained during electrolysis causes the membrane of the
electrochemical microvalve to deviate [12].

There are two types of schematic diagrams of mi-
crovalves with an electrochemical actuator:

1) microvalve based on a SU8 cantilever with elec-
trochemical drive [12],

2) microfluidic valve based on a membrane with an
electrochemical drive [14], — shown in Figs. 4 and 5,
respectively.

Fig. 4. Schematic representation of the operation of
an electrochemical valve with a cantilever.
a — at rest and 6 — in the closed state [12]

Fig. 5. Schematic diagram of the operation of an elec-
trochemical valve [14].
a — the valve is open, and the liquid is pumped out of
the chamber and flows through the valve to the outlet;
6 — the valve is closed

The valve presented in [12] consists of a cantilever
located next to the electrochemical drive, where a gas
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bubble is formed as a result of the electrolysis reaction
(Fig. 4, a). Having reached a critical size, the bubble
starts to press the cantilever against the channels with
the help of a piston and block them (Fig. 4, 6). The
valve has a gasket to minimize leakage when closed.

The work [14] describes the operation of an elec-
trochemical microvalve manufactured using LIGA
technologies (Lithographie, Galvanoformung, Abfor-
mung; lithography, electroforming and molding). The
device consists of two electrochemical drives. Black-
ened platinum electrodes are used as the working elec-
trode, and Ag/AgCl electrodes are used as the refer-
ence electrode (Fig. 5).

As shown in Fig. 5, a, as a result of the electrolysis
of the solution in the right chamber, the emerging gas
bubbles displace the liquid and drive it through the
valve to the outlet. Electrolysis in the left chamber
(Fig. 5, 6) leads to an increase in the pressure drop
across the PDMS membrane. This pressure difference
pushes the membrane up. As a result, the membrane
closes the outlet, and the flow in the channel stops.

The valve can be opened again by manipulating the
electrical voltage supplied to the electrodes in the
valve chambers. The pressure drop across the mem-
brane is overcome by the force of restoring the elastic-
ity of the membrane, which leads to a reduction in
diaphragm deflection and valve opening.

Electrokinetic valve

An electrokinetic valve is best described as a "rou-
ter" that only works with continuous flow.

The groups of A. Manz and J. Michael Ramsey
[15, 16] demonstrated how electroosmotic flow can be
used to quickly switch fluid from one channel to
another using the example of a capillary electrophore-
sis system. In the experiments, a glass microchip was
used (Fig. 6); buffer solution, 20 mM sodium tetrabo-
rate (pH 9.2); sample — 100 pM solution of fluores-
cent dye rhodamine B (in the same buffer). When an
electric field is applied, the electroosmotic flow in the
chip channel is directed towards the anode [16].

Fig. 6. Diagram of a microchip with an electrokinetic
valve (left).

a — image of the valve in a bright field;

dye fluorescence images: 6 — loading, B— dosing,
and r — in analysis mode [16]

The potential supplied to the buffer tank through a
high-voltage relay prevented the sample from being
transported to the analysis channel, and the sample
could freely flow along the crosshair into the drain
channel (Fig. 6, 6). To supply the sample to the ana-
lytical channel, the potential in the buffer tank is
turned off by opening the high-voltage relay for
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a short period of time, for example, 0.4 s (Fig. 6, B).
As a result, a small jam of the sample forms; the size
of jam depends on the duration of the voltage off and
the speed of the electroosmotic flow [16]. Thus, the
sample was electrokinetically transported to the analy-
sis channel. To stop the transport of the sample into
the analysis channel, the potential was reapplied in the
buffer tank (Fig. 6, ).

The electrokinetic valve is currently used in a spe-
cific set of applications (mainly in capillary electro-
phoresis where electroosmotic flow is used) due to
serious disadvantages. Fluid flows during electroki-
netic transport are affected by: 1) properties of the
channel surface (in practice, it works reliably only
with glass surfaces, but glass microchips are complex
and expensive); 2) ionic composition of the buffer. In
addition, expensive and unsafe high voltage sources
and voltage switches are required, and the operation
of valves requires a continuous flow of fluid, since the
operation of the valve is reduced only to redirecting
two fluid flows [16].

Piezoelectric microvalve

Piezoelectric actuators are widely used in micro-
pumps, because the piezoelectric effect can generate
both an extremely large bending force (several MPa)
and small displacements (with a deformation of less
than 0.1%) [6].

The most important components of a piezoelectric
microvalve are a piezoactuator, a valve membrane
(a flexible plug for the valve) and a valve seat [17,
18]. The advantages of valves of this type include: the
relative simplicity of the actuator design, scalable
geometry, low power consumption, reliability, and
energy efficiency. In the traditional version of such
a microvalve, a piezoelectric actuator is usually used
as a valve plug to keep the channel closed or open.
Since the displacement of the piezoelectric actuator is
small, the throughput and resistance to particles are
low [19].

The microvalve presented in [19] is driven by
a disk piezoelectric actuator based on a hydraulic am-
plification mechanism. The piezoelectric valve
(Fig. 7) has a flexible obturator, a valve base, a hy-
draulic fluid chamber, a piezoelectric actuator, a pres-
sure ring, a fluid inlet, outlet, etc. A flexible shutter
(plug) valve with a hemispherical surface matches
well with the valve opening, which has an obvious
advantage.

Fig. 7. The design of the piezoelectric microvalve
[19]

The principle of operation of the microvalve is
shown in Fig. 8. Since there is pressure in the liquid

chamber, the flexible valve plug of a spherical shape
fits snugly into the valve opening, which has a corres-
ponding spherical configuration, providing a good
seal in the "normally closed" state of the microvalve
(Fig. 8, a). When an external voltage, called reverse
voltage, having a direction coinciding with the direc-
tion of polarization of the piezoelectric actuator, is
applied, the latter is deformed in the direction shown
by the arrow (Fig. 8, 6). In this case, the liquid in the
chamber experiences a discharge, and causes the flex-
ible valve plug to contract accordingly. The flexible
plug of the valve comes out of the valve hole, and the
channel opens. When an external voltage is applied in
the direction opposite to the polarization of the pie-
zoelectric actuator forward voltage), its deformation
occurs, due to which pressure arises in the liquid,
leading to sealing and overlapping of the inlet with a
flexible membrane (Fig. 8, B). Thus, the developed
microvalve changes its operating state due to the ex-
ternal voltage acting on the piezoelectric actuator.

Fig. 8. The principle of operation of the piezoelectric
microvalve.

a — no external voltage; 6 — reverse voltage; B —
forward voltage [19]

Magnetic valves

A typical magnetic microvalve consists of a per-
manent magnet and a flexible elastic membrane made
from a soft magnetic material. The deflection of the
membrane is caused by magnetic forces. This type of
microvalve belongs to microvalves with external con-
trol. The simplicity of the design ensures low cost and
portability, which are important for disposable micro-
fluidic systems. A magnetic cantilever beam [20] and
a magnetic ball [21-23] can also be used to control
(on/off) the valve. In addition, the use of magnetor-
heological fluids deposited on the surface of an elastic
membrane makes it possible to control the deforma-
tion of the membrane under the action of a magnet to
provide the possibility of blocking the microfluidic
channel [24]. Thus, the principle of operation of the
magnetic microvalve is simple. The various positions
of the magnet set the direction of the membrane def-
lection, and the deflection of the membrane caused by
the magnetic force opens or closes the valve. The op-
eration can be performed remotely using magnetic
fields. This type of microvalve is externally actuated,
so there is no interaction with the controlled fluid in
order to ensure the safety of operators when working
with some hazardous substances. It is noted that the
biggest drawback of magnetic microvalves is the im-
possibility of completely closing the channel under
the action of magnetic force [5].
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In [20], a magnetic V-shaped cantilever beam was
used to control the valve. The basic design of the mi-
crovalve is presented in Fig. 9, which shows the two
main parts of a microvalve: the top V-shaped canti-
lever and the bottom diaphragm. In order to close the
micro-valve, the V-beam has a galvanically deposited
Co-Ni layer, which causes the upper beam to deviate
in the presence of an external magnetic field generated
by a permanent magnet placed near the microvalve.
So, depending on the position of the magnet, the can-
tilever beam opens or closes the fluid flow path

(Fig. 9).

valve was actuated by the contact of an external mag-
net with the outer surface of the device (Fig. 11, "Ac-
tivated"). The applied magnetic field creates a force
sufficient to separate the inner magnet from the PSA
ring and displace it. At the same time, the connecting
port between the two cameras was opened, which
made it possible to transport the contents between the
cameras in different planes simply by shaking the de-
vice (Fig. 11, "Open").

Fig. 11. Scheme and photographs of the operation of
the magnetic adhesive valve [25]

Fig. 9. Scheme of functioning of a microvalve with a
magnetic drive [20]

In [24], magnetorheological liquids applied over a
deformable PDMS membrane were used. Fig. 10
shows the principle of operation of a microfluidic
valve with an integrated membrane and a magnetor-
heological fluid.

Fig. 10. The principle of operation of an elastomeric
diaphragm valve with a magnetorheological fluid and
a permanent magnet [24]

The impact of a magnet on a magnetorheological
fluid causes deformation of a thin layer of PDMS,
which leads to channel blockage.

A magnetorheological fluid is a suspension of mi-
croparticles in a carrier fluid. The key advantage of
this approach is that the magnetic permeability of the
magnetorheological fluid is much higher compared to
magnetically doped PDMS membranes, therefore,
significantly higher strain can be achieved. This al-
lows smaller valves to be made, making this approach
more suitable for large-scale microfluidic integration.
Other advantages of this approach are cost-
effectiveness, as well as compatibility with commonly
used soft lithography processes to fabricate microflui-
dic channels.

In [25], the design and use of a magnetic adhesive
valve for storing reagents and controlling fluid flow in
a microfluidic device are described in detail (Fig. 11).
As shown schematically in Fig. 11, the initially closed
valve consists of a port connecting two (or more)
chambers in different planes within a multilayer de-
vice. A thin ring of double-sided pressure-sensitive
adhesive (PSA) tape served as a seat for a neodymium
disk magnet that covers the port opening (Fig. 11,
"Closed"), preventing fluid from moving between the
two chambers. In the closed state of the valve, the
neodymium disk magnet is held by a ring of adhesive
film over the hole connecting the two chambers. The
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Fig. 11, bottom panel, contains photographs of the
manufactured magnetic adhesive valve, corresponding
to the work steps shown in the top panel.

Thus, the use of a magnetic adhesive based-valve
to control the transport and mixing of reagents in a
device without voltage sources (energy sources) using
only an external magnet and physical shaking of the
device was demonstrated. In addition, valve actuation
and fluid flow control require little or no technical
knowledge or special training, or mechanical, thermal
or electrical inputs. This allows the device to be sealed
during operation, which increases user safety when
analyzing potentially hazardous materials and helps
avoid environmental pollution. Thus, a simple and
inexpensive valve design (less than US $0.20 per
valve) can facilitate the development of lab-on-a-chip
devices for use in resource-limited settings [25].

Solenoid valve

Special electromagnetic microvalves based on the
use of ferrofluid have been developed. Ferrofluids are
magnetic fluids: a suspension of ferromagnetic par-
ticles 10 nm in size in a carrier fluid. Carrier fluids
can be water, diesters, hydrocarbons, or fluorocarbons
and are suitable for a variety of applications. The fer-
rofluids take the form of a channel, potentially provid-
ing a good seal, and respond to external localized
magnetic forces to actuate the valve. The design and
principle of operation of an electromagnetic micro-
valve based on ferrofluid are shown in Fig. 12. Ferrof-
luid controlled the deflection of the membrane and
regulated the fluid flow in the channel [26].

Fig. 12. Layout and principle of operation of an elec-
tromagnetic microvalve based on a ferrofluid [26]

The valve is a multilayer structure of three silicon
plates hermetically interconnected and consists of four
main parts: a microchannel, an electromagnetic coil,
a flexible PDMS membrane and a drive based on ferrof-
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luid. A microchannel measuring of 100 pm x 3000 um x
x 15 mm (height x width x length) with a cavity for
holding ferrofluid was fabricated by deep reactive ion
etching on a silicon substrate 1000 pm X 15 mm X
x 15 mm, located in the middle. In the same way,
a cavity for a microcoil was obtained on the upper
silicon substrate. A PDMS membrane is used as a di-
aphragm, and ferrofluid is injected into the cavity. The
lower silicon substrate is used as the base.

When current is applied to the microcoil, a mag-
netic induction field is created, which causes an elec-
tromagnetic force between the coil and ferrofluid, as
a result of which the membrane between the microcoil
and ferrofluid is elastically deformed and blocks the
fluid flow in the microchannel. This is the closed state
of the valve, as shown in Fig. 12, 6. As soon as the
coil current is turned off, the electromagnetic force
disappears, and the diaphragm becomes flat due to the
restoring force. This is the open state of the valve, as
shown in Fig. 12, a.

The main idea is to open and close the fluid flow in
a microchannel using a ferrofluid and an electromag-
netic drive. The absence of any mechanical moving
parts and the prevention of ferrofluid contamination
are the main advantages of this design. Due to its flat
design, this microvalve can be integrated with other
lab-on-a-chip microfluidic devices.

Pneumatic microvalves

Pneumatic microvalves are widely used as key
components for automating fluid handling and flow
control in microfluidics. To operate, they require an
external system, usually consisting of a vacuum pump
(or compressor) and a pneumatic actuator.

The membrane is also one of the most important
parts of a pneumatic microvalve, made, for example,
from PDMS, silicone, or silicone rubber [27]. These
flexible membranes can be deformed by means of
a pneumatic actuator to close or open the respective
valve's fluid passage. A thin membrane is built into
the operating (control) channel, which bends under the
action of vacuum or pressure, which leads to the clo-
sure (or opening) of the liquid microchannel asso-
ciated with the operating one. Membrane thickness,
response pressure, configuration, design complexity,
and position of the microvalve in the device affect the
characteristics of microvalves [5].

Design options for pneumatic microvalves are giv-
en in the table [5].

It should be noted that along with valves that oper-
ate when a negative pressure (rarefaction) is applied in
the operating channel (Tab., pos. 1 and 2), in micro-
fluidics there are widely used valves that operate
when an increased pressure is applied to the control
channel or chamber (Tab., pos. 3). This type of mi-
crovalve is made by placing a thin PDMS membrane

between two microchannels. The application of
pneumatic pressure to one of the microchannels caus-
es the thin membrane to bend, as a result of which the
other microchannel is blocked [32—34].

Tab. Design options for pneumatic microvalves [5]

However, a microchannel of rectangular cross sec-
tion (Fig. 13, a) is not able to provide a complete
overlap of the liquid flow due to the presence of right
angles, because the membrane does not fit into the
rectangular shape of the microchannel. This can lead
to cross-contamination when microvalves are used for
biological experiments, for example, with multiple
cell types.

Fig. 13. Sections of microchannels of pneumatically
actuated microvalves [32].

a — rectangular cross section; 6 — semicircular cross
section

To solve this problem, a microchannel with a se-
micircular cross section is proposed. In a microchan-
nel with such a cross section (Fig. 13, 6), the mem-
brane is able to reliably and tightly adhere to the wall,
which leads to complete closure [32].

Due to its simple design and low cost, the pneu-
matic microvalve is used in many applications, includ-
ing the use of microfluidic contours for mixing rea-
gents. and droplet sorting, for fast sample injection,
etc. [5].

Shape memory alloy microvalves

The shape memory effect is an attractive pheno-
menon that makes it possible to apply large forces in
small volumes, on the basis of which a number of
simple and compact designs of microvalves were de-
veloped to control large pressure drops and flows [35—
371.

Materials with shape memory (SMA, shape memo-
ry alloy) have thermoelasticity and superelasticity,
which allows them to restore their shape after signifi-
cant deformation (up to 10%), acting with great effort
(available energy densities reach 107 J/m’).
Micrometer-sized SMA structures allow cycling on
the order of 100 Hz [38]. It was shown in [39] that the
shape memory effect is preserved for miniature actua-
tors up to 100 nm in size.

An unusual shut-off valve (with an SMA control
element) for controlling the movement of a liquid
sample in a PCR chip is described in [40] (Fig. 14, a).
The valve consists of a hydrophobic vent (diameter
800 um) and an external sealing piston embedded in
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a microchip and driven by a shape memory wire. As
soon as the liquid "plug" of the sample under the ac-
tion of pressure passes past the ventilation hole, the
pressure is released, and the sample stops behind the
hole in a certain place (Fig. 14, 6). Activation of
a material with SMA (not shown) causes the piston to
close the vent, and pressure on the "plug" increases
again and causes its motion (Fig. 14, B). Thanks to the
built-in valves in the developed microchip device, it
was possible to carry out several stages of PCR analy-
sis (DNA isolation, preparation of a mixture for PCR,
reaction with the determination of the final product) in
a fully automated mode [4].

Fig. 14. Working principle of microvalves with
memory effect for precise sample positioning.

a — liquid "plug" of the sample passes through the
hydrophobic vent and stops immediately after it; 6 —
air exits through the vent; B — after the hole is closed
with the piston, the "plug" of the sample can move
further [40]

The paper [41] describes the designs of normally
open (NO) and normally closed (NC) shape memory
alloy microvalves for fluid flow control (Fig. 15). The
main working element of the valves is a thin (20 mi-
crons thick) titanium-nickel SMA foil, which has
a one-sided effect. In the valve, the foil is mechanical-
ly loaded with a spherical plunger (diameter 750 pum)
or a pressure spring (Fig. 15, a). For a NO microvalve,
when the SMA is electrically heated, the foil flattens
and presses the plunger down against the valve seat.
In the NC microvalve, the spring initially closes the
valve, while the spring force (F,,) prevails over the
mechanical force (Fye,) of the SMA foil and the fluid
pressure (F,). With Joule heating, the SMA foil over-
comes the force of the spring and opens the micro
valve. Time constants for electrical heating are deter-
mined by the mass of the SMA element, therefore, the
shape of thin rays diverging from the central region
made it possible to increase the speed of the valve
actuation, as well as to adjust the microactuator force
in the out-of-plane direction by changing the width,
thickness, and number of rays (Fig. 15, 6). The SMA
element is produced by photolithography and wet
chemical etching, the process has been specially de-
veloped for mass production.

Fig. 15. Normally open (NO) and normally closed
(NC) shape memory alloy microvalves for switching
and controlling fluids.

a — side view in the open and closed states; 6 —
sketchtop view of the SMA microactuator for NO
(left) and NC (right) microvalves; B — photographs
of microvalves [41]
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The microvalves were designed for a flow rate of
12.5 ml per minute (water) in the open state at a pres-
sure difference of 200 kPa. The flow rate is feedback
controlled using a high speed flow sensor. The flow
control accuracy was ~1.5%, the response time was
less than 24 ms. The height of NO and NC micro-
valves is 7 and 11 mm, respectively (Fig. 15, B). Both
microvalves have four mounting screws and two elec-
trical connection pads on the top side, while the NC
microvalve has an additional screw for adjusting the
spring tension.

Later in [42], a multi-port microvalve was pro-
posed, in which two similar SMA elements, operating
mutually independently, provide mixing or separation
of flows, offering either two inlets and one outlet, or
one inlet and two outlets. Valve parts contacting lig-
uid have been manufactured from biocompatible ma-
terials, thanks to which the microvalve could be used
for biological research.

Since 2017, Memetis GmbH (Germany) has
launched industrial production of microvalves based
on SMA foil, designed for analytical, biological, and
medical applications. The work [43] demonstrates
a compact microfluidic platform for semi-automatic
cell cultivation, in the manufacture of which 11 valves
from Memetis were used, including those for precise
regulation of the liquid flow. Two types of primary
human cells were tested: umbilical vein endothelial
cells and mesenchymal stem cells. For comparison,
cells grown in standard culture dishes were used. The
authors of [43] note that the use of precision miniature
valves and a piezoelectric pump makes it possible to
maintain a laminar flow throughout the entire multi-
day analysis, avoiding sudden changes in shear stress
during medium perfusion that affect cell cultures.

The paper [44] describes a microvalve based on an
SMA alloy rod, that bends / straightens using an un-
usual heating method: the substrate with the rod was
covered with paraffin oil, which was heated under the
action of surface acoustic waves from a radio frequen-
cy signal generator and a pair of interdigital transduc-
ers. As soon as the temperature of the SMA rod ap-
proached the transition temperature (60 °C), the rod
straightened out and blocked the PDMS channel filled
with liquid by means of an aluminum stop. It took
30 s to heat 10 pl of oil, and the power of the electric-
al signal must be at least 21 dBm. With a 1.5-fold in-
crease in power, the turn-on time of the microvalve
was approximately 20 s, and the turn-off time was less
than 46 s.

The advantages of valves based on SMA include:
silent operation, low power consumption, high forces,
and relatively large movements.
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Microvalves with non-mechanical moving parts

Due to their special properties, some materials can
be used for the direct actuation of microvalves. For
example, phase change materials, including polymers
(hydrogels, sol-gels), paraffins, fusible alloys (alloys
with a low melting point), etc. Phase change micro-
valves are relatively new and cheap compared to tradi-
tional mechanically active microvalves. Non-
mechanical active microvalves are of particular inter-
est in terms of their simple design and disposability,
making them suitable for applications in lab-on-a-chip
devices.

Biological microvalves

Some microorganisms and bacteria are used as mi-
crovalve actuators in microfluidic devices. There is
a species of colonial unicellular green algae of the
genus Volvox, called V. carteri, which has phototaxis.
In [45], a model of a light-controlled microvalve
based on Volvox activation is reported as a moving
element in a multilayer microfluidic device (Fig. 16)
manufactured by casting.

channel (Fig. 17, a). To open the channel, the paraffin
is melted with the help of a heater underneath and
moves along the channel further downstream under
pressure. As soon as the molten paraffin leaves the
heating zone, it begins to solidify on the wall of the
wide section of the channel, as a result of which the
channel becomes open (Fig. 17, 6). The second valve
of the "open - closed - open" type is a normally open
valve with a paraffin block connected to an air pocket,
which acts as a thermally driven air pump (Fig. 17, B).
When the heater is turned on, the air in the pocket ex-
pands and pushes the melted paraffin into the adjusta-
ble channel. If the heater is immediately turned off,
the paraffin solidifies in the main flow channel, which
leads to the channel closing (Fig. 17, ). The channel
can be opened again by re-activating the heater
(Fig. 17, n).

Fig. 17. Schematic illustrations of the construction of
a paraffin microvalve.

a, 6 — valves of the "closed-open" type; B, T, 1 —
valves of the "open-closed-open" type; e — photo-
graph of a PCR chamber with paraffin microvalves
[46]

Fig. 16. Biological microvalve.
a — micrograph of a V. carteri colony; 6, 8 — Volvox
motion control scheme using a blue-green LED [45]

They used the phototaxis of V. carteri and con-
trolled their movement in the microchannel under
light illumination. V. carteri migrated through the
channel to the light source. The colony was found to
have stopped the flow.

Phase change microvalves

Microvalves use paraffin with a low melting point;
the phase transitions of this material into solid and
liquid phases make it possible to block the flow of
liquid in the microchannel through a deformable
membrane. The switching of the valve is controlled by
the melting of the paraffin when heated. A thin top
wall separates the liquid channel from the paraffin
chamber, and the main concern is that the liquid in the
channel is not contaminated with solid paraffin. This
type of microvalve requires a microchamber to store
the paraffin and a microheater to heat it. The response
time to open and close is relatively slow [5].

The authors of [46] developed a valve mechanism
in which paraffin is used as an actuating material, that
undergoes a phase transition from a solid to a liquid
state in response to temperature changes. Several
schemes for the single-use valve are demonstrated
(Fig. 17). The first valve of the "closed - open" type
has a block of paraffin, which initially closes the

The planar design of these microvalves simplifies
their fabrication and integration. Experiments have
shown that paraffin-based microvalves have zero lea-
kage in the "closed" position. Wax based valves are
strong and have excellent mechanical stability. The
response time required to open and close the paraffin-
based valves is in the order of 10 s. Successful DNA
amplification in a chamber closed with paraffin-based
microvalves showed that the paraffin was compatible
with PCR. Fig. 17, e shows an image of a PCR cham-
ber surrounded by five paraffin-based microvalves:
valves 1-3 are "open-closed" valves, and valves 4 and
5 are "closed-open" valves. Before starting the PCR,
all valves are in the "closed" position.

Paraffin-based planar valve designs do not contain
a flexible diaphragm and are therefore simpler than
traditional diaphragm actuator designs that require
multilayer structures [46].

Valves from metal alloys with low melting points

[47] highlights a PDMS valve with fixation of the
end position due to the use of a metal alloy with a low
melting temperature. The mechanism of operation of
the valve is similar to pneumatic, where an interme-
diate layer is added to a thin membrane at the intersec-
tion of two channels (air control and liquid), filled
with a material with a low melting point, known as
a Field's alloy or metal (32.5% Bi, 51% In and 16.5%
Sn) (Fig. 18). The metal alloy layer, when heated
above 62 °C, becomes liquid, allowing the control air
channel to block the section of the liquid channel

HAVYYHOE ITPUBOPOCTPOEHME, 2023, Tom 33, Ne 4



MUKPOKJIAIIAHBI B MUKPO®IIOUIHBIX YCTPOMCTBAX. U. 1.

while the Field's alloy in the liquid state fills the
formed recess (Fig. 18, 6). When the alloy cools and
solidifies, the closed position of the valve is fixed
(Fig. 18, B) and can be kept in this state without con-
suming energy. The valve can be moved to the open
state by heating in the absence of pneumatic pressure,
then the restoring force of the PDMS membrane push-
es the molten alloy back to its original zone (Fig. 18,
r) with subsequent fixation of the valve in the open
position after cooling (Fig. 18, a).

By adjusting the pneumatic pressure, the diaph-
ragm can be locked in any position between open and
closed states.

Fig. 18. Scheme of operation of a locking valve from
a low-melting alloy [47].

a — the valve is open and fixed; 6 — local heating of
the Field's alloy using a built-in thin-film heater and
the supply of pneumatic pressure to the control chan-
nel displace the liquefied Field's alloy and close the
valve; B — heat removal leads to solidification of the
Field's alloy, fixing the valve in the closed state; r —
heating the Field's alloy without pneumatic pressure
returns the valve to the open state

A PDMS device was fabricated with a valve mem-
brane area of 100 pmx100 pm. Heating was carried
out by means of a built-in thin-film metal heater. The
response time was determined by the time required to
soften the Field's alloy and was estimated at about
100 ms, the solidification time of the alloy after turn-
ing off the heater was less than 33 ms. The power re-
quired to melt the metal was 50 mW at a voltage of
1.2 V. It was found that at a liquid pressure above
0.14 MPa, the membrane of the closed valve got de-
formed, which led to fluid leakage. An increase in the
area of the valve would increase the critical pressure,
but this would also lead to an increase in the response
time of the valve. Such a shut-off valve is expected to
be used to store reagents when operating pressures are
low and low power consumption and long storage are
required.

Hydrogel microvalves

Hydrogels are three-dimensional cross-linked po-
lymer networks capable of absorbing large amounts of
water. Stimulus-responsive hydrogels have great po-
tential for miniaturized, integrated sensory and actuat-
ing systems, especially for lab-on-a-chip technology,
but their applications are still in their infancy. One of
the main reasons may be that the design and imple-
mentation of systems based on hydrogel are complex
and labor-intensive [48].

A stimulus-responsive, or “smart”, hydrogel is ca-
pable of reversibly and reproducibly changing its vo-
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lume by more than an order of magnitude even in the
case of very small changes in environmental parame-
ters such as pH, temperature, electric field, or light
emission [6].

Beebe and colleagues [49] presented the concept of
a hydrogel-based microvalve for autonomous flow
control inside microfluidic channels. Hydrogel struc-
tural elements were formed by in situ liquid-phase
photopolymerization in microchannels and were able
to reversibly expand and contract depending on the
pH of the environment. A three-layer hybrid micro-
valve was developed to connect a flexible PDMS
membrane with a hydrogel actuator [50]. The hydro-
gel actuator expanded as the pH 11 solution flowed
through the control channel. The membrane became
deformed and completely blocked the working chan-
nel.

It was found that if the transverse dimensions of
hydrogel objects were less than the height of the
channel, they tended to deform or migrate along the
channel when the volume changed. For the manufac-
ture of stable objects with a short response time, it
was proposed to polymerize hydrogel structures
around pre-fabricated pins in the channel. The pins
provide secure support as well as improve temporal
response due to a slight expansion of each of the thin
hydrogel shells surrounding the pins. An array of hy-
drogel-coated pins can control flow in large channels,
as shown in Fig. 19. The response to a pH change for
the expansion of this (with pins) valve design is 8 s
(the response to compression is of the same order). In
contrast, an alternative valve design that uses a single
large cylindrical structure in a channel of the same
size, has a step response of 130 s in the same pH
range. Thus, the integration of pins with hydrogel
shells into microfluidic systems overcomes the main
disadvantage of hydrogel valves — slow response
[49].

Fig. 19. Design of a microvalve with pins in the mi-
crochannel serving as a support for hydrogels [49].

a — diagram of a valve with pins with hydrogel
shells; 6 — image of the channel cross section after
hydrogel polymerization; B — hydrogel shells block
the lateral channel in the active state; r — "com-
pressed" shells of the hydrogel allow the liquid to
flow through the side channel; ;7 — improvement in
time response of the hydrogel sheath design (circles)
compared to an alternative design that uses a single
larger cylindrical structure in a channel of the same
size (squares), fp — relative change in diameter

[49] also presents a design in which the hydrogel
component can characterize the chemical environment
in one channel and regulate the flow in the adjacent
channel, as shown in Fig. 20. This device contains
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a flexible membrane that can deform, blocking flow in
an adjacent channel. The structure of a hydrogel po-
lymerized in a channel above the membrane expands
or contracts in accordance with a change in pH. The
force associated with these volume changes is suffi-
cient to deform the membrane and therefore control
the flow in the lower channel.

Fig. 20. The design and principle of operation of the
shut-off valve with hydrogel [49].

a — valve design, arrows indicate the direction of
fluid flow; 6, B8 — the hydrogel expands and deforms
the membrane, blocking the flow in the adjacent
channel.

The images on the left (06, r) show a top view of the
device, while the images on the right (B, 1) show
a side view. The fluid in the blocked channel is co-
lored for clarity; v, 1 — the hydrogel gets com-
pressed, and the membrane returns to a position that
allows the liquid to flow into the adjacent channel

In the same work [49], a "stream sorter" is pre-
sented. This device consists of a T-shaped channel, in
which the entrance to each branch is blocked by a hy-
drogel structure of a unique chemical composition. A
hydrogel of one composition expands at high pH and
contracts at low pH in the first channel, while a hy-
drogel of another composition closes the second
channel and exhibits the opposite behavior (i.e.,
shrinks at high pH and expands at low pH). The de-
vice and the graph of its resulting output characteris-
tics are shown in Fig. 21. This device automatically
directs the flow in the central channel into one or
another branch, depending on the pH. In a certain pH
range (5.7-6.8), both hydrogel valves swell, blocking
the channel. Each hydrogel valve performs executive
and regulatory functions normally implemented by
individual components (valve, sensors, and electron-
ics) in a conventional system. By adjusting the chemi-
cal composition of the hydrogel, the output characte-
ristic can be changed, which allows the use of pH-
sensitive hydrogels in various applications.

Fig. 21. Reaction of various hydrogels to the pH of the
surrounding liquid [49].

Top — relative change in diameter (fp) of hydrogels
as a function of pH. Below are images demonstrating
the switching ("sorting") of liquid flow depending on
pH. The hydrogel blocking the right channel (circles)
expands in an alkaline environment and contracts in
an acidic one. The hydrogel blocking the left channel
(squares) expands in an acidic environment and con-
tracts in an alkaline environment. At pH 7.8, the flow
is directed to the left channel. At pH 4.7, the flow is
directed to the right channel

It is known that a thermosensitive hydrogel,
poly(N-isopropylacrylamide), undergoes significant
reversible volume changes as its temperature rises
from room temperature to above the phase transition
temperature of 32 °C.

Wang et al. [51] took advantage of this volume ef-
fect to design hydrogel-based thermal valves for mi-
crofluidic systems. These valves are attractive in that
they do not require any mechanical components, have
no moving parts, and are easy to integrate into sub-
strates made from various materials. Two types of
valves have been designed. In one case, the valve con-
sisted of a cylindrical plug inserted into a Teflon tube.
In the second case, the valve was inserted into a cavity
built into a polycarbonate structure. In the latter case,
the hydrogel occupied about half of the cavity vo-
lume. In both cases, the closing (swelling) time of the
valve was about 4.5 s. The valve opening time de-
pended on the hydrogel volume. The hydrogel valves
have operated through many opening and closing
cycles with good reproducibility and without any visi-
ble degradation in performance.

The paper [51] also describes the designs of devic-
es with hydrogel valves, their application for flow
control, dosing of samples and reagents, distribution
of samples through multiple channels of analysis.

Fig. 22 schematically shows a gel valve flow di-
vider that distributes the sample into four chambers.
The device is made of polycarbonate. Dosing cham-
bers can have both the same and different volumes.
The channels located behind the dosing chambers, are
equipped with hydrogel valves. The sample enters
through the inlet channel and fills the dosing cham-
bers. The chamber with the least hydraulic resistance
is filled first. When the fluid reaches the hydrogel
plug, the hydrogel swells and blocks the passage in
that particular channel. Then another of the remaining
chambers is filled, and so on, until all dosing cham-
bers are filled. As soon as all dosing chambers get
filled, the hydrogel valves heat up (the thermosensi-
tive gel shrinks) and open. Liquid aliquots from the
dosing chambers move through four different analysis
channels.

Fig. 22. Flow divider diagram with gel valves [51]

CONCLUSION

The main task in creating microanalytical systems
and "laboratory-on-a-chip" systems for biochemical,
biological, and medical applications is to provide pre-
cise and controlled movement of microflows of liquid
(and gaseous) media in a microfluidic device. To
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solve this problem, research groups propose various
designs of microvalves for active control of fluid
flows [4, 6]. However, active microvalves have
a number of disadvantages, namely: a relatively high
cost, certain difficulties in integrating into the device,
a need to use high-tech processes in manufacturing
and assembly, and sometimes quite complex control
schemes.

An active mechanical valve usually consists of
a mechanically operated diaphragm or lever combined
with an actuator to shut off the fluid flow. The valve
actuator may be built into the device (magnetic, elec-
trostatic, piezoelectric, or thermal, such as shape
memory alloy or rheological material) or driven by
external systems (sources of magnetic or electromag-
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netic fields, vacuum pumps, or gas compressors). Ex-
ternal systems increase the complexity and cost of the
device, and don’t suit compact or miniature systems.

Non-mechanical active valves (phase change, bio-
logical, hydrogel) are of particular interest to re-
searchers from the standpoint of simplicity of design,
low cost, the possibility of single use, but still quite
rarely used at the present time.

It should be noted that almost all active valves,
with the exception of some hydrogel valves, require
the use of external energy sources to ensure the opera-
tion of actuators, which limits their use, for example,
when creating devices for use in resource-limited
conditions, for example, systems for on-site "Point-of-
Care" diagnostics.



