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TEOPUA MHIEYHOTO COKPAWEHWA U TAPAMETPH
SﬂEMEHTAPHOTOu%gﬁiATMTEHBHOTO

B.l.JlemepeBcruit

fHcTUTyT OMoJIoIrMyecKod ¢uauxu AH CCCF,
Nymsuo, MockoBckaa o0macts, CCCP

CymecTBeHHafd 4acTh pPe3ylbTAaTOB, NPEACTEBIEHHHX B
3TOM ZOKJIaZe, NoJdyueHa coBMecTHO ¢ A.E.BykaTunoif, B.H.Bypas-
ueBuM U M.0.YanaumeM.

B 1957 roxy A.Xakcie /I/ mpeznoxun MmaTemaTmdeckde
ONUC3EME TMIOTEe3H CHOIB3AMUX HUTeH{ M NOKa3ax, 4YTO €ro Mo-—
ek HAXOIMTCH B COIJIACMKM C W3BECTEHMM ZAUHAMNYECHHME M
JHEPTEeTUYECKUME CBOiiCTBaMM NONEpPEYHO-TOAOCATHX MHEI, BH-
paxaeMuM¥ ypaBHEHUsgMM Xuijia. B OOCHeAHEe BPEMS NOABUIOCH
HECHONBKO MOZMQUKAUMH 2TO{ MOIENM, NO3BOJAMBIKEX IIPM COOTBET-
CTBybIEeM NOZOOPE IapaMeTpoB OnucaTh OZMHOYHOE U3OMETpUuec-
KOoe cOKpaumesue /2/, aBTOKONEGaHME JIETaTEAbHHX MHIL HECEKO-
MHX /2,%/ ¥ NepexOjHHE DEeEMMH COKpaueHus Ioclie CTyNeHYyaTo-
TO yMeHBHEHUs HATDy3Ku /4,5/. [Iipy 5TOM 0Ka3al0Ch, UPO AJIA
ONMCAHMA DA3NUYHHX DEXUMOB COKPALEHMA NMPUXOMUTCA BBOKUTH
HOBHE [apaMeTpH ¥ NpPEeAnolaraTs DAa3HWE 3H3YEeHHs NapaMeTpoB
MOZEeIM, XaPaKTEePU3yOUUX OMJIOBHWE CBOHCTBE 3aMKHYTOTO IOIE-
PEYHOTC MOCTHKY ¥ KOHCTSHTH CKOpDOCTel#l 3aMHKaHUA M DPa3MuKa-
HIA MOCTUKOB. [l0BTOMYy QKTyalbHHM ABAAETCH BONDPOC, BO3MOKHO
IM ONMCaHMe CTAUMOHADHNX M HECTAUMOHADHHX DEEUMOB COKpame-
HMF B paMKax OJHOH MOZEAX C IOMOLbX EJUHCTBEHHOTO HAO0pa
[apaueTpoB. .

B 1968 roZy M NONNTAAUCH BHACIHTH CYWECTBEHHHE B ME~
X3BMYECKOM OTHOWEHUM COCTOFHUE [OINEPEYHOrO0 MOCTHHKA M ONU-~
CaTh COKDAMEHNE MNLON KaK NepexXOAH MOCTHMKOB MEXLY 3TUMHU
cocTofHNAMY /6/. [Ipeanonaraliochk, YTO 3ANKHYTHE MOCTUEM MO-
TyT OWTb ABYX cOpTOB: “TAHymue", pasBMBAWLNE NOCTOAHHYD
NOZOEUTENBHYW CHAYy + £ u “TopMosamMe/, pasBUBaLmME IOCTO~
HHY® OTPMIATENbHYD cuiny - f . CBOCOAHHA MOCTHUK, 38MHKAACEH,
NepexonuT B TRHyWEe COCTOfgHAWE, B KOTODOM OH MMEET HU3KYD
BEDOATHOCTE paBOMKH%TLCH. [locne cmemen¥ss, HOTODOE CONPAKEHO
CO CKOIBXEHMEM HUTEe{, Ha paccrogsue O U3 NONOKEHUs HAWOO0 -
jlee BEPOATHOTO 33MHK3HUF ( PABHOBECHOTO MOJIOKEHHA CBOGOZHOTO
MOCTHKE) OH NMEpex0IuT B TOPMOBANEE COBTOAHME, B KOTODOM
BEPOATHOCTE PAsMHEAHUA BHCOKA. CXeMa 2JeMEHTAPHOTO LMKIA,
CUJIOBAsi XaDAaKTEPUCTUKA 34MKHYTOTO MOCTMKA ¥ KOHCTaQHTH CKO-
POCTEll NPUCOEAMHEHUA ¥ OTCOCAMHEHMA, A TAlKE ypaBHEHUA MO-
Leau 1Jjf clydas COKpaueHMA MHLIN JIGHNW B IIPDABOK [NOAOBUHE
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puc.I. "Kuneruueckue" ypasremmg (I) u (2) ONUCHBAWT nepe-
XOZH MOCTHKOB MEXLY CBOCOZHHM, THHYIIMM ¥ TODPMO3AMKM COCTO-
AHUAMU. CHIQ MBULH BHPAXaeTCH KaK £x(n-m) . JpaBHEHKE
(3) onucuBaeT ABUXKEHWE HArpyakm T, oOnazaniedr Macco J .
énenyer OTMETUTH, YTO BQEEKTUBHAR KOHCTAHTA CKOPOCTM Ne—
PEX0Aa MOCTMKOB K3 THAHYLETO COCTOAHMA B TODMO3fllee MMEET
MEXaHMYECKYW NDPUPOZY ¥ BHNPAXGETCA HKAK OTHOWEHME CKODOCTH
CKONbXEHUA HUTEH, V , K CPEAHEMY MHTEpBaly HepewmeueHus
MOCTHKA, O , H@ KOTODOM OH D33BUBAET NOINOKATENLHYW CHAY
+§ . [IPHTOX MOCTHKOB B THAHYNUSE COCTOAHUE ONUCHBAGTCH Ulle—
HOM K, X(d-n-m) {CcM.yp-€ 1), uTo OyzeT chpaBelIuBO, €CiM
BCE CBOCOZHHE MOCTUKU MMEKNT OZMHAKOBYN BEPOATHOCT:L 3aMH-
Kahusi. B ypasHeHuM (1) He yuMTWBAETCA DA3MHHEEHUME TAHYMMX
MOCTUKOB, IOCKOABKY KOHCTAHTA K., , KOTOpasg MOXET OHTb
OUEHeHd N0 CNajfy HalpPAXEEUs BO BPEMA pacclalieHHs MHUUN
/7/, uana mo cpaBHeHWO ¢ K, B ToM cayyae, €CAK MHUNA
TOJHOCTHI aKTMBMPOBAHA.

Takum o6pa3oM, KAHETHUYECKUE ypaBHeBMA (I,2) ONUCHBAWT
BeCbM3 IpyCyk MOZelb NOBEAEHNHT MOCTMKOB B COKpamawlercs
Mpmse. OZHAKO OKA3WBAETCH, 4YTO HIBECTHHE COKPATMTSNLHHE
CBOYiCTBA MOTYT OHTH KOXMUECTBEHHO WMHTEPNpEIUPOBAHH B €@
paMKax. HapameTpn MOZEedyW MOTYT OHTER ONpelielicHn OLHO3HAWHO
N0 HEeGONBNOMY YMCIy IKCHNEPUMEHTAIbHWX LaHHHX,¥ HXe OyzeT
[OKAa3aHO, YTO Da3NUYHHE DEXMMH MHUEYHOTO COKDANEHUS ONUCH-
BapTCH, ¢ NOMOMBH OJHOPO Halopa napaMeTpoB.C Apyrof CTOPOHH,
HOKOTODHE 3KCHEPUMEHTH, NOCTAHOBKE KOTOPWX ONI3 CTUMYAUDOBAHA
9TOff MOZENb, BHABWIM I'DAHMLE €€ IPUMEHMAMOCTH U HAMETLIM
NyT® €8 yCOBEPUEHCTBOBAHMA.

Cucrema ypapHeHuit (I-3) MO3BOAAET DAacCUMTATh AMHEMUKY
MHWEYHOTO COKDAWEHUs NpU DA3JIMUHNX yCAGBMAX. Hauobosee NpPOCTO
OMMCHBAETCH MOIENBN COKpALEHME C NOCTORHHOM CKOPOCTER., Bu-
pakeHue ANf CTSNMWOHADHOE CROPOCTHU COKDPIWEHMA UMEET BUA Xa-
PAKTEePMCTHYECKOTO ypaBHeHUs Xuiia (yp.7, puUc.2). CkopoCcTH
SHEpTro—~. ¥ TENAONDOAYKUMAM NpPU COKPAUEHWR C NOCTOAHHONW CKO-
pocTeb BHpaxanTcs ypaBHeHusaMu (8) u (9) M coraacywTcs ¢
ZaHHBEMM XUJjla NPU COOTBETCTBYWHEM [OZOOpE HApPaMEeTpOB.

B KUBETHUECKO{ MOJAENM UMEETC NATE NMapaMeTpoB. CpaBHEe-
Hii€ CTAUUOHADHOTO pEleHMRA C ypaBHeHMeM Xuina ZaeT Tpu COOT-
HOLEHMA MERZY HMMM, YNCNO MMO3MHOBHX BHCTYLIOB, & , MOXHO
OLEHUTD U3 CTPYKTYPHHNX HGHHHNX,., ECAM ele NDEANOIORKHTH, KAK
OCHYHO, YTO MKCHUMAJABH3A pac0Ta [IONMEpPEYHOI'0 MOCTUKA B LUK~
ie, fx § s DaBHA DHEPIMM TUADPOAU3a Moleryaw ATP, & , TO
napaMeTpy Padouero LUKIA MOTYT COHTH OLCHEHH CIEAYNHMM 06pa-
30M: QOCOJOTEAs BENMUMHE CUJH MOCTHMKA, f =3XIOEg AWH,
miuna “TARyne#"30rd, 6 = 100 i, KOHCTARTA CKOPOCTH 3aMh—

Kanug, K,= 50 cex'l, 1 KOHCTAHTA CHKOPOCTH pa3sMHKaHusA

TOPMO3AWMX MOCTUKOB, K,= I50 cex I,

Caepyer OTMETUTH, YTO A3HHAA OLEHKA OUEHP NPUOAU3UTEIB-
H&, NOCKOJIBKY TOYHOCTH YaCTM UCICAB3OBAHHEX IKCIEPUMEHTANb-
HEX JAHHHX OCTaBAfeT ¥enaTh JAyYWlero. YToOw NONYyUMTH OoJee
TOYHHE 3HAYEHUA NGPAMETDPOByMH UCCAELOBANM TIOBEIEHWE MOIelu
B HEKOTODHX HECTALMOHAPHNX DEXVUMAEX.
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HauGonee mHPODMEATHBHNM OKA38J0Ch COKpaleHue 6e3 Harpys-
K1 Noclle CHCTPOrO OCBOCOXAGHUA TETAHUYECKA CTUMYIUDyeMmof
MHULOH. B T€x caydYaax, KOrZia MacCOi perucTpumpybiell CucTeMH
¥ HarpySKM MOKHO NpeHe(peus,ypaBHeHue (3) puc.l BHDPORIAETCH
B aare0pamM4ecKoe COOTHOWEHME f(n-m)= P ,¥ pelienne Bcel
CUCTEMH MOEET OHTH NONYyY €HO QHAAUTMUYECHKU. [IpMOIUEEHUE K
CTallMOHaPHOM CKOPOCTHM COKDAlleHUA NOCHE CTYNEHYaTOT'0 yMEHblie-
HMA HATPY3KM OT P, 7O P IHPOKMCXOINT MOHOTOHHO. HavalbHasn
CKODOCTh NPEBHU&ET CTAUMOHADHYKW NPKH MAJNHX CKAYKaX HAI'DY3KU:

1. gq- ke A
A=3.> TT ; = K, . Ipn A< g1 HavyaJbHaf

CKOPOCTDb MEHBIE CTANMOHADHOW,M KDUBAA W3MEHEHMH IJIUHH NOC-
Je c6poca HaTpy3K¥ NOKa3aHAa Ha PHUC.3. Bpems "zmargasu" B
obmeM cliyuae naeTcs BupaxeEdmem (I1). Ecim uarpyska c6pacu-
BaeTcs 0T P, 70 O, TO HauaJpHAA CKOpPOCTH BABOE MEHBlE
cTauMoOHapHoO#, a ’armepuoxr ‘T° ¥ yHOpOUeHME IO BHXOZ3 Ha

crTanuoHapuui pexum ¢ CRA3AHN C HOHCTQHTaMy K, u
TPOC THMHU COOTHOLEHUAMM (yp. 12 u I3, puc.3). B aTu Qopmyan
BXOAKT TaKKe OTHOHEHNE Kz - q » KOTOpOE MOxeT ONTE

ONpEeJeNeH0 N0 3aBUCUMOCTM CTAMOHAPHO! CKODOCTH OT HATPYSKHM
q%= 2%3). OZHaKO BAMAHME BTOTO NAPAMETpa OTHOCUTENBHO
cragoe.,
TmaTeAbHOE 3KCNEPUMEHTAAbHOE MCCJEN0BAaHUE IEeDEXOABHX
Eexnmon nocie CTYyNeH4yaToro U3MEHEHW§ HATPY3KU BHIONHEHO
OZONBCKWM C KoAneraMd /8/. OZHAKO NDUMEHABUAACH MMU METO-
JMKa He NO3BONAET MUCCACZOBATH AMHAMUKY YKODOUEHWUA MHEIH
jocae cfpoca HaTpy3KW OT PO zo BeauuMH Meusmux 0,2 Po.
B 3THX yCHOBMAX CTEHOBHTCH CYNECTBEHHOH Macca - caMOif MHULH,
n HayanbHas (a3a COKpaleHMs OCYMECTBIAETCH 33 CUET BHCBOOOX-
LeHMs 3HEepI'wWi, 3anaceHHOH B INOCHEZOBATENBHOR YNPYTOM KOMIIOHEH-
T€ BO BpPEMA U3OMETPUUSCKOTO COKpameHusa. [l1s ONpeleNeHus Lu-
HaMKKM COKpalleHusg NOPTHARHOM MHUIUW JATyUKA HOCIE CTYNEHY§TO-
ro c0poca HArpy3KM OT Po 70 O 3KCHEPMMEHT OHJ BHIOJHEH MO
cnenywmeli cxeme., TeTaHUYECKM CTUMYyINUpyeMas W DS3BUBUAR MaK-
CUM3JbHOE HANpsiKEHUE MEMLG C MOMONBD Dele yKOP3uMBAJNach Ha
2-3% 3a 1 mMcek, Tax 4T0 HaupsxeHue Nagano 7o O. CoycTa eue
I MCeK,HenoIBUXHHE KOHEU MHIOH OCBOOOXZANCH ¥ pPETUCTDUPOBA-
JOCh 6T0 CMEleHUE. DKCIEeDUMeHTaAbHHE KPUBHE ( pUC.4) cOBRa-
Iap? 1o GopMe c TEOopeTHMYEeCKUMH, YTO JgaeT BO3MOXHOCTH OIpeXe-
NUTH 3HAUYEHMs mapamerpos: T°= 3,5%4,5 mcer, €, =0,5% or
JJIAHH MHuOE €, omxyﬂf ngn ° q,=3 K,=200%250 cex-i,
K,= 65 85 cex-l u = 80 A. Tocaeznhuit napameTp He3aBu-
chuo MoxeT OHTSH OTpeZieNeH u3 COOTHOWEHUH K16==qu‘, OTKYy-

za 0 =60 %+ 75A, 4UTO yZOBIETBODUTENBHO COTIACYETCA C
npeanzyneit ouexxoi.,

Kpusne BOCCTAHOBAEHMA CWJIH NOCIE GHCTPOTO YKODOYEHUH
MHUDH, [OIyYeHHHE JlKeBenoM 1 Buiku /9 /, ONUCHBAWTCH TEOpUeit
npv OAU3KUX 3HAYEHUAX napamerpos /7/. llepexofHue NpPOIECCH,
HaOlwiaBmueca HeJaBHO XakclX u CummoHcoM /I0/ ¢ BHCOKMM
‘BPEMEHHHM Dal3pelieHueM, HPUESHM K OTKPHTUD AeMNPUPCBAHHOHR
YIpyTrofi KOMIOHEHTH, KOTODas, BEPOATHO, OCYyCNOBJIeHa KOHGOD-
MaONOHHHMKM NEePEeCTpOfKaMy 3aMEHYTHX MOCTHKOB. B Tarom cllyuae
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0Ha ZOJXHA OWTH HENOCDEACTBEHHO CBA3aHA C WLATOM MOCTMKE M
8I0 CUJIOBO#t XapaKTEPUCTHKOHR.

He KOHKpeTU3UpPYA NPUPOAH AEMIQUPOBAHUH, MH MONNTAIACEH
O YETHPEM KDUBHM, onyoauxopasuuM A.Xaxcau /II/, onpeseauts
38BUCHMOCTD "ZNHHa-HaTAKEeHME" AJIA HeAEGMNEUDPOBAHHOM ¥ Zemnpu-
POBAHHO# ynpyrux KOMHOHEHT.

Buctpas §asa W3MEHEHUS HANDRAKEHAH B PE3yALTSTE CTyNeH-
YaTOrC YHOPOUEHHA MNIEYHOTO BOJOKHA NIPOMCXOZWT B TEYenue
HECKOIBEUX MMANMCEKYHX (puc.5a). Ecau OLEHKH KUHCTEHT
KMHETHMUYSCKOR MOZEnu,NPUBEZCHHNE BHill€,BEDHN [0 [OPHIKY BE-
INYMHH, TO DASMHKAHMEM ¥ 3aMHKAHMEM MOCTUKOB BO BPEMH BTOR
a3y MOXHO NpeHeOpeyb. BABROYIpPYyrue CBOHCTBE NOJNOBUHKH
caprKoMepa HA MaJNX BPEMEHAX MOTYT OHTH NPEJCTABICHN CXEMOH
56 ¥ ONUCHBADTCA CIASAYWLUUM yPABHCHuEM!:

F(E)-AE=T,-K(¢-&) (14)

CubCo nepeMeHHNX 3TOTI'0 ypPaBHEHMA ACEH M3 puc.t. Hamywuitcs
KO3(UUKEHT YUPYIOCTH HEAEMNQUPOBEAHHON HOMIICHEH'TH

K, = '7__',_'_;__1_',_/ %Qg.g ( § - LIuHa capkOWepa, K BHDAKeH B

'Y ]

T, Ha 1% yKOpOueHus BOJNOKHAE) JIMHEHHO yMEHBWAEGTCA C POCTOM
aunnuTynn yopoyerus P (puc.5¢). MQEHO NpEeANONOXUTH, YTO
UCTUHENA KO3PPuuMenT ynpyroctu K He 3asucur or € , a Ha-
CamwZaeMasi 3aBUCUMOCTD OCYCAOBIEHA YGCTHYHHM YKODOUEHUEM
ZeMIJUPOBaHHO! KOMIOHEHTH 338 BPEMH BHWHYXAEHEHOTO H3MEHEHUA
JNAHH BOJIOKHA. B akcnepumentax /II/ 3TO BpeMA NPUMEDHO IPO~-
NOPUMOHANBHO aMOIUTYLS YKODOUCHMf, T.e.

t=v-t (15)

rze V= 2-Io"scu/cex. [locKoNBKY 3a BPEMA BHHYRAEHHOTO
YHOPOUCHUA BONOKHA ANNHA LEMAMPOBAHHO) HOMIOHEHTH MEHHETICH
HE3H3UUTENbHO, MOKHO CYMTaTh, YTO :

F(g)=T, -x§ (16)

Peuwerne ypasHenusa (I4) npu ycaosusax (I5) u (I6) maer
CIELYNRKE BHPAKEHUR ANR YyKOPOUEHUS ZEMIGWDOBAHHOK KOMIIOHEH-
TH § , @MIUIMTYAN YMEHBWEHWA CHIH TO-TI W KaXymerocs Kos(-

QUUMEHTE yOPYTOCTH ﬂeneun@ﬁ?onaﬂﬁoﬁ KOMIICHEHTH Ka:
T _ Ve v
=gz - L (4-€VE

=ty - % (1-€%) )

A . .l AL
T=x i T=¢ex



®)

T.- T, = K(e-&)=Ke (4 -%) +Kv%f (1-¢

apr EKVT  T,-T, =Ke (1= 557 ) (18
T,-T, 1008 _ K-S __t
=/ oe T Ut gve)  (19)

UCTUHHHE KO3QQUUIMEHT yNpyrOCTW HeleMIpipPOBAHHOM KOMIIOHEHTH,
K,BpeMsi peJaKcanuy 1 KosdpuumernT "rpemus" x . Hopmupys
X H4 BeINUMHY M3OMETDMUECKOTO HampsaxeHMsi T, WM JIUHY

capkomepa S noayymu crexyomme oueHku: K=I1,5 T, Ha I%

gxopoqeﬂnﬂ, T, =10"0cex A =I,5-10’31' % YKODOYGHMA/CEeK.
eHKA BPEMEH# pelaKcauuy 10 ¢a3e BOCCTAHQBISHME CUNH Nocne
NpeKpalle s BHHYKAEGHHOTO yKODOUGHMA COTJIaCYETCH C NPUBEJEH~
HoM Bhule 3Hayenuen T . lloclle TOTO, KaK ONpEA€IEH MCTUHHHII
KOBQEUUMEHT yNpyrocTu HepeMi@upoBaHHOH KOMINOHEHTH, He Npel-
CcTaBiifgeT TPyZa ONpeleNuTs 34BUCUMOCTH CUJH ASMIQUPOBIHHOTO
3JEMEHTa OT er'0 YHOPOUYEHUH:

F(g)=T,(E)=T, (e-TxT2) (20)

Conocrapianan suwpaxernue (I9) ¢ rpa%mxou 5c, MOXHO OLEHMTH

YTO HENOCPEJCTBEHHO BHTEKAeT u3 puc.5B . DTA 3aBUCUMOCTH
n300paxesa Ha puc.5d . OHa MOXeT OWTH OCDACHEHA B paMKax
"RMHETUUECKOU" MOZenu IBUKeHMeM NpAMOYrOALHOTO paclnperene-
HUA MOCTUKOB M3 monoxeHus (I) B nonomerue (2) no g . Ua
3To{f 33BUCUMOCTY BHTEKAET, UTO HA 3IHQUMTENLHOM WHTEpBale
CMEUEHMA CUa MHIMBUAYANBHOTO MOCTMKA [IOCTOAHHA, KAK M Npexi-
NoAarajock B Halieit Moneng. Jnvna TAHyme# 30HH, ONpezeleHHad
TaKUM_clloco0oM, paBHa 30 A.

[IposenieHHanA Bulle OLEHKA CHPaBEAINBA, €CJIM MDY NOJYdEeH-
HEX 3HAYEHUEX [1aPaMeTpoB A U K ¥ IOpK ONDPEJENeHHWX paHee
3HEYEHUAX KOHCTQHT CKOpOCTERt 3aMWKQHUA ¥ Pa3MHWK4HUA MOCTM~
KOB pelleHUE& KMHETMYECEWX YDaBHEeHU{ ZJisA AQHHOIO CAYyYas ZeiicT~
BUTENBHO OyJeT DaslesidaThCA Ha OHCTDHE M MEIJEHHHE (D&3H.
Ecay npeneSpeyr MaccOl MHIIH ¥ PETHCTPUPYREEH CHUCTEMH 1
YyUECTh "BABKOE CONDOTUBIEHWE" NBMKEHUH MOCTHKOB M NOCHEHOBA-
TEIbHYN YOPYTyH KOMOOHEHTY, HE KOHKDETU3UDYA KX HPUDOLY
» JIOKaIu3aumo, TO BMECTO ypasHeHusa (3) puc.l caexyer zanu-
carTh:

V= [T -Kk(e-8) - £ (n-m))

21
Vit ppvts at (1)

t
E=[Vat; Em{m’.npmvt>M
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YycaOBWE peleHMA cUcTeMw ypasnenuft (I1,2,21) npu HAVYaABHEX
JCHOBUAX  n(0)=ck » m(o)= E (o) =o AAA pasiMuHHX aMIIn-—

TYyL yKOpOueH¥s Af NpuBSAEHN HA puc.c. llpM pacuerax uc-
NONB30BEKN NONYYEHHHE B NPEINAYUEM OlEHKE 3HEUCHUs Napa—
METPOB VK ¥ A . O4eBMZHO, YTO B DACYCTHHX KPUBHX TaK
k€, K3K B SKCIEPUMEHTANBHWX, JIETKO MOKeT CHTH BHUNEHEHE
$pa3a ORQTPHX MBMEHEHMY HANpPAXEHUS MHUDH.

TakuM 006pasoM, Da3IMYHNE CHOCOOHW ONpPEZENeHds NapaMeT-
POB KMHETHYECKOHl MOZeaW MO AMHAMUKE COKPAMEHUS MHWUN B pas-
HNX YCAOBMAX AapT CAM3KME 3HaYeHUA. ITO NO3BONAET CHUTATH,
YTO ZJ@HHAA MOJENd: OTpaxaeT B KAKOM-TO Mepe pealbHue Mponec-
CH B COKpamawpueftcs Muuue, a He ABAAETCA TOIBKO HEOOPOM
SMIMDHYSCKUX QopMysd. HHTEpecHO OTMETHTEH, YTO KUHETHUECKAd
MOZleNb MPUMEHAMA M K JeTaTelBHHM MHWIAM Hacekomux /7,12/
¥ 7aeT DPasyMHYD BEAUYUHY ¥ MPaBMIBHYYO 3aBUCHMOCTE MOWHOCTH
0T YacTOTH INIpY 3IHGUEHUAX NaPaMeTpoB, CAMIKHX K ONPELEN CHHLM
BHUIE,

HeoxuZaHENK HA MEPBH{ B3TAA; PE3yALTAT OHI MOJNYYEH HpK
UCCHEeAOBAHMM NOBEJCHKA MOZEIM B CJYyuae COKpAWEHMA MBULH C
Trpy3oM, OOJazamnluM Maccoli. BEXOZA HE CTALMOHAD NPOUCXOLAI
KoJleGaTenbHHM OOpa30M HECMOTPA HA TO, 4YTO U3 ypaBHEHHME COh-
ja ACKINYEHa NMACCUBHAA yHNPYrocTh Mulin. B BKCIHEDUMEHTE,
NOCTaBIEHHOM COBMECTHC C BypasuesuM /I13/ Ha NODTHAXEOR MHm-—
ne NATymKY OWIM 33PETUCTPUPOBAHN KOGEASHHA GUIH, YacToTy
KOTODHX HE 3aBHCeRa 0T Y&CTOTH CTUMYNUDYOMNX UMOYABCOB, &
Onpefensnnack BEANYMHOM u Maccoff Harpysku. HecomHenHO, 4YTO
3TH KONEOQHMA MMeDT aKTUBHHY XxapakTep (cM.puc.?): IpU He=
KOTODHX 3HAUEHUAX NapuMETPOB BATPYSKY AMIIUTYHA KOJEOGaHuft
HapacTaeT B X0Ae COKpaleHUs. WBOTZa HaOALASWTCHA ABYX43cTOT-
HHE KONEOaHud.

Cucreua ypasuenuit (I-3) (puc.1), KOTOpasm paccMaTpUBa-—
1aCh IO CHMX IIOp, ZAa6T TONBLHO 3aTyXapmue KOIeCQHHA W He CHo-
CcOCHa omucaTh G0NEE€ CAOXHOE NOBEJEHME MulIN. HesaTyxaumue
¥ ABYXYACTOTHHE KONEGQHUA MOTyT CHTH OOBACHEHW Teopuei,
SCIM HMHETMKA NEpexoja MOCTMKOB M3 TAHYWEIO COCTOAHMA B TOD-
MO3filee BHYMCIAfgETCA 00jee aKKkypaTHO. [eficTBHTENBHQ, NOTOK
MOCTHKOB U3 THHYWMEIOGH COCTOAHUA B TODMO3AMEe ONpPelenRsercs
He cpejHe#l KOHUSHTpauueji MOCTUKOB , @ p6aIbHO# uX

KEOHUEHTDpauMe Ha Ipanuune TAHymei# u Topmosameit 30H (cM.

pic.l). Ecas Bce MOCTMKM B MOMEHT 3aMNKGHHSA MMENT CMELEHHE
€ =0, TO UX KOHNEHTPAQUUA Ha rpaHune & B MOMEHT BpeMeHu
¢+ DaBHA KOHIEHTpanuu B Touke & =0 B moMeHT t-T ,rae

T - BpENMA ABUECHNA MOCTHUKA IO THHyWE!t 30H8, 3TOT 3pHexT
ganunaerca BBEEJIEHMEM B YDABHEHUA WIEHOB C 380a3ANBaHUEM.

T yPaBESHUA HE UMENT CTaLHOHAPHOTO pelleHusd, ECAM BCE MOC—
THKA 33MNKATCA Opu & =0, PealbHOE NOBEJEHME MHLIN, BKID-
yafl BCE TWIIH KPMBNX (QHTr.7, Onio moxyueno (¢ur.8), Korza
BEDQATHOCTD NPUCOSRMHGHUA NOCTONHHE = ZJIA BCEX MOCTMKOB C
-0,8 SE§s +0,8 ¥ paBHa HyAW NpW ZPyTHX 3HAYEHUAX § .,

VlHTEPECHO OTMETHTB, YTO BO BCEX DACCUYUMTAHHNX HaMM
KPUBENX C OYABCUpYRWEH AMIAMTYHOR YKODOUCHHES MEUIH 38 BpPEMs
OZnO MyABCALME COOTBETCTBYET CMENEHMD HUTEH Ha LAl MOCTHKA

0 . OZHEKO B SKCMEPHMEHTE COOTBETCTBYNNEE YHODOUEHUE COC—
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THBAACT 3-4% 0T AJIUEN MBULE, YTO FABHO NPEBHIAET Pa3MEPH
TAHyWE# 30HH. JTO PaccTOfHME CKOPEe COOTBETCTBYET OCEBOH
NEPUOANYHOCTH aKTUBHHX LEHTPOB HE HUTAX. TaKuUM 00pascM,
MEXaQHK3M aBTOKOJEGAHU{ CHIN B X0Ze "M30TOHMYECKOTO" cOHpa-
HeHU HyxjaeTcd B AaibHelilieM SKCIEPUMEHTAIbHOM M TeopeTnyec-—
HOM MCCIEeLOB3HMU, ]

BepoaTHOo, Wisi OCBACHEHMA HEKOTODHX PEXUMOB COKpalu eHUsn
NOTPEeOyTCHA Goliee JLET&lbHHE NPEACTaBlIEHUsA O COKPaTUTEIBHOM
MEXAHU3ME, UEM T€, KOTODHE 33JI0KCHH B OCHOBY HZAHHOl CXEMH.
OIHaKO MOXHO CZelaTh BWBOJ, YTO MHOTUE YeDTH JAMHAMUKM MHUEY-
HOT'O COKpAHEHUS MOTYT OHTH IIQHETH B DaMKax AOBOJLHO TI'pyloit
MOJENif.

3T0 [03BOAAET PACCMATPUBATE NPEANOKEGHHYND KMHETHYSCHYN
CXeMy Kak Iepsoe NpUCANEEHUE K MOJEKYJISPHOW IpUpOLE BIEMEH-
T@PHOI'0 COKP3TUTENBHOI'O LUKJIZ. B CBASW C 3THUM BO3HUKAWT
BCIPOCK: BO3MOXHO JI¥ JalbHellee yIpOUEHMe MOJEeNM B DaMKax
0acCMaTPUBEEMOM CXEME M KGK0BA CBA3L NOCTYAMPOB&HHEX CYLECT-
BEHHNX COCTOHHMY MOCTWKS C €rP0 LEeUCTBUTENBHEMU MOJEKYIADHHMM
IIEpEX0naM B AKTMBHO MHLIE.

TpyZHEO COMHEBATHCH B TOM, YTO KaK CBOCOZHOE TQK U 38M-
KHYTO€ COCTOSHUA MOCTMKE AEiCTBUTENBHO CYWECTBYWT B 3KTUBHOM
MRULE ¥ ABIANTCA CYWECTBEHHEMM Alf €€ MEXJHUUYECHOI'O NOBEACHUA.
(CnenoBaTenbHo, 4YTOOH YIPOCTWATR MOZAENb, MOXHO NONPOOOBATH
PECCMaTpPUBATD JMiEb OLHO CYWECTBEHHOE COCTORHUE Yy 34MKHYTOTO
MOCTUKE BMECTO IBYyX. MOZEIb TGKOI'0 TWIla HEAQBHO Cunla npei-—
ncxena YannuHwu n $pomMensTonM /I4/. B 2TOM MOZEAM 3EMKHYTHH
MOCTWME Pa3BUBEET TOIBHO NOJORUTEABHYO CHUIY, BEAMUUHA KOTODOH
JIMHEAHO YMEHBUEETCH C POCTOM CKOPOCTW COKpaleHus ¥ DPaBHE
HyJ® NpKN HEHETDYHAEHHOM COKpaueHuin. MOCTWK DPE3MLKEETCA lOCAE
cMeueHun Ha paccropsne & , TAK UTO O4HA W3 KOHCTQHT CKO~
pocTell B 3TON MOJEHR MMEET MEXaHUUECKYH NDUPOAY ¥ BHPaKaeT-
CA TOYHO TaK ES,KaK KOHCTAHTaA CKOPOCTH HMEpex0za U3 TAHYEro
COCTOfIHUA B TOPMO3fAu€e B HKUHETUYECHOW Mozenu. Yannun 1 ¢pom-
MEJBT 1I0K§3aJK, YTO uUX MOZSABL XOpPOWO ONACHBAET JHEPIO- W
TEeMIONPOAYKLMY MHMLE NPK COKpaWeHUl ¢ TIOCTOAHHOM CKODOCTBH.
llomoGhasn MOZLENd Owia uccnenoeparHa BypasuespiM. OH mMOay4ua
aHANUTLYEGCKUE DPELeHKA ¥ AJNA CTAUNOHAPHOTO B IAA NEPEeXOZHOTO
PEXKMOBy ¥ ANA W3MCHEHUA CUJIH NDK BHHYXJAEHHHX KOJIeGaHuAX
anuny. Oxasanoch, Y10 374 "pPeiyuuponBaHHag" MOLeAb ONUCHBaeT
NPUMEPHO TAKOH e HaGOp DKCNEPMMEHTAABHHX JaHHHX, KAK U KUHE-
TUYECKER MOLEIb.

MoxeT OKasaThCH NOJE3HHM PaccuMOTpEeTh NpUUMHHE TAKOTO
IMHEMUUECKOTO CXONCTBE "PEZyUWDOBAHHOHK" ¥ KUHETHUECKOR MoZe-
nefl u NYHKTH, [0 KOTODHM OHM pa3auuanTcs. CIeAyeT CKa3aTsh,
YTO DEAYUMPOBHHAR MOZLEND COLEPKUT CTONLKO K€ N3paMeTpoB,
CKOABKO Vi KMHETUUECKAA,W B ITOM CMHCIE HE fBIAACTCH Golee
npocTo#. B cTAalMORApHOM ciiygae 00 MOZENnu MaTeMaTHUECKHM 3K-
BUBAJICHTHH, IOCKOILKY ONNCHBANTCH OUUHAKOBHMU YDABHEHWUSMU.
Cllei0BATENBHO, B yCHOBMAX, ONM3KUX K CTAUXOHADHHM, OHNW MOTYT
BECTU celA OINHIHKOBHM OO0pazOM.

OIHEKO B PE3KO HECTAUMOHADHWX YCIACBUAX WX MOBEAEHUE
CYWECTBEHHO Dpaaniuaercd. B pPeiyuupOBAHHOK MOZENU HU MpH
KEKUX YCIOBMAX HE MOKET MPOUCKOZUTH CHKONBKEHUH HUTEH ¢o
CKOPOCTBI, NPEBHWAKNEH CTALMOHAPHYX CKOPOCTH COKDAWESHUSA
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6e3 Harpysku. B "KUHETUYECKOH" MOZENM CKOPOCTH CKOJBHEHWURA
HEWTell Ha paccTOAHMA MeHmle "uwara" MOCTMKE §  MOHET JMMu-
TUPOBATHCH TOABKO JKUGO BA3KUM CONPOTUBIGHUEM CAEDKONIA3ME

B 0673CTR NEPEeRpHTUR HuTeld, AM00 COOCTBEHHLM BPENEHEM
KOHQOPMAUMOHHOY NEepecTpoiky 3aMKHYTOIrO MOCTUKA, KOTOpOE

B pamMKax “"KUHETHUECKOW Mozenu" cuuraeTcs NPEHEeOPERVNMO Ma-
JHM NGO CPAaBHEHMR C & . CleioBaTeAbHO,CKOPOCTDE COKpAUEHUA

B HEPEXOLBOM npouecceamomem 3HAUNTENHHO [PEeBHUGTH MAKCUMANE~
HyP CTaUMOHADHYN. B NepexolHHX NPOLECCEX, NOJNYUYEHHWX XaKcin
# CummoncoM /I0,11/, HayaNbHAH CKODOCTE COKpaUEHuA “ZeMngu-
DOBARHOM yOpyrof KOMIOHEHTH", T.€. CKODOCTD ABMMEHUS MOCTU-
KOB, B 7—¥O pa3 NpPEBHUGNa CTAUUOHEDHYK CKODPOCTH CKOIbEEHUA
HETEfl TIpu COKpameHuy Ges Harpyaku. Tarum 0CpasoM ,BHyTDEHHEE
TpEHME MOCTWKOB BPHZL I MOKET OHTE CUIOH,IuMUTHUDYWIER CKO-
pOCTH HEHATDYyXEHHOTO COXpaueHus. TOPMO3AWaAn CWla OTHENBb-
HOTO MOCTHKR CKOpEe UMES8T HOTEHUMANBHYH HPUDOXMY, KaK Ipeino-
J13raeTcH B KMHETHYSCHOR MOXenM.

370T BOMPOC TECHO CBH3AR ¢ I 00IeMoyt sHeprerunyeckof
CTPYKTYPH PEeaibHHX HOHPOPMEUMOHHHX COCTORHMI BaMKHYyTOTO
MOCTHK3. MOCTUK ABJIAETCA MOAEGKYIAPHHM OOBEKTOM M, CJIEAOBE~
TENbHO, NOLBEPKEH WETEHCHMBHHI TEINOBHM (UyKTy3auusM. [osToMy,
TAKME €I'0 XaPaKTEPUCTMHKA KaK CUlla ¥ CMElleHNEe MMEKT CMHCI
CPEIHMX 110 BPEMEHM BONWUMH (BPeMEHHO{ UHTEPBAN OCLEelHCHUN
CUUTEETCA MZJWM N0 CPABHGHED C BPEMEHEM coxpameHMHf.

Ecay mocTUK 06434aST OCPEIHEHHOR CWIOBOW XapaKTEDUCTH~-
KO, MOCTYAMPOB&HHON B MOJeAsx Yanaura-®pommensta /14 /,

TO 3TO LQJKHO 03HA44Th, YT0 OT MOMEHTE 3aMHKAHUA A0 pasMb-
KaBuf OH NDOXOZMT 4epe3 psifi yCTOHUYMBNX COCTOAHMI ¢ MOHOTOHHO
yOnBanUWejt NOTeHUMAJbHON DHEepTuei, pa3ZeleHHWX CPABHUTEIBHO
BHCOKMMM 3KTUBAUMOHHHMK OapbepaMu. CUNOBAf XapaKTepUCTHKE,
NOCTYJAMpPOBaHKAasA B "KUHETHUecKO} mozeau" /6,7/, o3Hauaer,

YTO HA HEKOTOPOM HHTEDBake HepeMeyeHull MOCTMK [IPOXOZMT dYe-
pes pdld COCTOAHME ¢ yOwBawuel sHepruei, pasieleHHHX HE3Ha-
UNTEIbHEMN 3HEPTeTHMUYeCKuMy OaphbepamMu, a HE MHTSpBaie nepe-
MElSHNE, NpeJecTBYWNEM DasMWKaHNK, NOTEHUMANbHEA 3HEPTUf
BO3pacTaer.

B npeznonoxenus, 9TO YUCHAO PEaNbHNX SHEPTETUYECHAX COC-
TOAHUN MOCTUKA HEBEJMKO, MOXHO [IONHTAETHCH MOJIYUYUTH €TI0 Ocpei-
HEHHNE "MeXaHMyeCKUE" XapaKTEpUCTHEY B DaMEaX TECpun a6ColnT-
HHX CHKOpPOCTelt peakuuit.

lo-puzumMoMy, neppas NONHTKA HPUMEHEHMsA 5TOM Teopuyu INA
ONUCEGHMA KHMHETUKM MHAWBUAYANBHOI'O MOCTMKA NPUHALIEHUT BOALT-
wxenureiiny /15/. HegaBuno Xakchu # Cummosnc /I0/ manm ouens
NpYBNEKATEAbHYK MHTEPIPETalun COGCTBEHHNX DPE3YyABTATOB IO
NEpPEXOAHHN NPOUECCAM B MEULE B TEPMMHAX TEODPMY EOCOINTHHX
CKopocTell peakuuit. ONHAKO pacyeTHw TAKOIO Tula OyAyT UMETH
MILIOCTPATUBHNY XapakTep A0 TEX NOP,NOKA YUCHO YCTORYMBEX
COCTOAHMH MUO3MHOBOTO MOCTHKE M MX SHEPreTMUYECHas CTPYKTypa
GyAyT OCTaBaThCA BONPOCOM BKYyCa MCCIeA0BaTElf.

BEpOATHO, HEKOTOPAA RHQODMALMUA 1O ITOMY BOIPOCY MOXET
CHTh NMOJNYYEHA MyTeM ONpeAeNeHUR NAPaMeTPOB UUKNE HONEPEYHO-
TO MOCTHKE M3 DKCIIEPUMEHTOB, B ROTOPHX COKPATUTENLHW{ amng-
paT pab0TaeT Npu DPASAUYHHX QUIMKO-XMMUUECKAX YCHOBUAX. llep-
BolM HaroM Ha 9TOM NyTH AOIXEH ONTD NOUCK YAOCHWX DKCIEDUMEH-
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TaRLUNX MOLeNefl MHUUN, B KOTODHX yCHAOBUR pPacoTH COKpaTH-—
TENEHO! CHUCTEMW MOTAM Op KOHTPONNPOBATHCA ¥ OHTL BHOpaH-
HHMA ONMBKO X JUaMONOIWUYECKUM, BCIW ZMHAMMKA TAKOW aKcHepu-—
MEHTANBHOY CUCTEMH ONUCHBEETCA TOH ®E CaMoff MaTeMaTHuec—
KO MOienbi, 9T0 ¥ AVHANMKE HATUBHOM MuullIN, TO BO3MOKHO
CPaBHEHUE COKDPATUTEIbHEX MEXQHM3MOB B TEpPMUHAX IIGPamMeTpoB
MOZEIU,.

My TIONHTaANCh WCCAEZOBATDH 3aBMCUMOCTD CKOPOCTH COKpa-
LEeHWH INIMLEPMHMPOBAHHEX BOJOKOH CHUHHOW MHUIE KPOJHMKY OT
E8TPy3Ku. OZHAKO Ham HE yIaloch NONYYMTH CTALWUOHAPHOIO CO-
KpalleHusa DTHUX IpPenapaToB: CKODPOCT: MOHOTOHHO yMEHBWANACH
B XOLe COKpameHuUs MO7 TNGCTORAHHOR HArpyaxoit. OnHO# M3 Bepo-
ATHHX DPUYMH TEHKOTO [IOBEZEHMA ABIASTCH Iepepaclnpezesenue
IIVH CADKOMEDOB BO BPEMA M3OMETPUUECKOTO COKDAWEHUR Mpeng-
paTa B aKTUBUDyLWell cpeze. Tpefyercsa oxoio 10 CeKyHA AnA
YCTQHOBIGHUA CTAUMOHADHNX HOHUEHTpauu# peareHToB, a& 3710,
BEPONTHO, CAMEKOM CONBUOS BpeMs Aif NOAACPKAHWA M3OMETPU-
YECKOT'0 COKDAWEeHMA B CIyyYyas OHCTDPOH MHWUN. MbyA€HCTBUTENBHO,
HaOARA&aHM O0NacTU ¢ yKODOYEHHEMWM 70 1,8 M ¥ DacTAHyTHMU
10 2,24 CaproMepaMy BIOAP IIULEPHHUPOBAHHOI'0 BOJOKHE B
COKpaldKyeM pacTBOpe, XOTA WCXOAHAA IAMHA CAPKOMEpOB Onia
2,3-2,5 n . Jipyrafg BEpoATHAaA IPHYNHA OTCYTCTBUA CTALUOHED-
HOTO COKpameHMA MOKeT MMEeTE XMMUUECKYW npupoay. Korza so-
JIOKHO OCBOOORJaeTcA, CKOpPOCTM NpoussozcTsa Pu u ALP BOSpac-
T3I0T, 1 HOBHE CTAUMOHADHHE KOHLEHTPAUNM HE yCHNEBANT yCTaHO-
BYTECH 3@ BPEMA COHDAMESHUR. | »

T'C 3TO# NpWYMHE MH ITONHTEJAUCE CPABHUTH NOBELEHUE IIN~
LePHHUPDOBAHERX ¥ HATUBHHX Mulill IDM BHHVAACHHHX HOXEO3HUAX
IMVHH, KOTZ& CKODOCTH I'aponu3a ATO Hu3Ka. B 3TOM pexuMe
noserenne TAMUE[MHUPOREHHEX BOJOKOH CHUAHOR MHENN XPONUKE
QHAJNIOTUYHO TOBELCHMO TETQHUYECKM CTUMYANDYEMOM INMOPTHAXROH
MEEUN JASryUKd (puc.9). CABUT (asn MeXIy HATAKSHUESM U LAu-
HOl B HEKCTOLOM IMaNa30HE YaCTOT CTAHOBUTCA OTPULATEABHHM,
4YTO COOTBETCTBYET OTPULATENIRHOMY TPEHMD Tpenapara. Kpusue
LAA TAVLNEPUHUDOBAHHLX BOJOHCH M HATUBHEX MEND, UMENT OZUH3-
KOBy® (OpMy, 10 IepBaf KpuBAA CABUHYT4 B 00nacTh Colee
HUBKMX 44cT0T. TaxuM OOCpPE3OM, MOKHO HaAesATBCA, YTO B OCOMX
-CHYyYaax TpUMEHMM3 OH3 M T4 X€ MaTeMaTU4yECKad MOZelb, XO0THA
BpEMEHHEE MacuTaow oTauyarTca B I0 pas. OxHako BO3MOXHASR
MHTEpNpeTaLks 9TUX KPMBHNX B TEPMUHAX KUHETUUECKOR MOzenn
/16/ cauvukom CHCKHA W HE MO3BCNAET ONpeneiuTh U3 HUX Lapa-
METPH MOZENN E€JWECTBEHHHM 00p330M.

CymecTsyeT BOSMOKHOCTE IOAYUYUTE HEKOTODYH WHEGODMELUK
O B3aUMOZKEHCTBUM MUO3MHA, axKTvHa ¥ AT® B pacTeope ®2 JaH-
HHX 110 CTAUMOHIPHOW KUHETMKE Tuzpoiusg ATQ. [if 2aTOi neau
MH NPEANOKKIAN UWMKIMYECKui Mexanusm ATO-a3HOM GHTMBHOCTM
GRTOMMOSHHOBHX CUCTEM crgyxT PUPOBAHHOTO ¥ HECTPYKTYpPUPOBAH-
1Oro Tunos B pactBope /I7/. [IpernoxeHHas cxeMa 3HAJOTUYHA
OOHYHO NPEANONITEEMOMY LUMKIMYECKOMY MEX4HUSMY paGoTH HONe-
PEYBHX MOCTHKOB B Mpune., C 370 TOUKN 3peHusd, PEPMEHTITUB-
HEll aKT rugpoamsa AT¢ sABiAeTCA DE3yJAbTAaTOM NMOJHOTO LUKIA
accouMayuu~-ZUucconuarM aKTOMUO3MHA, & HE KaKOH-IuGO onHOH
CTaiuM 2TOr0 LUKIA.

Takoll NMOAX0Z NO3BOAAET TAKKE OLEHUTH BOSMOEHYR POIb



QrOpunnaprOft OPraHM3aLAE MEOSMHOBHX M SKTHHOBHX AKTHBHHX
O9HTPOB B KUHETUKe pacmennaeH’s ATO. 3Jra OpraH@3apgs HOpu~
BOZMT K NOEMXGHEMN SHEDPTuE axkTweauuu ruzponusa /I7/. My
npeAnolarasM, 4YT0 CBASHh MEXLY aKTWBHHMA LEHTPAMK (3aMEHy-
THM# MOCTHMKEME MOXAYy Hapoi nporo@udgnnn) AenaeT BO3IMOXHOHR
yTuaAn3anuo HEeKOTOPOR YacTu sHepruw ATQ IAf NOHUXGHMA axTR-
BAlMOHHOrO Gaprepa NMMUTHDYDmE! CTazud MUKIA B3aaMozelcrBma
8KTHEA ¥ MMO3MEA. MEHHO 3HEDPrus, KOTOpAF OCBOOOEZAETCA Ha
OZHOM AKTHMBHOM pexrTpe (Ha "TAHyueM" MOCTHK®) MOXET IOCpeZ~
CTBOM CRONBXCHUA HUTell NPMBOARTE K AefOpMaundM ApyTroro ArTHB-
HOTO neHrpa (™TOpMO3sMEro™ MOCTHHKAR), YBEAMUMBAS BEPOATHOCTH
AHCCONMALME aRTOMMO3MHA.

legopuanua aRTOMMOBKHOBOTO AKTHBHOI'O NOHTDA COIUPAKEHHAA
C HepexoZoM MOCTHKA B TOPMO3sNe8 COCTOSHMWE, BOPOATHO, 00Xer—-
Yaer AACCOuUMAnRER NpoAyRToB (AP ¥ OH), WTO ABAAETCH, COPIACHO
Juugy n Teitaopy /ID/, TuMuTHUDyDEe# crazmell uBKAZa axro-TMM,
B _KOoTOopoM ruyzponmsyercsa ATQ. KoHcTaHTa CKOpDOCTH 3TOR cTaiuM
(10-20 cex—1 mpm 200C /19/) eoornercrxyef KOHCTaHTe CKODOC-
TH Da3MHKaHMA TAHYNWX MOCTUKOB (5-7 cex—L mpu 00C /7/) &
ABIAETCA IMMHTRAPYLHEH B MBOMETDHUOCKMX yCAOBMAX, KOTZa BCE
MOCTAKM B 3TOM CJIyuae HaXOZATCA B TAHYHEM COCTOAHBU. [IpH
COKpaleHUH 0e3 Harpys3Kd NONOBHHA 3aMKHY THX MOCTHKOB HAaXOAUT—
¢ B HEYCTOHYMBOM TODMO3AMEM COCTOHHEHM, B KOTODOM KOHCTAHTA
CKOPOCTR pas3MuKaHus Bo3pacraer B 30-40 pad. 370 COOTBETCTBY-
T NOHMREHAD HA 2 KKAal aKTHBALMOHHEOI'O Gaphepa AAA CTaXHH,
nnnumgymeﬁ CHOPOCTh DaSMHKAHMA MOCTHRA (ZAAA AMCCOLMAIMR
10 ¥ ®H, ecnm KOBUeHTpanda ATQ ZOCTaTOYHO BHCOKA).

llpeanoxeHHH} MOXaHU3M MOXET DAaCCMaTPHBATBHCA KK MEXa-—
HOXMMRUECKAd O0paTHAR CBH3bL, KOTOpPaR DETyARPYeT B MHmLE
CKOpOCTEH BHCBOOORAGHNT SHEPTUH.
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Nogoucy K DUCYHRaM

Puc.l. BepxHAa nuarpamMda: SJeMEHTApHHN UMK OONepedHOo-
To MOCTHKA. CDemffA IMarpDaMMa:3aBHCHMOCTh CIJH MOCTEKA
(cojomRas JMAMS) B KOHCTAHT CKOpOCTel MmepexomoB MexLy Cy-
MECTBEHHHMY COCTOAHUAME OMRJA (OyHKTHpHHE JEHMA) OT CMele-—
HEA MOCTHKA £ M3 DOJOXEHEA HAWGOJNee BepOATHOTQ 3AMHKAHEA
(¥3 paBHOBECHOTO MOJIOXEHMA CBOSOINHOT'O MOCTMEA), HURHAA 94CTh!
ypaBHeRRsa " KEHeTHdYecKoit" momenu, [Ipapad OOJOBMHA COOTBET-
CTByeT CORpameHND, JIeBAA-pPACTAXEHHN aKTEBHOE Mmunk, OdosHa-
9¢AMA: o , h , m B P B InarpamvMax HMENT CMHCI CBOCON-
HOTO, TAHYMETO, TODMO3AWETO ¥ CYHepTAHYmETO COCTOAHEA MOC-
TUKA, B YDaBHeHMAX - [OJHOE 4HCJIO, IHCAO TAHYIMX, TOPMO3A-
MUX ¥ CYNEPTAHYIRMX MOCTUKOB B MOJOBMHE CapROMEpa COOTBETCT-
BeHRO; Ky - ROHCTaHTa CKOPOCTH 3&8MHKAHMA [ONEDEYHOTOMOCTH-

Ra, K_I , K2 1 K3 — KOHCTaHTH CKopocTell pasMHRaH®mA TAHYIWX,

TOPMO3SNEX E CYNEPTAHYMEX MOCTEEOB COCTBETCTBEHHO; f - CH-
J2 MOCTZEEA; V ~ CEOPOCTH ATHOCHTEILHOTO CROILXSHHA TOJNCTOR
¥ ToHROM HHTet (CKRODOCTH YRODOYEHEA [OJIOBMHH CaprOMepa);

- 6n + 0 - rpasMud TAHYmMEerO COCTOSHMS C CYHEepTAHYMEM
H TopMO3AmEM; § — CpenHEl MHTEpDBAT OEeDEeMEMeHEI MOCTHRA
JOCNe 3AMHKAHWA, HA KOTOPOM OH DasBHBAST TAHyNyD Cuxy +f
("mar" mocTmERa); N —~4ECJIO CADKOMEDPOB BIOXB BOJOKHA, T —
- BeJWUVHA HATPY3KH Ha MHUWIY; 7 - Macca HarpyskE.

Pmc.2, CrammoHapHOE pemeHEe CHUCTEMH ygaaneﬂnﬁ (1-3)
puc.I: B 8HHMS LA CKOPOCTH COKpalesus (7), CRopocTelt
sgepro- (8) m remmomponykmux (9) commazamwT no fopMe ¢ ypas-
AeHEAMM XWifa; BelvyuHH napaMeTpoR MOZENN, NONYYEHHHE IpH
CPAaBHEHMYM CTALUOHAPHOTO DElEHNs C JKCIEeDUMEHTANbHHMK HaH—
Hemy (I0) .

Puc.3. lipucaukeHue K CTANUOHAPHOHR CHROPOCTH WM30TOHMYEC~
KOTO COKpaWleHVA NOCHE OHCTPOTO OCBOGOXZAEHWA TETGHUYSCKM CTH-
Mynupyemoli Mpuny ( pacyeT sKCHepUMEHTa DUC.4). OOBACHEHUA B
TEKCTE.

Puc.4. YHOpOYEHME MHUIH, OCBOGOXIEHHOH uepes I Mcex
nocie CTYyNeHRYyaToro ykopouenus (Ha 3% 3a 1 MCEK); AEIEHME IO
OpZuHATE COOTBETCTBYET (0.3 MM IJAMHH MHUUH, JeJEHUE IO a68-
nucce — 3 MCeK; NODTHAXEAA MuuULna AATyuxd, (= 31 mm, 2°C,
30 uMmn/cex. ¢

Puc.5. [lepexozHue NpOLECCH IOCIE CTYNEHYaTOro yKOpOoUe-

HUA MHIUH; d -TUNMYHAA 2KCIEPUMEHTAIbHAsS KDUBAfA
b - DKBUBaZeHTHag CXeMa BA3KOYIPYTMX CBOHCTB NONOBUHH

CapKOMepa BO BpeMA Gucwgyx $as nepeXozHoIo mpouecca, cxeMa
¢ 0003H3uUEHUAMU T, # Mnﬂchpﬂp%ﬂT pacrnpenenenne
KOpOYeHHUsa Memnz némugmposaﬁﬁoﬁ HEZEeMIIQUPOBaHKOH}
NPYTOCTAMK B MOMEHTH, COOTBETCTBYOMNE PasBUTUI HAIPAKEHMIA

, B T,  H3 KpUBOH @ ; '€ -33BUCUMOCTE Kakymerocs
KOa(puIuenTa yupyrocTu Henemnénpoxaﬂﬂoﬁ KOMIIOHEHTH OT aMIIaIu-—
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TYIH YROpOdUeH¥A, ¢ ; O - 3aBUCMMOCTE CHIH IEMITHDOBaHHOR
KOMIOEEHTH OT €€ yHOpOYeHWmA , § , CWIa MATNBULYANLHOTO
MOCTHEd ¥ Daclpelesiédneé MOCTUKOB IJI H3OMETPHYECKOI'o COKpa-
medws (I) m mia crydas  T,= 0 (2).

Prc.6. PacueTHHe XpEBHE M3MEHEHNA CHMH BO BpEMA M [OCTe
CTyHNEHYATOTO YKOPOUEHNI MHNON L4 PasJMdHNX aMILINTYI YROPO-
4eHEa A¢ o O0BACHEHUS B TEKCTe,

Puc.7. ABTOKONECAHMA CHMH BO BpeMA TETAHEYECKOTO COKpa-
IeHMA NOPTHAXKHON MHNIH JISTYMHE NON N30TOHEYECKON HHEDUNOHHOR
HATDYy3KOil; BEPXHAA KpUBafg-M3MeHEHNE IJIMHH, HUXHAA-NeDeMeHHad
KOMIOOHEHTa CWIH MHUIE (MARCHMATLHAS AMIIITYIA COCTaBISeT

I T, , memenme me adecrmmcce coorserctsyer 100 mcex, 20C,
30" man/Cek.

Prc.8. PacueTHHe KpKBHE aBTOKONeCaHuil CWIH BO BpeMd Te-
TAEAYECKOTO COXKpAlleHMA MHIIK [IOX M30TOHHYECKOH WHepIMassHOHR
HATpy3KoH .

Prc.9. Cmeur fas mexyy HarTaxeHueM M IIMHOY IpE pasaMd-
HHX 4YaCTOTaX BHHYRIEHEHX KoJeCaHuil maman; & - HOBTHHKH&H
MHINA JATYOKM, aMIUITyRa - 17 mameEs mummd, 29C, 3 mar/cex
/189; b - rng&egmnnpoaaﬂﬂom m, psoas KPOJMKAE, aMIINTYIa
0,4%, 189C, o T2, SaM MeCl,, gme KCI, pH=6,8, pCa=6,95

/18/.

Figure Legends

Fig.1. Top panel: elementary cycle of cross-bridge.
Middle panel: dependences of cross-bridge force (solid line)
and rate constants of transitions between significant states
of the cycle (dashed lines) upon the crossbridge displace-
ment & from the position of most probable attachment (from
equilibrium pogition of free cross-bridge). Lower panel:
equations of "kinetic" model. Right part of the figure cor-
responds to the contraction and the left one-to stretch of
active muscle. Notations: «, h m and p in the diagrams
have the /-ense of free (detacheds, pulling,hindering and
superpullig states of cross~bridges, in the equations they
denote the whole number, the number of pulling, hindering
and superpulling cross~bridges respectively in a half of a
sarcomere; K1 is rate constant of crosgs-bridge attachment;

K_q, K2 and K5 are rate constants of detachment of pulling,

hindering and superpulling crosgs-links respectively; f is
the cross-link force; VvV 1is the velocity of thick filament
sliding relative to thethin one (the velocity of a half sarco-
mere shortening); ~-§ and +0 are boundaries of pulling
region with the superpulling and hindering omes; 0 is mean
distance of cross~bridge displacement from the position of
attachment on which it develops pulling force +f (cross-



bridge "step"); N is the number of sarcomeres along muscle
fiver; T is the load and J is its inertia.

Fig.2+. Steady-state solution of a set of eguations
(1+3) of Fig.1: expressions for contraction velocity (7),
the rates of energo-(8) and heat productions (9) coincide
in form with Hill's equations; the values of model parame-
ters obtained when comparing of steady-state solution with
experimental data (10).

Fig.3. The approach <to steady-state velocity of iso-
tonic contraction after quick release of tetanized muscle
(calculations of experiment of Fig.4). Explanations are
giver in the text.

Pig.4+ The shortening of the muscle, which was released
after one millisecond pause after step-like shortening
(3% in one millisecond); one division in ordinate corresponds
to 0«3 mm of muscle length, in abscissa- to % msec; frog sar-
torius lo = 31 mm, 2°C, 30 pulses/sec.

Fige5. Transient responses after stepwise muscle shor-
tening; a -typical experimental curve /10,11/; b -an
equivalent scheme of visco-elastic properties of half-sarco-
mere in the fast phases of transient response, the schemes
with nctations T, and T, give distribution of shorltening

! between damped and ifistantaneous elastisity at the mo-
ments corresponding to temsion development T, and T, on
the curve @ ; ¢ - dependence of apparent elastic coeffi-
cient, Ka, of instantaneous component on the amplitude of
shortening, ; d-the dependence of damped component force
on i1ts shortening, § , individual cross-link force and cross-
link distribution for isometric contraction (1) and for the
case T‘ =0 (2).

Fig.6. Calculated curves of force transients in the
courge and after steplike muscle shorthening of various am-
plitudes Al . Explanations are given in the text.

Fig.7. Force selfoscillations during tetanic contrac-
tion of frog sartorius muscle under isotonic inertial load;
upper trace-length change, bottom trace-oscillating compo-
nent of the muscle force (maximal amplitude is 0.1 T, , one
3ivi§ion in abscissa corresponds to 100 msec, 2°C, 30 pulse/
S€eC )«

Fig.8. Calculated curves of force selfoscillations
during tetanic contractiorns under isotonic inertial load.

Fig.9. Phase shift between tension and length at va-
rious frequencies of driven length oscillations; a -frog
sartorius, amplitude 1% of muscle length, 2°C, 30 pulse/sec
/18/3; B - glicerinated rabit psoas, amplitude~ 0.4%, 18°C,
Smii ATP, 5mM MgClz, 90 mM KC1l, pH = 6,8, pCa = 6,95 /18/.



THE THEORY OF MUSCLE CONTRACTION AND THE PARAMETERS
OF ELEMENTARY CONTRACTILE CYCLE

V.I.Deshcherevsky

Institute of Biological Physics, Acad. Sci., USSR,
Pushchino, Moscow Region, USSR

Essential part of results presented in this paper was
obtained in collaboration with A.E.Bukatina, V.N.Buravtsev
and M.F.Chaply.

In I957 A.Huxley /I/ suggested a mathematical descrip-
tion of the sliding-filament mechanism and showend, that his
model is in accordance with known dynamic and energetic
propertiesof a striated muscle, which are expressed by
Hill's equations. In the recent years several modifications
of this model were suggested, which under appropriate
choice of the parameters are capable to describe isometric
twiteh /2/, selfoscillations of insect flight muscles /2,3/
and transient responces on steplike decrease of the load
/4%,5/. However tc¢ describe various regimes of contraction
it was necessary to introduce new adjusted parameters and
prescribe various values to the model parameters which
give force properties of cross-link and rate constants of
cross-bridge attachment and detachment. So the question
may arise: whether it is possible to describe steady-state
and transient regimes of contraction in terms of a single
model under the single choice of the parameters.

In I968 we attempted to describe muscle contraction as
transitions of crossbridges between small number of mechani-
cally significant states /6/. 1t was assumed that the
attached cross-bridge may be in two states: in the "pulling"
one it develops constant positive force +f, in the "hinder-
ing" one constant negative force -f. From the free (detach-
ed state the cross—-bridge transits into the pulling one in
which it has low probability of detachmeht.

After the displacement which is coupled with filament
sliding, for the distance ( from the position of most
probable attachment (equilibrium position of free cross-
bridge) it transits into the hindering state, in which it has
high probability of detachment.

The scheme of an elementary cycle, force characteristic
of cross-link and rate constants of attachment and detach-
ment and equations of the model for the case of muscle
contraction is given in the right part of Fig.I. Cross-
bridge transitions between the free, pulling and hinderin
states are governed by the “kinetic" equations (I) and (2).
Muscle force is expressed as f(n-m) . Hquation (3)
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governs the motion of the load T , which has dnertia
3 . It should be noted, that effective rate constant of

cross-links transition from the pulling state into the

hindering one is of mechanical nature and is expressed as

V/gwhere V is the velocity of filament sliding and

-means the distance of cross-link movement in the
pulling state. Cross-bridge current into the pulling state
is governend by the term K,(d-n-m) (see BEq.l),
which may be true 1if all the free cross-bridges have egual
probability of attachment. In equation (I) the detachment
of pulling cross-link is disregarded since the rate constant

K., which may be evaluated from tension decay in muscle
relaxation /7/ is small in comparision with K, for the
case of intensively activated muscle.

So the kinetic equations (I,2) represent a rather
rough model of the cross-bridge action in a contracting
muscle. However, the known contractile properties can be
interpreted quantitatively in its terms. The parameters
of this wodel can be determined in single manner from a
small number of experimental data and it will be shown,
that various regimes of muscle contraction are described
under the same values of the parameters, On the other hand
‘'some experiments were stimulated by this model which
demonstrates the limits of its application and probable
ways of its improvement.

The set of equations (I-3) allows to calculate the
muscle contraction dynamics under various conditions. The
most simple case for this model is to describe the contrac-
tion with constant velocity. The expression for the steady-
state velocity of contraction has the form of Hill's
characteristic equation (equation 7, Fig.2). When the rate
of contraction is constant the rates of energy and heat
production are expressed by equations (8) and (9) and are
in agreement with Hill's data under appropriate choice of
the parameters.

There are five parameters in the kinetic model. Three
relations between them are obtained by comparing the steady-~
state solution with Hill's equation. The number of myosin
projections, & , can be estimated from structural data.
If the cross-bridge maximal work in the cycle, fx
is supposed, as usual , to be equal t¢ the energy of ATP
hydrolysis, & s the parameters of the working cycle can
be evaluated in following way (Fig.2) absolute value of
a2 cross-bridge force, £ =o3.I0-7 dynes, the length of
"pulling" region, _§ =I00 A, the rate constant of attach-
ment, K,= 50 sec—l, and the rate constant of detachment
of hindering cross-bridges, K,= 150 sec—1l,

It should be noted that this estimation is a very
approximate one, since the accuracy of some experimental
data used leaves much to be desired. In order to obtain
more precise wvalues of the parameters the investigation of
the model behaviour under some unstationary conditions was
performed.

The most informative regime appeared to be the unload-
ed contraction of a tetanised muscle after qQuick release.



In cases when one can ignore the inertia of registrating
system and that of the load, equation (3) of Fig.l can be
reduced to algebraic relation fx{n-m)=P and the solu-
tion of the whole system can be obtained analytically.
After stepwise decrease of the load from p, to P ,
the approaching to steady-state contraction occurs mono-
tonically, The initial wvelocity is more than a stationary
one under,low jumps of load (at A=Z >335 %= 2
When A< ooy the initial velodrtylis le&d than the
stationa one and the curve of shortening, when the load
is released, is shown in Fig.3. Time of "lag phase" in
common case is given by equation (II). If the load is
released from P, to g- , the initial velocity is a half
of the steady state one, and the lag period T° and

- presteady-state shortening 4 are related with
constants K, and § in simple relations (equations
I2 apnd I3, Fig.3). These formulae contain the ratio K

which can be determined from the dependence of stationary
velocity upon the load ( g =2 % 3). However, the
influence of this parameter is relatively weak.

Careful experimental study of transient regimes after
stepwise change of the load was carried out by Civan and
Podolsky /8/. However, the technique applied did not allow
to study the dynamics of muscle shortening when the load
is released from P, to values less than 0,2 B, . Under
these conditions the mass of muscle itself becomes essential,
and initial phase of contraction is carried out at the
expense of energy release which was stored up in series
elastic component during isometric contraction. So, the
following scheme of the experiment was accepted to detemine
the dynamics of frog sartorius muscle contraction after
Quick change of the load from P, to 0o . Tetanically
stimulated muscle having developed maximal temsion was
shortened by 2-3 per cent during I msec by the driven
shift of the muscle end so that the tension decreased to 0.
After the pause of one msec the other end of the muscle
was liberated and its movement was registered. Experimental
curves (Fig.4) coinside in shape with theoretical ones,
this allows to determine values of the parameters:

T° = 3,544,5 msec, 0, = 0,5 per cent of muscle length
.2 If g3 3, then K, = 2004250 sec™l, K =65+85 sec~l
and = § = 80 A. The last pdrameter can be determined inde-
pendently from the relation K,8=Vme [rom where § =00+75 4,
that is in accordance with the preceeding estimation.

The curves of force redevelopment after quick release
obtained by Jewell and Wilkie /9/ are described by the
theory under similar values of parameters /7/. Transient
responces with high time resolution observed recently by
Huxley and Simmons /IO/ detected the existence of damped
elasticity of muscle which is probably conditioned by
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conformational rearrangement of actomyosin cross-links.
In this case this coumponent is to be directly connected
with cross-bridge step § and the force characteristics
of cross-link.

We did not concretize the nature of damping, but tried
to determine +the "length - tension" dependence for the
damped as well as for instantaneous elastic component using
four curves published by A.Huxley /I1I/.

Quick phase of tension change as a result of stepwise
shortening of muscle fibre occurs during some milliseconds
(Fig.5a). If the estimation of constants of kinetic model
given above is reliable in order of value, then the attach-
ment and detachment of cross-bridges in this phase can be
disregarded. Viscoelastic properties of the sarcomere half
in this time interval can be represented by the scheme 5b
and described by the following equation

F(E)-AE =T,-K(¢-E) (14)

The sense of variables of this equation is clear from Fig.5.
Apn apparent coefficient of elasticity of undamped component
K.:II.%TJ- %g_g ( & - sarcomere length, K, is express-
Py ()
ed in T, per I per cent of fibre shortening) is linearly
decreasing with the rise of the amplitude of shortening ¢
(Fig.5¢). It may be supposed that the true elasticity
coefficient K is not dependent on € , and the dependen-
ce observed is conditioned by partial shortening of damped
component during driven change of a fibre length. In experi-
ments /II/ this time is approximately proportional to the
amplitude of shortening, that is

=Vt (15

where 'V‘.='2-IO-3 cn/sec. Since during the time of driven
shortening of fibra the length change of damped component
is small, one can consider that

F(E)=T,- X g (16)

Under conditions (I5) and (I6) the solution of the
equation (I4) gives the following expressions for shorten-
ing of damped component & , the amplitude of force change

T,-T, and the apparent coefficient elasticity of undamped
component K, :

8=tk VE (ool &)

=R, T Rx

(I7)
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o ~e L
T =K(P-F)= L £ (1-expl-
T,-T,=K(L-E)=kE (¢ to}**‘vro(’ pl-¥e ) (13)
T = L
at EKVT  T-T,=kt(1- 35z,
_T—W:/mot: S .t
K 055 2007, (t QVT,)K (I9)
Correlating equation (I9) with the graph Sc, it is
possible to estimate irue elastic coefficient oi undamped
component, K , time of relaxation T, and "friction"

coefficient A . Normalizing them on isometric tension
value T, and the sarcomere length § we get the Tollowing

estimations: K = I,5 TO per I per cent of shortening,
T, = IO~Bsec, A= I,S-IO'5CD0/I per cent gicshortenlng .

Direct estimation of relaxation time in phase of force
redevelopment when driven shortening is stopped correlates
well with the value given above. After determination of
true elastic coefficient oi undamped component it is not
difficult to estimate the dependence of the force of damp-
ed element on its shortening:

F(E)=T, (&)= T,(1- ) (20)

that follows directly from Fig.5b. This dependence is shown
in Fig.5d. It can be explained in terms of "kinetic" model
by the movement of rectangular distribution of cross-links
from position (I) to position (2) along § . It follows
from this dependence that the force of an individual cross-
link is constant in wide range of displacement, as it was
supposed in our model. The length of pulling region determin-
ed in such a way is equal to 80 A.

These estimations can be reasonable if the solution of
kinetic equations at such values of parameters A and K
as obtained above,and at the accepted rate constants of cross-
bridge attachment and detachment will give the tension curv-
es which can be subdividep into fast and slow phases. If
the inertia of muscle and registrating system can be ignor-
ed and "viscous" resistance to cross-link movement and
series elastic component are taken into consideration with-
out concretizing their nature and localisation then instead
of equation (3) in Fig.I the following expression should be
written: ’

V=% [T-K(t-&) - £+(n-m))

E'ftvat p . [Vt et vetsat
K Tl at atvet>Ae

(21
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Calculated curves according to the set of equations (I,2,2I)
for various amplitudes of muscle shortening Al wunder ini-

tial conditions  n(0)=a m(o) =E(0)=0 are given in
Fig.6. The values of driven shortening velocity V , elas-
ticity and viscous coefficient K and A , as well as

K, and K, are taken from the preceeding estimations,

The calculated curves as well as experimental ones
have, obviously, fast and slow phases of force changes.

Thus, different ways of the parameter evaluation of
the kinetic model from wvarious regimes of muscle contrac-
tion give close values. This allows to consider that a model
given reflects to some extent the real processes occuring
in the contracting muscle, It is interesting to note that
this kinetic model is applicable to the insect flight muscle
/7,12/ and gives reasonable value and correct dependence of
power output upon the frequency under nearly the same para-
meter values as determined above.

Somewhat unexpected result was obtained by analysing
the model behaviour in the case of muscle contraction with
inertial load. The movement to the steady-state had an
oscillating component even though passive elasticity was
excluded from the eqQuations. In the experiment performed on
the sartorious muscle of a frog /I3/ the force oscillations
have been registered under isotonic conditions. Their
frequency is determined by load value' and inertia and is
independent of the frequency of stimulation. These oscilla-
tions, undoubtedly, are of active nature (see Fig.?7): under
some conditions the amplitude of oscillations increases in
the course of contraction. Sometimes double-frequency
oscillations are observed.

The set of equations (I-3) (Fig.I) which was consider-
ed gives only damped oscillations and fails to describe more
complicated behaviour of the muscle. Undamped and double-
frequency oscillations are obtained in the btheory, if the
kinetics of cross—links transition from the pulling state
into the hindering one is calculated more accurately.
Really, the cross-bridge current through the states bounda-
ry, b is not determined by their averaged concentration
over pulling region n/§ , but by their actual concentration
at this position (see Fig.I). If all the cross-bridges make
cross-links at & =0, then their concentration at 6 -posi-
tion in moment t is equal to that at the point £ = O in
the moment t-T | where T is the time interval of cross-
link movement through the pulling region. This mechanism.
is taken into consideration by introducing delayed terms
in the equations. These equations have no steady-state
solution, if all projections make cross-links at g =0.
Real behaviour of the muscle, including all types of curves
of Fig.? has been obtained (Fig.8) when the probability of
attachment 1is constant for all projections with

~086< <1085 and equals to zero at other values
of g . It may be interesting to note that the shortening
during the time of one pulsation was about cross-bridge
step, § , in all double-frequency curves calculated by us.

28:3aK <61



However, on the experimental curves corresponding
shortening is about 3-4 per cent of muscle length. Such
value of filament displacement corresponds to axial periods
of active cites on the filaments rather than to cross-
bridge step § . So, mechanism of force self-oscillations
under isotonic conditions needs further experimental and
theoretical examinations.

Probably, to explain some regimes more detailed ideas
on contractile mechanism are required. However, we may
conclude that many features of muscle dynamics can be
understood in tarms of a very rough model.

This allows to consider the proposed kinetic scheme
as the first approach to the molecular nature of elementary
contractile cycle. In this connection the questions may
arise: whether it is possible to simplify the model in the
scope of the scheme under consideration and what relation
exists between the postulated significant states of the
crose-bridge and its actual molecular transitions inthe active
muscle.

There is little doubt that both attached and free
states of cross-bridges do exist in the active muscle and are
significant for its mechanical behaviour. So, to simplify
the model one may try to consider only one significant
state of an attached cross-bridge instead of two. The modsl of
such a type was suggested recently by Chaplain and Frommelt
/T4/. In this model an attached cross-bridge develops only
positive force the magnitude of which linearly decreases
with the speed of contraction and equals to zero under
unloaded contraction. The cross~bridge gets free after
displacement for the distance § , so that one of the rate
constants in this model has a mechanical nature and is
expressed in the same manner as the rate of transition from
pulling into hindering state in our model.

Chaplain and ¥rommelt have demonstreted that their
model is in a good accordance with the energy and heat
production data on isotonic steady-state contraction. The
similar model was examined by Buravtsev, He obtained anaiybtic
sotutions for both steady-state anc transient regimes ana
for force kinetic¢s under driven length oscillations. It may
be concluded that such "reduced" model is capable of
describing about the same number of experimental data as
the kinetic model does.

It may be useful to find the reasons for such dynamic
likeness of reduced model and the kinetic ome and to show
possible points of their descrepancy. It should be noted
that the first model contains just the same number of
adjusted parameters as the second one and can not be regard-
ed as a simpler model in this sense, Under steady-state
conditions these two models are mathematically equivalent
and can show similar behaviour under conditions close to
the steady-state ones. However, under sharply non-stationary
consitions their behaviour differs essentially.

In the reduced model there is no possibility for
crosslinks movement with the speed exceeding that of unload-
ed steady-state contraction. In the kinetic model the speed



of cross-~link and the filament displacement for the distance
6 can be limited by the viscous resistance of sarcoplasma
or by inherent time of the cross-link conformational
rearrangement. The latter is taken to be small in comparison
with'f/K2 , hence the transient speed can exceed the maximal

gteady~state one. In the transient responces obtained by
Huxley and Simmons /I0,II/ the initial velocity of contrac-
tion of damped elastic component, i.e. the velocity of
cross-link relaxation exceeds 7-I0 times steady-state
velocity of filawent sliding under uniocaded contraction.
So, the cross-link inherent "friction" can not restrict

the velocity of unloaded contraction. The hindering force
of individual cross-link is rather of potential nature as
suggested in kinetic model.

This question is closely associated with the problem
of energetic structure of crose-link real conrormational
states, Cross-bridge being a molecular object must fluctuate
intensively. So its mechanical characteristics such as force
and displacement have the sense of time average magnitudes
(time interval of averaging is taken to be small as compar-
ed to contractile processes). The force characteristics
assumed by CUnaplain ana Frommelt /14/ mean that cross-
1ink av 1ilament sliding passes 'a number of relatively
stable positions with progressively lowering energy and
separated by high energetic barriers. The force characteris-
tics assumed in kinetic model /6,7/ suggest a number of
states with progressively lowering energy for pulling region
of displacement and with rising energy for hindering region.
These states are assumed to be separated by low barriers.

Under the assumption that the number of real energetic
states of cross-bridge is small one can try to obtain its
averaged mechanical characteristics in terms of the theory
of rate processes.,

The first application of this theory to individual
cross-bridge kinetics was given probably by Volkenstein /IS5/.
Recently Huxley and Simmons /I0/ gave a very attractive
interpretation of their own results on transient responces
of a muscle in terms of the theory of rate processes. How-
ever, consideration of such a type will probably have an
illustrative nature as long as the number of the cross-
bridge stable positions and their emergetic structure remains
a matter of choice. Probably some information on this
question can be obtained by the determination of cross—
bridge cycle parameters from the experiments in which
contractile system acts under various physico-chemical
conditions. The first step on this way is to find suitable
experimental muscle models in which contractile system will
act under controlled conditions and in which these condi-
tions can be chosen pearly physiological. If dynamics of
such experimental system described by the same mathematical
model as & native muscle is, then the comparision of con-
tractile mechanisms is possible in terms of model parameters.
We tried to study the dependence of velocity of glycerinat-
ed fibre of a rabbit psoas muscle contraction upon the load.



However we failed to obtain steady-state contraction of
these samples: the velocity was monotonously decreasing

in the course of contraction under constant load. One of
the probable causes of such behaviour is the redistribu-
tion of sarcomere lengths during isometric contraction

of sample in activating media. About IO seconds are required
to reach the steady-state concentrations of reagents but
this time it seems to be too long for isometric contraction
of a fast muscle. We really observed regions with shortened
(up to 1,8 M) and stretched (up to 2,9 M ) sarcomeres along
glycerinated fibers in activating solution, though initial
sarcomere lengths were 2,3-2,5 u . Other probable reason
of steady-state contraction lack may be of chemical nature.
When the sample is released the production rates of Pi and
ADP are increased and new steady-state concentrations cannot
be reached during the time of contraction.

For this reason we tried to compare the behaviour of
glycerinated and native muscles under driven length oscilla-
tions, when ATP hydrolysis rate is low. In this regime the
behaviour of glycerinated rabbit psoas fibres is similar
to that of native frog sartorius muscle stimulated tetani-
cally (Fig.9). Phase shift between tension and length in
some range of frequency is negative, that conforms to nega-
tive friction of the sample. The curve for glycerinated fibr-
es has the shape similar to that of native muscle, but is
shifted to the region of lower frequencies. So, we may hope,
that in both cases the same mathematical model is applicable,
though time scales differ I0-fold. However, the possible
interpretation of these curves in terms of kinetic model
/I6/ is rather complete and there is no possibility to deter-
mine model parameters in single manner from these curves.
There is a possibility to obtain some information about
myosin-actin~-ATP interactions in solutions from steady-
state ATP-ase kinetic data. For this purpose we have suggested
the cyclic mechanism of ATP-ase activity of actomyosin sys-
tems of structurated and unstructurated types in solutions
/17/. The proposed scheme is similar to usually postulated
cyclic mechanism of cross-bridge action in muscle. From
this point of view an enzymatic act of ATP hydrolysis is a
result of the whole myosin-actin assotiation-dissotiation
cycle, but not of any single stage of this cycle.

Such an approach, allows to estimate the possible role
of filamentous organization of myosin and actin active sites
in fermental kinetics of ATP splitting. Such organization
results in the "lowering of activation energy" of hydrolysis
/I7/. We assume, that the connection between the active
sites (attached cross-bridges between the pair of filaments)
makes possible the utilization of some part of ATP energy
for the lowering of activation barrier of the limiting stage of
myosin-actin interaction cycle. Namely, the energy which
is released on one active site (on the "pulling cross-link")
can due to filament sliding result in the deformation of
other active site ("hindering cross-link"), increasing the
probability of myosin-actin dissotiation.



Deformation of actomyosin active site coupled with
cross-bridge transition into the hindering state facilitat-
es probably product (ADP and Pi) dissotiation, which is
according to Lymn and Taylor /I9/ a rate-limiting step of
acto-HVMM cycle of ATP hydrolysis. Rate constant or this
step (I0-20 sec—l at 20°C /I9/) corresponds to that of
pulling cross-bridge detachment (5-7 sec™t at 0°C /7/)
being rate limiting under isometric conditions, as all
cross-bridges are in the pulling state in this case. Under
unloaded contraction half of cross-links is in the unstable
hindering state in which rate constant of detachment is
increased 30-40 fold. This corresponds to 2 cal lowering
of activation barrier for rate-limiting step of cross-
bridge detachment (for ADP and Pi dissotiation if ATP
concentration is sufficiently high).

Proposed mechanism can be regarded as mechanochemical
feedback which regulates the rate of energy release in
muscle,

See: References:pp #I17~418
Figures: pp 419-424
Figure Legends: pp #425-427
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