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Whereasbifurcationswithin analreadyactivesetof componentsarewell-known in biological coordination(e.g.gait transi-
tions), lesswell understoodis theprocessby which previouslyquiescentdegreesof freedomarespontaneouslyactivated.We
introducea simpleparadigmto explorehowcomplex,biological systemsflexibly recruitandannihilatedegreesof freedomac-
cordingto parametrictaskrequirements.A sequenceof transitionswithin andacrossplanesof motionis observedasa control
parameteris varied.Suchtransitionsareinvariablyprecededby enhancementof fluctuationsin trajectoryrelatedvariables.Our
resultssuggesta theoreticalmodel in which the main qualitativechangesobservedexperimentallyarea consequenceof two
consecutiveHopfbifurcations.

An essential,but poorly understoodfeature of languageof nonlinear dynamics.Specifically, the
complexbiological systemsis their ability to flexibly formation of rhythmically coordinatedmovement
assembleanddisassemblepatternsof coordinated patternsandswitchingamongdifferentcoordinated
behavioraccordingto functionaldemands.For ex- stateshasbeendemonstratedto arisevia an insta-
ample,to reachfor a cup of coffeecloseby mayre- bility whena controlparameteris systematicallyvar-
quire only the coordinatedextensionof the elbow ied. Predictedfeaturesassociatedwith instabilities,
andshoulder.A cup locatedfurtheraway, however, suchasenhancementof fluctuationsin an identified
mayrequireforward leanof thetrunk or even,if one order parameterand slowing down nearthe transi-

is seated,rising from the chair (a transitionfrom a tion region [2,3] havebeenverified in a numberof
three-to two-point stance).Suchflexible andspbn- differentexperimentalsystems(seee.g. refs. [4—7]).
taneousrecruitment of previously quiescentbio- In the foregoingcases,transitionsare alwaysof the
mechanicaldegreesof freedom (d.f.) and the si- order —~ ordertype: thesamebiomechanicald.f. are
multaneouselimination of no longer relevant d.f. spontaneouslyre-orderedat a critical value of the
accordingto taskor boundaryconditionsis accom- control parameter.Dependingon the symmetryof
plishedeffortlesslyby humanbeingsandanimals,but the system,transitionsmay takethe form of (sub-
not by roboticdevices, critical) pitchfork (seee.g. ref. [1]) or saddle-node

Here we introduce a simple experimentalpara- bifurcations (seee.g. ref. [8]). Much less studied
digmto explorethedynamicalprocessofflexibly re- (indeed,not studiedat all) are situationsin which
cruiting andannihilatingbiomechanicald.f. accord- new biomechanical d.f., e.g. muscles, neuronal
ing to parametrictask requirements.The present groups,are recruited(and“old” onesannihilated)
work follows alongthefootstepsof previousresearch underparametricinfluences.Sucha caseis reminis-
(seee.g. refs. [1—3]) showingthat coordinationin centofoneofthemostfundamentalprocessesin dis-
complexbiological systemsmaybeunderstoodusing sipativedynamicalsystems,namelythecreationand
thetheoreticalconceptsof self-organizationandpat- destructionof orbitsasa parameteris increased(see
tern formation in nonequilibriumsystemsand the e.g. ref. [9]).
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Our main goal in this paperis to elucidatehow poral andspatialcharacter.We now identify exper-
available(in thesenseof potential)d.f. arerecruited imentally what these patterns are, the pathways
and alreadyactive d.f. are annihilatedwhen per- betweenthesepatternsandthe natureof the tran-
forming a rhythmic task. The underlyingreasonis sitions (abruptor continuous) from one ordered
that a systemcontaininga set of activecomponents patternto ~ Weproposea preliminarythe-
thathavebeenself-organizedfor a particularmove- oreticalmodelat the individualoscillatorlevel ofde-
ment patternis now no longerableto supportthat scription, andsuggesthow the collectivelevel may
behaviorin a stable fashionwhen a control param- be handled.
eter(herethefrequencyof motion) crossesa critical Six normal adultsvolunteeredfor participationin
value.The newmovementpatternmaystill be top- this study. The experimentaltask consistedof bi-
ologically equivalentto the previousone (e.g. both manualandunimanualrhythmical coordinationof
may belimit cycles)but additionald.f. are required the index fingers about the metacarpophalangeal
to performthe task. joint. The experimentaltask consistedof four bi-

Thepresentexperimentbuilds upon a serendipi- manualinitial conditions:horizontalin-phase(ten
tousfindingbrieflydescribedsomeyearsagoby Kelso trials) andanti-phase(ten) (i.e., abduction—adduc-
andScholz [10] in their studiesof humanbimanual tion) in the transverseplaneandvertical in-phase
coordination.Earlierworkinwhich motionwascon- (five) andanti-phase(five) in thesagittalplane(i.e.,
fined to horizontal planar movements involving flexion—extension).In the unimanualconditions,the
flexion andextensionofthe index fingershadshown subjects performed abduction—adductionmove-
that transitionsfrom anti-symmetricalpatterns(ho- mentsofthe left andright fingers(five trialsof each)
mologousmusclescontractingalternately)to sym- starting in the transverseplane.All trials consisted
metrical patterns(homologousmusclescontracting of twelve frequencyplateaus(twelvecyclesperpla-
together) occur as frequencyof oscillation is in- teau)startingat 1.5 Hz andincreasingto4.25 Hz in
creased.In order to obtain measuresof underlying 0.25Hz steps.The subject’sprimarytaskwastopro-
neuromuscularactivity, KelsoandScholzstudiedre- duceonefull cycleof movementwith eachfinger, for
petitivebimanualmotionin thex—yplane.After the eachbeatof a metronome.The subjectswere in-
anti-to in-phasetransition,nowinvolving abduction structedthat should they feel the patternbegin to
and adduction movementsin the horizontal (x) change,they shouldnot intervene,but ratheradopt
plane, they notedthat further increasesin cycling thepatternthatwasmostcomfortableunderthecur-
frequencyproducedyet anothertransition,this time rent conditions.Emphasiswas placedon maintain-
from the horizontalto vertical (flexion—extension) ing a 1: 1 relationwith the metronome.Before each
planeof motion.Occasionally,themotionof thefin- condition,therequiredpatternwasdemonstratedfor
gersbecamerotary in naturebeforethe transitionto thesubject,who wasallowedto practicea few cycles
the vertical plane.This phenomenonmay be quali- of the patternbeforethe experimentproperbegan.
tatively understoodas follows. Observedreprodu- TheWatsmart/Watscopeimageprocessingsystem
cible patternscorrespondto stableattractivestates (NorthernDigital Inc.,Waterloo,Canada)wasused
of coordination(describedin terms,e.g. of therel- torecordthex—ycoordinatesoflight-weightinfrared
ativephasebetweenoscillatory components).When emitting diodes (IREDs) attachedto the fingertips
motion is restrictedto the horizontalplaneonly the andknucklesof thesubject’sindexfingers.A custom
symmetric and antisymmetricmodesof coordina-
tion are stablyperformedovera rangeof frequen- ~ .

In doingso, weprovidea responseto a questionraisedbyPro-
cies. For frequenciesabovethis range,no compar- fessorH. Swinneyconcerningwhetheradditionalbifurcations

ablystablepatternisavailableonthehorizontalplane arepossiblein thebimanualsystem(seeref. [Ii]). The an-

of motion. In order to achievestability, previously swerturnsOut to beyesin atleasttwo respects.One,whichwe
quiescentd.f., i.e. in theverticaldimensionarespon- do not explorehereconcernstransitionsamongfrequency-

lockings e.g. 4:3 to 1:1 5:2 to 2:1 etc. [12 13]. The othertaneouslyrecruited. With the availability of this
presentedhere,concernsspatialtransitionsthat occurwhen

addedd.f. the systembecomesmultistableandtran- theexperimentalsystemaffordsmotionin thex—y planeand

sitionsamongthe variouspatternshavebotha tem- initialconditionsareappropriatelyestablished.
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madeapparatusconsistingof two plastiform molds RightFinger Left Finger

anda horizontal grip bar wasusedto supportand Y Y

restrict the movementof the subject’s forearms, 1.5 — 1.75Hz ~ X X

wrists,anddigits III throughV. Mountedon the wall
directly behindthe subjectwasan auditorymetro-
nome Thesignalwassimulatedby a seriesof 50 ms 2 0 — 2 25Hz

squarewavepulsesoutputthrougha RS232port on
a MacIntoshpersonalcomputer Metronome fre
quencywascontrolledby a computerprogramand
a PC AT wasusedfor dataacquisitionandon-line 25 — 2 75Hz ~

monitonng ~‘

The dataweresampledat 200 Hz anda detailed
analysisofthemovementtrajectorieswasperformed 3 0 — 3 25 Hz ‘.-

off line Thetwo dimensionalx—ycoordinatevalues
of the IREDs were recordedin the form of a time
seriesof the trajectory images projected onto the
cameraplaneThetwo two-dimensionaltimeseries 3 5 — 3 75Hz

one from eachcamera for each IRED were con
vertedinto a three-dimensionaltimeseriesusingus-
ing a direct linear transformation.The datawere 4 0 — 4 25 Hz

smoothedandtransformedinto individual anglefiles
which were thendisplayedastrajectoriesover time t
andusedto computepointestimatesofrelativephase ft
andfrequencyvalues.

The raw trajectoriesof the two fingersshownin
fig. 1 illustrate the varietyof transitionswithin and Fig. 1. Rawtrajectoriesofthefingermovementsin thex—yplane.

In this example,theinitial condition is horizontalin-phaseco-
acrossplanesof motion as the frequencyof oscilla- .

ordinationand thefrequencyof motion increasesfrom top to
tion is increased.We refer to transitionsbetween bottom.

patternswithin a singleplaneof motionasinterlimb
transitions,while transitionsfrom oneplaneof mo- tions from bimanualanti-symmetricalto symmet-
tion to anotherare referredto asspatial transitions. rical patternsof coordinationwere observed(hori-
Roughlyspeaking,whenthe initial conditionsspec- zontal anti-phaseto in-phase50/60; vertical anti-
ify horizontalmotion andthemovementrateis rel- phaseto in-phase30/30).By abrupt,we meanthat
atively low, movementis largely confinedto the x spontaneousshifts in the phasingbetweencompo-
dimensionon the x—y plane. As rate increasesbe- nentsusuallyoccurredwithin 2—3 cyclesof motion.
yondacertaincritical value,oscillationson they di- Thirty-seven(76%) of the horizontalanti-phaseto
mensionspontaneouslyemerge,the superpositionof in-phasetransitionsoccurredbetweencycling fre-
thex andydynamicsproducinga rotary-likepattern quenciesof 1.75and 2.25Hz. The rangeof critical
in thex—yplane.As rateis increasedfurther,passing frequenciesforverticalinterlimbtransitionswasfrom
anothercritical region, oscillationsin the x dimen- 1.75to 3.0Hz. Theseresultsareconsistentwith many
sion diminish and the observedpattern is largely otherfindingsin thebimanualparadigm(seee.g.refs.
confinedto they dimension.Distortionsof this sce- [1,111).
narioare quite modest(seefig. 1),probablydue to Availability of additionald.f. resultedin two dis-
therecordingarrangementandtheconstraintsof fin- tinct spatial bifurcation routesfrom horizontal to
gerjoint geometry(e.g. themotionsof they dimen- verticalmotion.Histogramsin figs. 2A and2B rep-
sion at highmovementratescontaina modesthor- resentthe evolutionof horizontalto verticalmotion
izontal component), as a function of cycling frequencyandinitial coor-

A total of 80/90 (88%) abruptinterlimb transi- dinative pattern.Within the two bimanualhorizon-
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Fig. 2. Histogramsshowingthenumberoftrialsdisplayinga particularcoordinationpatternasthefrequencyincreases.HAP = horizontal
anti-phasepattern;HIP=honzontalin-phasepattern;ROTARY=rotarypattern;VIP=verticalin-phasepattern.

tal conditions,98/120(82%)transitionsto the ver- oscillation. Such changesare evidentin the repre-
ticalplaneofmotionwereobserved.Ofthese,53 were sentativetrajectoriesshown in fig. 1. Quantitative
abrupt,occurring(like interlimb transitions)within analysis showed that the relative phasebetween
2—3 cyclesof motion.Rotarymotion was identified componentshoveredaround0 0, i.e. the limbs re-
in 46/120 (38%) trials acrossbothhorizontalcon- mainedphase-lockedthroughout.In the rotarypat-
ditions.Rotary transitionswerecharacterizedby a tern, within-componentphasingwas boundedbe-
moregradualincreasein the amplitudeof vertical tween450 and 1350. Across both individual finger
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conditions,spatialtransitionsto eitherrotaryor ver- walking in gait dynamics[141. Theessentialdiffer-
ticalmotionwereobservedona totalof50/60 (83%) enceherelies in the factthat, in our situation,such
trials. Of thesetransitions,30 wereabrupt (HRF, a bifurcationis utilized asa vehicleto maximizethe
12; HLF, 18) and20 were rotary (HRF, 12; HLF, stability (i.e. reducefluctuations)of the performed
8). patternwhile fulfilling the task requirementstipu-

A stability analysisof all the patternswas per- latedby theenvironment,whereasin thecaseof gait
formedby calculatingthe standarddeviationof the changes,bifurcationssimply provide a mechanism
appropriaterelativephasingmeasureson agivenfre- thatconvertsonefunctionalstatetoanother.Ourex-
quencyplateaubeforeandaftertransitions.Due to perimentalsystemis rathermore analogousto the
the rangeof critical frequencies,pre-transitionanal- spontaneousrecruitmentof “back bending”in qua-
ysis consistedof lining up plateausfrom the transi- drupedalgaits suchas the gallop, andgoesbeyond
tion point and working backwards.For horizontal gait changesperse.Bifurcationsincoupledoscillator
interlimb transitions, the anti-phasepattern was modelsofgaitspertainto analreadyactiveset ofdy-
consistentlyless stable than the in-phasepattern namical variables,but do not presentlyaccommo-
(p<0.01). Vertical interlimb transitionsfollowed datethe self-organizationof previouslyquiscentd.f.
suit (p<0.01).In thelatter,butnottheformer (per- In what follows weillustratethe foregoingnotions
hapsbecauseof a higherstartingfrequencythanear- with a simple oscillatormodelandcomparethe re-
her experimentsand becausetransitionsoccurred suit with experimentalobservations.Theoretically,
quite quickly starting in the horizontalplane) var- the phasespacefor describingthe kinematicsof a
iability wassignificantlyenhancedin theanti-phase singleend-effector,in the presentcasethe fingertip,
patternasrateincreased(p<0.01).Thisfluctuation is (x, .~, y,5’). Previouswork hasshownthat thedy-
enhancementin the hypothesizedorder parameter, namicsof onedimensional,planarmovementscan
relativephase,is fully consistentwith theinstability bemodelledby a nonlinearoscillatorcontrolledby
mechanismproposedfor suchtransitions[1—3]. parameterssuchasthe movementrate [2,15]. thus

For spatial transitions,analysisrevealedthat the thetrajectoriesseenin fig. 1 canbeconsideredasthe
horizontalin-phasepatternwas less stablethan the Lissajousfiguresproducedby thetwo oscillators.The
vertical in-phasepattern (p <0.05). Moreover, a simplest systemthat capturesthe main observed
patternby frequencyplateauinteraction was also characteristicsis the following pair of nonlinear
significant (p<0.01). This wasthe result of an in- oscillators,
creasein variability for the horizontalin-phasepat- . — 2 ‘1
tern beforethe transition.Sucha result suggeststhe r, — r, [a1 — r1] ~ a
possibility that the natureof the spatialbifurcation Ô, = 2~tf, (lb)
may be dependentupon the stability of the system
beforethetransition.Analysisof rotarymotion sup- wherer and0, arethepolarcoordinatesof oscillator
ports this idea: variability of rotary motion in- i (i = x~y denotesthe x andy directions respec-
creasedwith frequency(p<0.05)andwasalwaysless tively) anda (f) are parametersof the oscillators
stable(morevariableaboutthe meanrelativephase) which are functionsof the cycling frequencyf The
than the vertical in-phasepattern.Likewise, for the solutionsfor eq. (lb) canbewritten as
individual fingerstherewasa significantincreasein 01(t) = 0.(0) + 2xft,
variability asfrequencyincreasedthatdroppedafter
thespatialtransitionto vertical (flexion—extension) where0,(0) are the initial phasesat t= 0. Therela-
motion. tive phasebetweenthey andx oscillatorsis thende-

Thesespatial transitions,first the recruitmentof fined as
previously quiescentd.f. in the vertical dimension 0 = 0 (1) —0 (t) = 0 (0) —0 (0)
andthen the annihilationof horizontaloscillation, ‘ X

canberegardedastheresultoftwo consecutiveHopf For a (f) ~0, the origin r1=0 is a stablefixed point
•bifurcations. Similar mechanismshavebeen pro- attractingall initial conditionsin the r1—01 plane.If
posedto modelthe transition,e.g. from standingto a (J) is increasedabove0, theoriginbecomesanun-
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stablefixed pointanda limit cycleattractorappears with noise addedto the dynamical equationsare
at r1= ~ giving rise to the oscillationsin the i shownin fig. 4 for the samesetof parametersasin
direction, i.e. a Hopf bifurcation. If a-(f) is de- fig. 3. Theadditionofrandomnoiseproduceseffects
creasedfrom above0, thenan invertedHopfbifur- morelike therhythmicalmotionsactuallyobserved.
cation takesplace eliminating the existing oscilla- Obviously,iff1 is closetof2 onemayseeanabrupt
tions in the i direction. transitionfrom horizontalto verticalmotion which,

For concreteness,we assumethat the parameters as we haveobservedexperimentally,occurson ap-
a.(f) dependon the movementratef in the follow- proximatelyhalfof thetrials. Figure 5 showsthe ex-
ing manner, perimentaltime seriesof thex (fig. 5A) andy (fig

SB) componentsofbothindexfingers.It is quiteclear
a~(f)= k~(J’2—f), (2a) that dampingof horizontalmotion andgrowth of

a3,(f) = /c~(f—f~), (2b) verticalmotion occursimultaneously,exactlyasthe
Hopf modelwould predict.

where k~and k,, are constants of dimension Despitethe good qualitative agreementbetween
[length

2time] with numericalvaluesof unity. The two consecutiveHopf bifurcationsandthe present
simpleexpressionsusedin eqs.(2) mayberegarded observations,questionsremain. For example, we
as approximationsof morerealisticforms of a near haveassumedin eqs.(1) and (2) that oscillations
the bifurcation pointsf

t (the onset of rotary mo- are generatedor annihilatedthrough supercritical
tion) andJ (the onsetof purelyverticalmotion). Hopfbifurcations.That is, theoscillationamplitude
Fornumericalcomputations,wechoosef1= 2 Hz and increasesgraduallyfrom zeroor decreasesgradually

=4 Hz for eqs.(2), andconsiderfbeingincreased towardzero.But,aswehaveseenexperimentally(see
from 1.5 to 4.5 Hz. fig. 5),the onsetofy oscillationsmayalsobe sudden

Figure 3A shows the trajectoryfor a single end- with a largeamplitude,resemblingthatof asubcrit-
effectorconfinedto thex directionin thex—yplane icalHopfbifurcation.A furtherstudyusingsmallin-
forf= 1.50Hz<f1. Forf= 2.75Hz<f1, thetrajectory crementsof movementrateas a control parameter
forms an ellipse whoseorientationin the x—yplane may elucidatethis issue.A further featurethat we
is determinedby the relative phase0. Figure 3B havenot explicitly testedhere concernshysteresis.
showsthecasewhere0=900.Forf= 4.5Hz >J, the With somecertainty,however,we canassertthatthe
oscillation in the x direction disappearsdueto an presentexperimentalsystemis strongly hysteretic.
invertedHopfbifurcationatf=f2 andthe motion is That is, once the systemhas switchedto the most
confinedto the y direction (fig. 3C). Trajectories stableverticalin-phasemotionit doesnotswitchback

A B C

f<fj=2.OHz /1</ <12 f>f24.OHZ
~= 90°

1.0 - 1.0 - 1.0_

~ o.~-. _____________________ - 0.0 -. - o.~_..

—1.0 - - —1.0 - - —1.0 -

___________________________ I,,,.

—1.0 0.0 1.0 —1.0 0.0 1.0 —1.0 0.0 1.0

x
Fig. 3. Plotsofanend-effectortrajectorycomputedfrom asimplemodeloftherecruitmentprocess(seetext for details)usingnon-linear
oscillators.
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Fig. 4. Trajectoriesforanend-effectorfor thesamesetofparametersasin fig. 3 with addednoisein thedynamicalequations.
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~

abduction
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RFx (-—--) LFx f—)

B used I I I I I I I
exte:si::

RFy (————) LFy (—)

Fig. 5. Experimentaltime seriesof thex (A) andy (B) componentsof the left and right index fingersshowingthedampingof the
horizontal motionsandsubsequentrecruitmentof theverticald.f. asthecycling frequencyis increased.In this case,thetransition is
from horizontalin-phasetoverticalin-phase,bypassingrotarymotion.

to a rotary or horizontalin-phasemotion whenthe it is possibleto observea clearsequenceof temporal
frequencyis reduced.Elsewherewehaveestablished (anti-phaseto in-phase)andspatial (one planeto
andmodelledthis featurein planarmotionsalonga another)bifurcationsin the presentexperiment.The
single dimension[2]. Whenwe considersimulta- spatialbifurcationrouteseemsespeciallyinteresting
neousmovementsof two effectorsin the x—y plane becauseit characterizesthespontaneouscreationand
morecomplexdynamicsarise.Again,previouswork annihilationof movement-relevantdegreesof free-
[16,17] showsthat the dynamicsin this casecanbe dom. We offer the Hopf scenarioas a potentially
understoodin termsof the relative phasesbetween model-independentmechanismfor thisessentialas-
four oscillators. pectof flexibility in biological coordination.Else-

Our main pointhere,however,wasto show that where [18], we have consideredother dynamical
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