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Abstract We used the framework of the equilibrium- referent conbguration may be described with a few referent

point hypothesis (in its updated form based on the notion ofalues of variables that inBuence the equilibrium state, to

referent conbguration) to investigate the multi-digit syn-which the system is attracted. Moreover, the referent con-

ergies at two levels of a hypothetical hierarchy involved inbguration hypothesis can help interpret the data related to

prehensile actions. Synergies were analyzed at the thumtkiBe trade-off between synergies at different hierarchical

virtual bnger (VF) level (VF is an imaginary digit with the levels.

mechanical action equivalent to that of the four actual

bPngers) and at the individual bnger level. The subjecteywords Prehension Synergy-

performed very quick vertical movements of a handle intoReferent conbgurationGrip

a target. A load could be attached off-center to provide a

pronation or supination torque. In a few trials, the handle

was unexpectedly Pxed to the table and the digits slippethtroduction

off the sensors. In such trials, the hand stopped at a higher

vertical position and rotated into pronation or supinationRecent developments of the equilibrium-point hypothesis

depending on the expected torque. The aperture showed the control of multi-effector and whole-body movements

non-monotonic changes with a large, fast decrease anthve resulted in the concept of referent conbguration (RC;

further increase, ending up with a smaller distance betweereviewed in Feldman and Levid009. RC is a conbgu-

the thumb and the Pngers as compared to unperturbed tration at which all the involved muscles would have

als. Multi-digit synergies were quantibed using indices ofachieved zero activation levels, while any deviations from

co-variation between digit forces and moments of forceRC lead to changes in muscle activation. Therefore, RC

across unperturbed trials. Prior to the lifting action, highmay also be addressed as threshold body conbguration.

synergy indices were observed at the individual Pnger leveActual equilibrium body conbgurations commonly deviate

while modest indices were observed at the thumbbBVFrom RC because of external forces (including gravity)

level. During the lifting action, the synergies at the indi- and/or constraints that may be imposed by external objects

vidual bPnger level disappeared while the synergy indicegsuch as rigid obstacles preventing motion of body parts)

became higher at the thumbbVF level. The results suppoand the body anatomy.

the basic premise that, within a given task, setting a Prehensile tasks have been commonly described in
terms of digit forces (reviewed in Johanssb®96 Zatsi-

M. L. Latash () - J. Friedman S. W. Kim - V. M. Zatsiorsky orsky an_d LatasR008), that is kinetic variables. In a regent

Department of Kinesiology, The Pennsylvania State University, ~ Study, Pilon and colleagueg@07) have shown that motion

Rec.Hall-267, University Park, PA 16802, USA of a hand-held object, associated with anticipatory adjust-

e-mail: mli11@psu.edu ment of grip force, can result from changes in a component

A G. Feldman of the referent body conbgurationNthe referent arm-hand

Department of Physiology, Centre for Interdisciplinary Research conbgur.ation. In this framework, the. normal force during
in Rehabilitation, University of Montreal, Montreal, QC, Canada prehension emerges following the difference between the
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referent aperture between the opposing digits and the actualifbcient to prevent object slippage at the given friction
aperture constrained by the size of the object between theonditions.

digits. The purpose of this study is to develop this view, We assume that the control of this action may be
test some of its predictions, and link the RC hypothesisiescribed with a small set of referent variables. Such a set
with the idea of multi-digit prehension synergies. may include referent aperture (AP~ centered about a

Consider a bve-digit prismatic grasp where all the pointgpoint AP-1g; cf. Pilon et al.2007), referent position in the
of digit contact with the hand-held object are in one planevertical direction Zzep), and referent orientation of the
(the grasp plane); an external torque acts in the same planebject with respect to the verticakger).

i.e. the torque vector is normal to the plane (Fig. Such a Note that setting any Ak:r smaller than the actual
task has been analyzed as a two-level hierarchy (Arbilaperture leads to a discrepancy between the referent and
et al. 1985 Iberall 1987 Santello and Soechting00Q  actual digit tip coordinates in the horizontal direction. This
Zatsiorsky and LatasB008 Latash and Zatsiorsk009.  discrepancy results in active muscle force production try-
At the upper level, the task is shared between the thuming to move the digits towards their respective referent
and a virtual bnger (VF, an imagined digit with the coordinates. If the thumb and VF normal forces are not
mechanical action equal to the combined action of all fourequal, i.e. if ARtr does not coincide with the midpoint
Pngers). At the lower level, the VF action is shared amondetween the opposing digits, the object will move in a
the four Pngers. Consider the task at the upper levehorizontal direction until the two forces are balanced thus
Holding an object statically imposes four constraints. Firstsatisfying the brst of the four mentioned constraints. Set-
the resultant normal force should be zero. Second, théng a referent vertical coordinatézgr will similarly lead
resultant tangential force should be equal in magnitude téo balancing the external load with the sum of the thumb
the object weight and directed against the force of gravityand VF vertical forces, while settingzerallows to balance
(load, L). Third, the resultant moment of force should bethe moment of force for the required orientation of the
equal in magnitude and directed against the externabbject (vertical in Fig.1).

moment of force ¥). Fourth, the normal forces should be  Using the described mode of control debnes, given
certain external conditions, characteristics of the overall
action of the hand on the object such as grip (hormal) force,
total load resisting force, and total moment of force. It does
not debne unambiguously, however, contributions of the
individual digits (for example, the thumb and VF forces) to
the overall hand action. Across repetitive trials, the digit
forces and moments of force may be expected to co-vary,
as long as they do not lead to major changes in the resultant
force and moment of force acting on the object. Such co-
varied changes in elemental variables (forces and moments
of force produced by individual digits) that keep important
characteristics of the overall hand action unchanged
have been addressed as prehension synergies (Santello and
Soechting200Q Zatsiorsky and LatasR004 2008.

Several recent studies produced quantitative estimates of
prehension synergies at the two introduced levels (Gorniak
et al.2007a b, 2009. In these studies, an index of synergy
was computed refRecting the amount of co-variation among
' elemental variables across repetitive trials that helped sta-
L bilize the mechanical output at that particular level. High
v synergy indices at the upper level were accompanied by

) _ _ _ o low synergy indices at the lower level suggesting a conf3ict
Fig. 1 An illustration of a thumbbvirtual PngefH-VF) grip in a

between synergies at the two levels.
planar case. An external load and moment of folteuid M) act on ] o
the hand-held object. The controller sets a referent conpguration, [N this study, we test several predictions of the suggested
which leads to peripheral effects that may be described with foutwo-level hierarchical scheme and control with RC for an

geometric parameters: The size and location of the referent apertui@xperiment when the subject plans to move a hand-held

(APgregr and AR-1R), referent vertical positionZzep), and referent - . .
orientation grep). Virtual Pnger produces force and moment of force object quickly and the object unexpectedly happens not to

equal to the sum of the forces and moments of force produced by thB€ in the hand. First, we predict that such an unexpected
four individual Pngersi(index, M middle, R ring, andL little) unloading of the hand would lead to a new conbguration of
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the hand and digits compatible with the idea of unchangeaf the wrist with the hand extended, and their hand width was
referent variables such as AR, Zrer, and arer The  measured between the lateral aspect of the index and little
unloading will lead to a decrease in the external forcedonger metacarpophalangeal (MCP) joints. None of the sub-
acting on the hand, and the hand will move towards thgects had a history of neurological or peripheral disorders of
referent coordinates (assuming that the subject does ntihe hand or professional training that might affect their hand
react to the perturbation, that is, does not interfere with thdunction, such as playing musical instruments. All subjects
natural hand movement, cf. Feldmaf66 Latash1994. gaveinformed consentaccording tothe procedures approved
In particular, in the unexpectedly unloaded (Oempty-handBy the Ofbce for Research Protection of the Pennsylvania
trials, we predict non-monotonic changes in the apertur&tate University.

between the thumb and the opposing digits, i.e. the digits

moving towards each other and then away from each otheApparatus

This prediction is based on the documented transient

increase in the grip force in the middle of such actionsA customized aluminum handle was attached to the top
related to the expected inertial forces (Flanagan €129  edge of an aluminum beam (4:6 16 x 0.6 cm) at the
2008 Gysin et al.2003. We expect the hand to move to a midpoint of the beam in the medio-lateral direction; the
higher vertical location similarly to the classical results inhandle and beam apparatus created an inverse T shape
experiments with arm unloading (Feldmag66. We also  (Fig. 2a). Five six-component (three forces and three tor-
expect the hand to rotate in the direction opposite to thejues) transducers (four Nano-17s and one Nano-25, ATI
external torque created by the unbalanced load attached todustrial Automation, Gerner, NC, USA) were mounted on
the object. the aluminum handle. The transducers measured the forces

Second, we expect to see strong synergies at the uppand moments of force applied by the Pngers (Nano-17)
level of the hierarchy during the unperturbed lifting actionsand by the thumb (Nano-25). The moments are recorded-
while synergies at the lower level may be present or absenwith respect to the centers of the contact area of the
(as in Gorniak et al2009. sensors.

Third, if the subject is asked to produce a certain, low Four motion capture ProReRex cameras (Model MUC
magnitude of the grasping force prior to lifting the object, 240, Qualisys) recorded the three-dimensional coordinates
this task may be associated with setting notgAPbut  of the passive markers at a sampling frequency of 240 Hz.
referent coordinates for each of the opposing sets of digit$he cameras were placed 1.0b1.5 m from the table, on
(the thumb and the set of four Pngers comprising the VF)which the subjectOs hand and handle were placed. The
Setting a referent VF coordinate debnes VF normal forcesystem was calibrated before data collection for each
while it allows bPnger forces to co-vary as long as VF forcesubject. The system calibration yielded less than 0.25 mm
corresponds to the difference between the referent anedrror within a working area of 10& 100 x 60 cm
actual VF tip coordinates. Hence, we expect to see a syr(Fig. 2c). Each marker coordinate was represented in a
ergy at the lower level stabilizing the VF normal force (in global coordinate systenxt, Y*, Z). The center of mass of
contrast to the second prediction). During this phase, therthe unloaded handle was determined by suspending the
may or may not be a synergy at the upper level of thehandle at different points. Two loads (0.21 kg) were bxed
hierarchy stabilizing the resultant horizontal force actingeither symmetrically at the endpoints (zero external torque
on the object since keeping the resultant force at zero (ocondition) or there was only one load attached to the left or
any other value) is not part of the task. right endpoint. When the load was placed at the left end-

point, it required a supination effort to keep the handle
vertical (SU condition). When the load was placed at the

Methods right endpoint, it required a pronation effort (PR condi-
tion). The magnitude of the external torque was 0.15 Nm.
Subjects The force/torque sensors were evenly distributed,

20 mm between their centers, and the thumb sensor was
Ten healthy right-handed university students (Pve males anplaced opposite the midpoint between the middle and ring
bve females) participated in this experiment. Subjects werbngers. Hence, the center points of the sensors were 30 mm
all right-handed according to their hand usage during eatingbove (index Pnger), 10 mm above (middle bnger), 10 mm
and writing. Their mean£SD) anthropometric character- below (ring Pnger), and 30 mm below (little Pnger) the
istics were: age 27.#% 5.5 years, weight 68.% 13.1 kg, midpoint (0 mm), about which the thumb sensor was
height 170+ 8.2 cm, hand width 7.5 0.9 cm, and hand centered. The sensors were aligned in #i& plane (see
length 17.5+ 1.2 cm. Each participantOs hand length wa§ig. 2). The grip width, dePned as the shortest distance
measured between the middle Pngertip and the distal creabetween the contact surfaces of the thumb and Pnger
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Fig. 2 Experimental setupa A schematic diagram of the aluminum the level of force at the constant force phase before the hand
handle; the force/moment sensors shownbask cylinders were  movementc The hand model in the starting positiath.The starting
attached to two vertical aluminum bars. The loads (0.21 kg) arehand posture together with marker locations on the hand and wrist; 15
shown ashlack cylinders attached to the long horizontal beakbaft consistently identipable and palpable surface landmarks: Pngertips
(—=0.15 Nm), No (0 Nm), and Right (0.15 Nm) external torque (FT), distal interphalangealDP), proximal interphalangealP(P),
conditions. A lock system was attached to a metal loop and wasnd metacarpophalanged/CP) or carpo-metacarpaldVC) joints,
secured with an eyehook directly underneath the table in the medioarist joints for radius and ulnar styloid, and the midpoint between two
lateral directionb The approximate location of four cameras and the wrist markers. Note that there are two coordinates syst&msandZ
experimental table used for motion capturep(view; Pgure is notto  bxed relative to the handle, ad, Y* and Z* bxed relative to the
scale). The monitor presented the target line and gave feedback aboaboratory

sensors in the horizontal direction, was 86 mm. The plane A locking system was attached to the bottom of the
containing the centers of all bve sensors will be referred tdhvandle, and a hole was made in the table top such that the
as the grasp plane. loop of the locking system was directly under the table top
Smooth nylon pads were placed on the round contacivhen the handle rested on the table vertically (F2g). In
surface of each sensor in order to decrease the frictiothe locked state, a metal rod (3 cm diameter) was passed
between the digits and the transducers. To measure thbrough the eyehook under the table such that the subject
static friction coefpcienty) between the skin and the nylon could not see it. The total weight of the handle, beam,
pad, the subjects were asked to grasp the handle with theansducers, and two loads was 9.1 N.
thumb and index bnger and then decrease the grasping The output analog signals from the sensors (6 compo-
force as slowly as possible. Slips were detected by a sudderentsx 5 sensors) were fed into the 12-bit analogbdigital
decrease in the tangential force at the thumb and indegonverter (PCI-6031, National Instrument, Austin, TX,
Pngers. The friction coefbcient was computed as the ratitdSA) and were processed and saved by a customized
between the normal force and the tangential force at slif.abVIEW program (LabVIEW 8.1, National Instrument,
(Johansson and Westling984 Aoki et al. 2006. The  Austin, TX, USA) on a desktop computer (Dell Dimension
friction coefpcient () was 0.6+ 0.07. 8200, Austin, TX, USA). The 3D coordinates of the
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markers were recorded and identibed with the Qualisysisually presented target (20 cm from the top of the handle)
Track Manager (Qualisys, Gothenburg, Sweden) onn a self-paced manner and then hold the handle naturally
another desktop computer (Dell Dimension 8300, Austinand statically in the air until they heard a beep at the end of
TX, USA). A customized LabView program was used for the trial. There were no explicit accuracy constraints; the
data acquisition, and Matlab programs were written forsubjects were asked to consider the target only as an

data processing. approximate point showing them where to stop. Note that
after the handle started to move, the monitor stopped giv-
Experimental procedure ing feedback about the level of force. Two practice trials

were given prior to each condition. The subjects were

The subjects cleaned and dried their hands to normalize thastructed to perform the movement in a single stroke and
skin condition. Before testing, the subjects were given amot to attempt to correct the ongoing movement even if it
orientation session that explained the apparatus and tHeppened to be inaccurate. The three torque conditions
procedure to ensure that they were able to accomplish th@ero torque, PR effort, and SU effort) were presented as
task properly. Light-weight spherical retro-reRective mark-blocks in a balanced order across the subjects.
ers (3 mm in diameter) were attached to the dorsal aspect of In perturbed trials, the handle was locked under the table
hand. Due to limitations in the experimental setup, data wer@sing the invisible rod (Figl). The rod could be moved to
recorded only from the thumb, index and little Pngers. Folock the handle without any perceptible vibrations; we
these three digits, markers were adhered to consistentipterviewed the subjects after the experiment, and they all
identibable and palpable surface landmarks: to the center @idmitted that they had been unable to predict whether the
each bngernail, to the three joints of each digit, to the radiahandle had been locked or not. When the handle was
and ulnar styloids, and to the midpoint between the two wristocked, the digits slipped off the sensors and the hand
markers (a total of 15 markers, see Fgl). We used the moved upwards, while the handle stayed on the table. The
Pngertip markers to track the position of the handle duringligits moved into Rexion in perturbed trials, but they never
the task. Finger RBexion and extension, abduction andouched one another in any of the trials. The subjects were
adduction, and hand pronation and supination movemenisstructed not to correct their hand motion in cases of
were calculated from the motion capture data. perturbations. We told them OOto let the hand move the way

During the experiment, the subject sat on a chair, facedt naturally does,00 i.e., not to correct hand movements if the
the testing table and rested his/her elbow and wrist on thengers slipped off the handle because it was stuck on the
table with his/her upper arm at approximately 4#bduc- table. Each block consisted of bfteen unperturbed trials,
tion in the frontal plane and his/her forearm at approxi-followed by six trials where each trial was randomly
mately 135 RBexion in the sagittal plane. The forearm wasselected to be perturbed or unperturbed. As there were
supinated 9Q thus, the hand was positioned in a naturalthree torque conditions, there were a total of 63 trials. The
grasping position. The handle was placed on the table andrder of the blocks was randomized and balanced across
aligned with the right shoulder of subject. The subject wassubjects. There were 1-min intervals between trials and at
requested to place his/her forearm in a starting positioeast 5-min intervals between the conditions. The total
prior to each trial (Fig2c). The starting forearm position duration of each experiment was about 1.5 h.
was identibed by a drawing on a board and debned by the
size of each subjectOs forearm, but his/her forearm was ridata analysis
constrained by any physical means. In the starting position,
the Pngers were close to, but not touching, the sensors &ustomized data acquisition software written in LabVIEW
the subject prepared to grip the inverse T-shaped handlewas used to convert the digital signals into force and

During the testing, the computer generated a warningnoment values. For kinematic data processing, each of the
beep (alerting subjects to get ready), and a yellow cursomarkers was identibed and tracked in the Qualisys Track
showing the total normal force produced by all four bngerdManger. In some of the trials, some of the markers were
(I, M, R, and L) started to move along the screen. Theoccluded or merged with other markers. Missing markers in
subjects were asked to statically grasp the handle anthe intervals before and after the lifting movements were
match their total Pnger normal force with the horizontalinterpolated for portions of the path that showed 20 or less
line (10 N) shown on the monitor. This force was muchmissing points (100 ms). During the movement, trials were
smaller than typical forces generated during the objectliscarded if there were more than 10 points (50 ms) miss-
motion (see Fig5; OResult®O). The second time intervaling. On average, three trials were discarded per subject.
which started after the trial initiation, was shown as a thick Both kinetic and kinematic measurements were digitally
dotted vertical line. At any time within this interval, the low-pass bltered with a second-order, zero-lag Butterworth
subjects were asked to lift the handle up rapidly to match dlter at 20 Hz. For each accepted trial, the onset of the
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voluntary action was identibed using the thumb normakotation (A0) between perturbed and unperturbed trials was
Pnger force. The time of action initiatioryf was debPned as debned as the difference between the maximal hand rota-
the time when the time derivative of the thumb normal forcetion in a perturbed trial and in the averaged unperturbed
reached 5% of its peak level for that trial. All trials were trials. The hand rotations in the counterclockwise direction
aligned by, for further analysis. Note thag was calculated (pronation) were designated as positive.
from the force data rather than the position data, because the
increase in grip force preceded the handle movement. Kineti .
L= , . : inetic analysis
The kinetic and kinematic data processing was per-

formed using Matlab. Three time intervals were identibed.l.he forces of the individual force sensors were brst

within each action: transformed into the coordinate system of the handle. In the

(1) The OOconstant force phaseOO was the period of tiamsducer-Pxed reference system, the normal fdrte
when the bngers produced about 10 N before théwhere the subscript refers to individual digits) corre-
lifting movement was initiated (beforg). sponds to theZ-direction. In the initial position F'was

(2) The OQlifting phaseOO was debned as the paidhted horizontally with respect to the global coordinate
between the onset of the movemeny) @nd the time  system. Th&-axis of each transducer was aligned with the
of peak height fpeax) computed as the height when vertical axis. The force along thi-axis will be referred to
the average tangential velocity of the wrist markersas tangential forcel.

crossed zero after reaching the peak velocity. The normal and tangential forces of the individual dig-
(3) The OOholding phaseOO was debned as the last 1 s #§thé&, and the resultant force can be represented as:
movement. 4
w1 | SF
: : : Fl=1 | i={, MR L} (1)
Kinematic analysis {F(/J 24:1’,‘
i=1

The vertical movement distancé#®4) was debned as the 5
height reached, after the movement was complete, by the Fy
=1

thumb marker as measured by the cameras (in Zhe IIZ?OT} — 1'5 . j={, M, R LT} (2)
direction in the lab-Pxed reference system). In the unperi® 10T N
turbed conditions,D, was close to the target height =1’

(20 cm). For perturbed conditiond); could vary sub- o o) indey: M. middle: R, ring: L, little; and T, thumb.

stlantlally. The differenceADy) bgtweenDZ n a pertgrbed The resultant (subscript OOTOTOO) normal force of the bve
trial and its averaged value in unperturbed trials was

! - digits was expected to be close to zero, while the resultant
computed for each perturbed trial. Positive values\dl, tangential force of the bve digits was expected to be close
indicate that in the perturbed condition, the hand w 9 g P

a :
higher than in the unperturbed condition. Sto the load when the handle was not moving,

Grip aperture W) was debned as the minimal distance Since each bnger makes soft bnger contact with the sensor

between the thumb and the line connecting the centers osfurface (Masqn and Salisbut§83y, the digits could roll on
and push against the sensor surfaces, but they could not pull

he index and little bnger sensors. This distance w . . -
the iindex and litte ger sensors s distance aSnthesensors.Theposmonofthep0|ntofnormald|gltf0rce

unchanged in unperturbed trials because of the constraings lication with respect to the sensor center (the center of
imposed by the handle, 94 3 mm across subjects; it pp P

differs from the handle width because the sensors werB cooUre: CoP) was calculated as @oP—my/F; and
. oP = my/Fz,where CoP stands for the center of pressure;
placed on the top of the Pngernails. The aperture coul T
my and my signify the moments of force about the local

change in the perturbed trials as a function of time. For. 2
. L X- andY-axis with respect to the center of the sensor surface.
each perturbed trial, the change in grip apertuy® was

debned as the difference between the constant aperture Trq] e moments of individual Pnger forces and the resultant

the unperturbed trials and the minimum value W(r) in $?£eztt§:22%t§rno;Tﬁe T]Z?]?jllz ;2?;2336:;2 dpassmg
that trial. Positive values oAW indicate that the aperture g '

was smaller in the perturbed condition. M/ =d]-F)—d, F| (3)
Rotation of the line connecting the carpometacarpaIM_ ! 4
(CMC) and MCP joint markers was described using Euler™ — z,: (4)

angles, with theX — Y’ — Z" sequence (Zatsiorsky 1998).
Hand rotation was dePned as the maximum rotation abowvherej stands for all digits including the thumb= (I, M,
the X axis in this decomposition. The change in handR, L, T), F is force,d is a moment arm, angif stands for
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moment of force about theaxis. Upward tangential forces normal forces XVarFy(r), was also computed. Further, an
and counterclockwise moments (PR moments) weréndex of force co-variation at the lower and higher levels
debned as positive. In the text, moments of force exertediere computed as:

by the subjects, not produced by external loads are\y () — [SVarF.(r) — VarFue(r)]/SVarF, (s 9
presented. rir(t) = | i(1) ve(0)]/ 3(1) (9)

AVrnanp (f) = [VarFye(r) + VarFr(r) — VarFror(1)]/
Analysis of force and moment-of-force stabilizing synergies [VarFye(r) + VarFr(t)] (10)
The purpose of this analysis was to compute indices of cotikewise, indices for moment of force co-variation at the
variation of elemental variables (forces and moments ofV0 levels were computed as:
force) produced by sets of effectors that reRect the stabilAVv), (1) = [ZVarM_,-(t) — VarMVF(t)] JEVarM;(t)
ization of combined effector outputs. This analysis was (12)
performed at two levels: the individual bnger (lower) level
and the VFBthumb (upper) level. Note that at the uppeAVuHanp(f) = [VarMye(t) + VarMy(t) — VarMror(t)]/

level, four constraints of statics have to be satisPed to keep (VarMye(r) + VarMy (1)) (12
the object motionless in the hand: o ) )

. . Note that AV > 0 implies predominantly negative co-
0=Fye+Fr (3 variation among forces (or moments of force) produced

—L=F,+F; (6) by the individual digits. We interpret such values as signs
of a force (or moment of force) stabilizing synergy
(Gorniak et al.2007a b; Kang et al.2004 Shim et al.
MomentofthenormalforcesM”  Momentofthetangentialforces\’ 2003_ Larger positiVeAV values correspond to Iarger
(7)  amounts of negative co-variation, thus a stronger synergy.
A result of AV = 0 implies independent variation of digit
forces (or moments of force), and correspondingly the
where the superscripts refer to norme) 4nd tangentialff  absence of a synergy, whileV < 0 may be interpreted as
forces,d and r are moment arms of the normal and tan-co-variation of elemental variables destabilizing their
gential forces respectively, aridis a friction coefbcient. combined output. The normalization limits the value of
At the lower level, co-variation of elemental variables AV indices by +1 for perfect force (or moment) stabi-
produced by individual Pngers was studied, while at thdizing synergies (the individual elemental variables
upper level, co-variation of elemental variables producedchange their value in time but variance of the perfor-
by the VF and the thumb was studied. The index of coimance variable equals zero).
variation was computed as the difference between the sum
of the variances of elemental variables Var(EV)] and  Analysis of apparent stiffness
the variance of the total output of these elemental variables
[Var(3>_EV)]. According to the Bienayméheorem (Loeve We will use the term OOapparent stiffnessOO (see Latash and
1955, for independently varying variables, the two valuesZatsiorsky1993 Zatsiorsky2002 dePned as the change in
should be equal to each other. Hence positive values of thi@rce (or moment of force) per unit of linear displacement
index corresponded to predominantly negative co-variatiorfor rotational displacement) imposed by a change in the
among the elemental variables, which we interpret as staexternal loading conditions. For simplicity, we assume
bilization of their combined output. linear relations between changes in displacements and
For each condition and subject, there were at least 1forces (moments of force).
acceptable unperturbed trials. Hence, exactly 12 trials were Previous studies of the apparent stiffness of the pPngers
chosen for each condition and each subject for this analysi¢kao et al. 1997 Hajian and Howel997 Milner and
These trials were aligned by the moment of action initiationFranklin 1998 and of a grasping hand (van Doré®898
(to). The VF normal force was computed as the sum of thé-riedman and FlasB007) used small perturbations of the
magnitudes of the four Pnger normal forces at each timé¢ongers in order to calculate the stiffness matrices. In this
sample. The time probles of the variances of each individuattudy, a different approach was used. In the perturbed
digit normal force (VaFy(r), j =1, M, R, L, T), the VF  conditions, motion of the hand to a higher location, motion
normal force [VaFye(f)], and the total normal force of the thumb and Pngers towards each other, and rotation of
[VarFrotr(f)] were computed across the trials at each pointhe hand in pronation/supination was observed (see
in time for each condition and subject separately. The tim&Result€0). During these perturbed trials, the bngers were
proble of the sum of the variances of the individual Pngemno longer on the force sensors, and so it was not possible to

—M = Fpdy + Fiygdve + F’TrT + F{/FVVF
———— —_————

kF;g > F\g; kF}. > F, (8)
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measure the actual change of force corresponding to thef the Phase factor were debned as the average over
change of hand posture. Rather, we assume that the Pried0 ms of steady state beforg and afterzy Appropriate
position corresponded to zero force applied by the Pngergair-wise contrasts and post-hoc TukeyOs Honestly Sig-
and calculated the change of force from the average forceibcant Difference (HSD) tests were used to further
that was applied in the same external torque condition iranalyze signibcant effects of ANOVA. The level of
the unperturbed trials. signibcance was set at< 0.05.

In particular, tangential apparent stiffnes&;{ was
debned as the change of tangential force per unit of the
change in the hand heighttF;o; = K7(ADz). Aperture  Results
apparent stiffnessk(;) was debned as a change in the
normal VF force per unit of change in the aperture:Mechanics of the perturbed and non-perturbed
AF}qr = Ka(AW). Rotational apparent stiffnesk4) was  movements
debned as the change of the moment of force about the
handle-bPxed-axis per unit of change in the rotation of the During the unobstructed lifting of the handle, the subjects
hand: AM = Kg(A6). All computations were performed showed nearly straight trajectories independently of the
between the individual perturbed trials and the averageéxternal torque. The initial and Pnal hand positions are

values across the unperturbed trials. shown for a typical subject in Figda. When the object was
bxed to the table (perturbed condition), the digits slipped
Statistical analysis off the sensors and the hand showed a much more curved

trajectory. Figure3b shows the initial and Pnal hand pos-
The data are presented in the text as means and standdtdles for a typical perturbed trial (zero external torque
errors of the mean. Mixed-effects ANOVA with the factors condition). In the perturbed case, the vertical movement
Torque (three levels: PR, ZERO, and SWondition (two  amplitude was always larger, and the Pngers and the thumb
levels: perturbed and unperturbed) abitir (three levels: moved towards each other such that the grip aperture
thumb, index, and little) were used. decreased.

To estimate the effects on the apparent stiffness indices Time series of several kinematic variables are illustrated
K4, K7, and Kz, an ANOVA was run with the factors in Fig. 4 for the trials with zero external torque. The trials
Torque (three levels: PR, ZERO, and SU). were aligned by the time of grip force increase (see

For AVanalysis, a three-way repeated measure€Xdethod€0) and then averaged across trials for a typical
ANOVA was run with the factordndex (two levels:AVy  subject. Panel A illustrates the increase of height of the
andAVy,), Level (two levels: VF-TH and IMRL), andhase  hand during the task, with the hand moving higher in the
(two levels: before and after the perturbation). The levelgerturbed case. Panel B shows the approximately constant

300 - 300
200 200 _
- —
£ H
& 100 4 100
0 0
200 _ 200 200~ 00
100 100 .
5 ) o . 100
100 - 0 100 0
200 -100 " 200 -100
Y (mm] x* [mm] X (mm] X* (mm)]

Fig. 3 Initial and Pnal 3D hand locationa. Shows the hand and the T-shapeb Shows the hand position in a typical perturbed trial. The
handle at the start position and at the bnal steady state position durimgsults presented are from the no external torque condition
a typical unperturbed movement. The handle is shown as an inverse
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=== Thumb-Perturbed

—— Thumb-Unperturbed
I sas |ndex-Perturbed
=== Index-Unperturbed

Fig. 4 Kinematic patterns for
the average of three perturbed
(thick lines) and three
unperturbed in lines) trials
performed by a typical subject.
a The vertical position Z*) of
the thumb fhick solid lines) and
index (dashed lines) bngertips.
b The horizontal ¥*) position of
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horizontal positions of the thumb and index bnger for Maximal deviations of trajectories from a perfect ver-
unperturbed movements, and the large changes in thiécal path more than doubled in the perturbed trials as
perturbed case. Panel C shows an approximately belcompared to the unobstructed trials (1@40.9 vs.
shaped vertical velocity proble in the unperturbed case, and.2 + 0.4 cm). These deviations were also higher in the
a correction for an overshoot in the perturbed case. Panel presence of a non-zero external torque as compared to
shows a decrease in the grip aperture during the perturbedlose under zero external torque (on average, by
trials (aperture is constant in the unperturbed case). Not&5 + 4%). These results were conbrmed by a two-way
that in the perturbed trials, the hand took longer to starANOVA that showed effects of both Condition
moving because it had to overcome the friction between th€F|1 15y = 249.23;p < 0.001) andTorque (F2,36) = 2.95;
digit tips and the sensors. p < 0.01) without a signibcant interaction. Pair-wise
Statistical analysis has shown an increase in both theomparisons conbrmed larger deviations under the PR and
peak height of the hand (measured at the time of the largeSU torques as compared to zero torque<(0.05) without
overshoot) and the ultimate steady-state height in tha difference between the PR and SU torques.
unloaded trials. On average, the peak height increased from In unobstructed trials, the normal force (grip force)
0.25+ 0.15 to 0.30+ 0.2 m, while the steady-state height showed an increase simultaneously with the tangential
increased from 0.2z 0.09 to 0.244+ 0.09 m. These force (load force). Typical time probles of the two forces
differences have been conbrmed by two-way ANOVAs.are shown in Figha and b. Note that the Pnal steady-state
Condition (unobstructed vs. perturbed) Torque (PR, value of the grip force is elevated as compared to the initial
ZERO, SU) that showed an effect ofCondirion  prescribed value of 10 N. In perturbed trials, the initial
(Fra, 181> 5.71;p < 0.01) without an effect oforque and  changes in the two forces followed closely those observed
without an interaction. in the unobstructed trials (compare the thick and thin lines
The increase in movement amplitude was accompanieth Fig. 5a, b). After the digits slipped off the sensors, about
by an increase in the peak velocity (on average, froml00 ms after the action initiation, both grip and load force
1.794 0.14 to 2.53+ 0.24 m/s) and in the peak acceler- data became zero.
ation (on average, from 254 2.5 to 73.0+ 5.6 m/$). The peak value of the grip (normal) force was smaller in
Both results have been conbrmed by similar two-waythe perturbed trials, on average by 154% (Fig.5c),
ANOVAs that showed main effects ofCondition  while the peak value of the load (tangential) force was
(Fia81> 12.6; p < 0.001) and Torque (Fi11g>57.8; higher in the perturbed trials, on average nearly by
p < 0.001). 41 + 3% (Fig.5d). Both differences were signibcant
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Fig. 5 aThe total normal (grip) (A}t‘»o fo (B) fo
force of the four Pngers (IMRL) ' ! . : :g;*nﬁ'rg‘efged
andb tangential (load) forces as z 50 + : Z 501 :
a function of time in the ‘é’ 40 i 3 i
perturbed frick lines) and S 2 ! & 3 !
unperturbed tiin lines) trials. b= 20 : ] 2 :
The movement started at time E 10 | | = 1 i
t =0s (). c Peak normal and 2 : 2 A1 T er—
d tangential force in the 0+ i g0 ¢
unperturbed ilack bars) and -10 ' : : -10 ! ; ;
perturbed hite bars) 0.5 0 05 10 L -0.5 0 05 10 15
conditions. The data was Time (s) Time (s)
averaged over 12 trials (©) D) Eggﬂrtﬁ';‘t:‘e”d’e"
(unperturbed) and two trials 704 gl
(perturbed) for each subject and = 60 . < 504 .
further averaged across alll @ 50 . 8 404 T
subjects. Data averaged across E 404 i £ I
subjects are shown with % 20l = = 301 :
standard error bars g s g 20 m ;
s | =4
Z 104 3 101
0 4 04 T T
PR ZERO suU PR ZERO SuU
External torque External torque

according to the two-way ANOVA that showed signibcantvalue before returning to a new steady state. If the thumb
effects of Torque (F2,36)> 7.2, p < 0.01) andCondition ~ contacted one of the other digits, the aperture would be
(F,181> 15.41, p <0.001), without a signibcant expected to dwell at the minimum for some time before

interaction. moving to the new steady state. However, this was never
observed.
Apparent stiffness In the perturbed trials, the minimum grip aperture was

on average 7.X 0.6 cm less than in the unperturbed
The tangential apparent stiffness;§ was estimated as the case. This difference was signibcant as conbrmed by an
ratio of the increase in the hand displacemefb() to the  ANOVA, Condition x Torque, that showed main effect of
change in the tangential forcedto7) in the perturbed both Condition (Fj118 = 24.2; p <0.001) and Torque
trials as compared to the unobstructed trials. These tw@F, 15 = 3.75; p < 0.05). The latter effect reRected the
guantities are plotted in Figha. They are both higher in the signipcantly largerAW under the SU condition as com-
ZERO external torque condition compared to the PR anghared to the PR condition. There was no signibcant
SU conditions, conbrmed by an ANOVATorque x interaction.

Condition. There was a signibpcant effect Biérque on AD, After reaching the minima, the hand aperture increased
(Fi2,18) = 3.86,p < 0.05), and oM\Frot (Fi2,15) = 20.32, to a magnitude that was, on average, £2.6 cm less
p < 0.01). than in the unperturbed case. This difference was statisti-

Across the external torque conditions, tkigvalue was, cally signibcant according to a two-way ANOVA&pndi-
on average, 3.3% 0.75 N/cm (PR 3.64t 0.75 N/cm; tion x Torque, which showed an effect of condition
ZERO 3.01+ 0.81 N/ecm; SU 3.36+ 0.71 N/cm). This  (F1,15 = 5.5, p < 0.05) without any other effects.
value was signibcantly positivep & 0.01; WilcoxonOs The apparent aperture stiffnesk,j was estimated as
test). These values are comparable to those found for twdhe ratio of the decrease in the hand apertlx#) to the
Pnger pinching in Kao et al.1097): 2.99 N/cm, three grip forces AFio7) in the unperturbed trials. These two
Pnger pinch in Van Doren1098: 4.82 N/cm, and for quantities are plotted in Figgb. On averagekK, was
grasping a cup from the side in Friedman and FI&30(): 7.0+ 0.7 N/cm; it did not depend on external torque.
6.52 N/cm. When the external torque was zero, there was no dif-
Changes in the grip aperturAW) in the perturbed trials ference in the magnitude of the hand rotation in the frontal
were quantibed using the distance between the thumb amane between the unobstructed and perturbed trials, the
the line joining the tips of the index and little bngers. average difference was less than When the torque was
Recall that in the unperturbed trials, the digit tips stayed omon-zero, however, unobstructed trials showed signibcant
the sensors and the aperture remained constantNdebned bifferences from the perturbed ones. In particular, when the
the handle geometry. The grip aperture reduced from itsubjects planned a movement against a SU load, they
initial value (prescribed by the handle width) to a minimum showed in the perturbed trials hand rotation into SU that
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150 4 - 30 The apparent rotational stiffness of the hatkg;) was
i 4 | 5 estimated as the ratio of the change in the hand rotation
120 4 ' (A6) in the frontal plane to the moment about thexis
3 L4305 (AM) applied by the Pngers. These two quantities are
E 904 L plotted in Fig.6¢c. As the change in hand rotation for the
o = S zero external torque case was close to zéfp,was not
¥ 8 L0 = calculated for this condition. The average magnitud& pf
for the other two conditions was 1. 77 0.28 Nm/rad. (PR
304 5 1.32+ 0.25 N/cm; SU 2.22+ 0.31 N/cm). This value was
0 , : 1o signibcantly positive { < 0.01) and not different across
PR ZERO su the two torque conditions as conbrmed by ANOVA.

External torque . o .
Analysis of multi-digit synergies

100 7 - 60
I We used two indicesAVx(f) and AV,,(z), to assess effects
80 - L r= of co-variation of individual digit forces and moments
. | I | 40 across trials on stabilization of the total grip force and total
E 60 % moment of force produced by the digits and acting on the
; 30 g handle. To remind, these indices represent the normalized
Q407 | 50 g difference between the sum of the variances in the space of

elemental variable (individual digit forces/moments) and
20 7 -10 the variance in the performance variable (total force and
total moment). Their positive values correspond to negative
co-variation of elemental variables that stabilizes the per-
formance variable. Such analyses were performed at the
upper level (thumb and VF) and at the lower level (indi-

0 T T 0
PR ZERO SuU

External torque

20T T 08 vidual four bngers) of the assumed hierarchy (sear®O
ductiorOO andathod<0).
o | Loa When the subject gripped the handle on the table, both

5 total grip force and total moment of force were stabilized
by co-varied adjustments of bPnger forces and moments of
0 0 force across trials. This was refRected in positivE.(r)
and AVy,(7). At the initiation of the lifting action {), the
10 + 1 .04 values of AV, and AV,, both increased at the upper level
I and dropped at the lower level. As a result, at the new
sl 1l os steady state, both the total grip force and the total
PR ZERO su moment of force were strongly stabilized at the upper
level (AV > 0), while they showed positive co-variation
potentially destabilizing the output of the four Pngers at
Fig. 6 a Changeslof path heigh\D, (black _b_ars) and_ peal_< the lower level AV < 0).
e ek B o 2 oo 1 FIOUTE T HIUSTates the e proplesy’ () and ()
conditions.b Changes in apertur&W (black bars) and grip forces At the two levels over all three torque conditions. Note the
AF%or (white bars). ¢ Changes in hand rotatiohd (black bars) and  Similarity of the graphs for the PR, ZERO, and SU torques.
moment about the-axis AM (white bars). Data are averaged across Note the positiveAV values prior to the action; on average,
subjects, standard error bars are shown AV indices averaged over the 0.5 s interval during the brst
steady state were 0.72 0.03 for AV at the upper level,
0.85+ 0.03 for AV at the lower level, 0.28 0.08 for
was, on average, 138 2.5, as compared to the unob- AV,, at the upper level, and 0.38 0.08 for AV,, at the
structed trials. In contrast, under the PR load, the perturbeldwer level. After the action, at the upper leveAVy
trials showed excessive hand rotation into PR that was, oaveraged over 0.5 s increased to 09D.01 while AV,
average, 17.2£ 2.6, as compared to the unobstructedincreased to 0.63 0.05. At the same time, at the lower
trials. There was a main effect Gbrque (Fj215 = 39.36; level, AV, dropped to—0.55 + 0.15 whileAV,, dropped to
p < 0.001) without other effects. —0.63+ 0.14.

AB (deg)
(WN) Wy

External torque
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Fig. 7 Indices of digit force Lower
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These bndings were supported by a three-way ANOVAhe object was unexpectedly bxed to the table, the loading
that showed signibcant effects of all three factorsconditions changed, and we observed new conbgurations
Index [Fq 36)= 20.92;p < 0.001], Level [F(136y= 60.25, of the hand and digits reproducible across subjects. In
p < 0.001], andPhase [F(1,36 = 43.82,p < 0.001] and a particular, we observed non-monotonic pattern of changes
signibcant Level x Phase interaction F, sz¢ = 87.61, in the grip aperture, and new values of the hand height,
p < 0.001]. The effect ofndex ref3ected the overall higher hand rotation in pronationBsupination, and grip aperture at
values forAVy than forAV,,. The effect ofLevel reRected the Pnal steady state. These observations conbrm our brst
the overall higher indices for the upper level as comparegrediction. In the following sections, we discuss relation-
to the lower level. ships of the results to the RC hypothesis and address the

issue of synergies at different levels of a control hierarchy.

Discussion Moving towards the referent conbguration

Our experiments conbrmed the main predictions formuTwo competing views exist on the neural control of vol-
lated in the Introduction. In the initial condition, before the untary movements by redundant systems. According to the
lifting action, we observed strong force and moment ofprst view, the central nervous system (CNS) uses internal
force stabilizing synergies at the lower level of the assumednodels that predict and implement requisite forces moving
hierarchy (i.e., at the level of four individual Pnger actions)the system from the initial state to a desired bnal state
corresponding to our third prediction. There were also(reviewed in Wolpert et al.1998 Shadmehr and Wise
force and moment of force stabilizing synergies at the2005. We will address this view as OOforce-controlO0.
higher level (i.e., at the level of thumb and VF actions).According to the alternative view, the CNS debnes time
After the movement initiation, both synergies at the lowerprobles of neural variables, such as thresholds of activation
level disappeared, while the synergies at the upper levedf neuronal pools, while all the performance variables
became stronger (as quantiped by thE index). These (including forces) emerge as a result of interactions among
observations correspond to our second prediction. Whethe neuromotor processes within the body and between the
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body and the external force beld (Kugler and Turd®&37  Schmidt and McGowrll98Q Latash and Gottlietl990.
Feldman and Levin1995 Latash 2008. Arguments in  Along similar lines, the removal of the external torque (in
favor of or against these schemes have been publishéde PR and SU conditions) was expected to lead to a new
recently (Hinder and Milner2003 Ostry and Feldman hand orientation in space (closerdgeg Fig. 1). All these
2003 Feldman and Latasl2005 Feldman and Levin predictions were conbrmed (see Figs4, 5 and6).

2009. According to the RC-hypothesis, RC (a combination of
In our experiment, the unexpected unloadings of theactivation thresholds for relevant neuronal pools) is
hand resulted in the bnger tip forces becoming zeraelected in a set of referent variables B coordinates, to

immediately after the Pngers slipped of the sensors. Thehich the effectors tend to move (see Fig. It also leads
disappearance of the rigid walls of the handle was expectetb certain stability properties of the effectors about those
to lead to motion of the digit tips towards each othercoordinates (Feldman and Levi®995 2009 cf. impedance
resulting in a new steady-state value of the grip apertureontrol, Hogan1985. We quantibed this second compo-
(see Pilon et al2007). However, we also observed a less nent of RC using indices of apparent stiffness (Latash and
trivial, reproducible non-monotonic pattern of changes inZatsiorsky1993. The reproducible results across subjects
the grip aperture: The digits Bexed and then extendedsuggest that these indices do rel3ect common features of
Although we did not record electromyographic signals (acontrol of such tasks.
shortcoming of the study), the extension motion of the digit These interpretations hinge on the mentioned assumption
was likely produced by activation of the extensor musclesof non-intervention by the subjects. It is possible that,
Within the framework of the RC hypothesis, this could despite the instruction, the subjects showed triggered (pre-
happen if, in the unloaded trials, extensor muscles tranprogrammed) reactions that led, in particular, to the
siently became longer than their referent (threshold) lengtlobserved non-monotonic changes in the digit aperture
values for activation. Note that in the unperturbed trials, thgTraub et al198Q Johansson and Westlid®84). As shown
walls of the object did not allow the digits to move and in Fig. 4, the thumb and the bPngers moved towards each
stretch the extensor muscles. As a result, their actual lengtbther and reached a minimum of the aperture value soon
was always shorter than the referent length and no majaafter the movement initiation, and later the hand opened and
phasic activation was expected that could reverse the digieached a new steady-state aperture, smaller than the initial
motion direction (here we ignore the relatively minor co- aperture value. We would like to note that pre-programmed
activation of extensors during typical lifting actions). reactions are known for their phasic nature and inconsistent
There is one more physiological reason for an unchanamplitude if perturbations are unexpected (Marsden et al.
ged time pattern of RC to lead to non-monotonic change4981). In contrast, the steady-state new aperture values were
in the aperture in the unloaded trials: Sudden unloading ofonsistent both within and across the subjects.
Pnger muscles may lead to a silent period in the Bexor
muscle spindle discharge, resulting in a temporal decreasgynergies and control with referent conbgurations
in the Rexor muscle activation and reversing the movement
direction (especially in the low-inertial Pngers). Indeed, aSeveral recent studies explored motor synergies based on
geometric consequence of using an unchanged RC pattequantitative analysis of variance in kinetic, kinematic, and
may be an unchanged (or only slightly changed) timeelectromyographic spaces (reviewed in Latash e2@0D7).
pattern of referent aperture (ABr in Fig. 1). It has a In a redundant system of elements, variance in the space of
minimum soon after the movement initiation correspond-elemental variables may be viewed as consisting of two
ing to a transient peak in the grip force and then it settles atomponents debPned with respect to a particular, potentially
a new steady-state value (see Pilon etZ2007. In the important performance variable produced by the system.
unloaded trials, actual aperture showed a non-monotoni©ne of the components does not affect the performance
time proble similar to that of A= To our knowledge, variable; it has been addressed as compensated, goal-
the Rexionbextension pattern of digit motion, after the haneéquivalent, or, simply, 00goodO0 varidaged). The
slipped off the sensors and moved up without the handlegther component leads to changes in the performance
would not be predicted by other hypotheses on grip forcevariables (uncompensated, non-goal-equivalent, or OObadQ0,
control. Veap)- Analysis of the two variance components has been
The other two features of hand motion were more predeveloped within the uncontrolled manifold (UCM)
dictable: The removal of the weight of the object reduced théhypothesis (Scholz and Sefer 1999 reviewed in Latash
gravitational load on the hand, and the hand was expected &t al. 20020, which assumes that the space of elemental
move higher up, towards a new equilibrium position (closewariables is organized by the controller into two sub-
to Zrer Fig. 1). This result is similar to the effects of spaces, compatible (UCM) and incompatible with a desired
unloading reported in several studies (Feldm&®66  value of a performance variable.
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The existence of the mentioned two variance compoassociated with synergies similar to those seen in one-
nents may be discussed within the RC hypothesis. First, person tasks; however, these synergies showed lower co-
is possible that the controller facilitates a group of RCs thatvariation indices (Gorniak et aR009.
are consistent with the task demands and then, in each trial, A recent series of studies have suggested that, in a
randomly selects one RC from this set. Then, RC vari-ierarchically controlled system, synergies at different
ability will result in a family of equivalent solutions for the levels of the hierarchy may be in conRict with each other
motor task, i.e., in proportionally highéfsoop computed (Gorniak et al.2007a b, 2009. A strong synergy stabi-
with respect to performance variables that are importantizing a performance variable (for example, resultant hor-
within the task context. izontal force) at the upper (thumbbVF) level of a hierarchy

Second, it is possible that a single RC specibes activaneans thatVgoop > Veap- AS such, largeVeoop con-
tion thresholds for neuronal pools that are refl3ected irributes to stronger synergies. Note, however, that both
higher-order variables such as, for example, referenVgoop and Vgap contribute to variance of each of the
aperture, while elemental variables (forces and moments aflemental variables at the higher level; in particular, large
force) produced by elements (individual digits) are free toVgoop leads to high variance of the VF output. Consider
vary in a sub-space compatible with the referent apertur@aow the lower level of the hierarchy. At that level, variance
and external conditions (cf. Pilon et a2007. So, the of the VF output, by dePnition, correspondsWgap. So,
existence of the two variance components is a naturdarge Vgoop at the upper level leads to highgap at the
consequence of choice of a RC (or RC set) that meets thHewer level.
task demand. In our experiment, prior to the action, the subjects were

In our study (see the simple illustration in Fit), asked to produce a certain magnitude of the total normal
potentially important performance variables were identibedorce by the VF. This was expected to be accomplished by
based on the task mechanics. Equatio®P@) in  setting an adequate RC that produced a referent coordinate
GDethod©O reRect mechanical constraints for keeping thier the VF. Individual bnger forces were expected to show
object perfectly vertical and perfectly motionless. Note,synergies stabilizing the normal force of the VF as in
however, that these constraints could be (and very likelyearlier pressing tasks (Latash et 2002¢ Gorniak et al.
were) violated in experiments, for example, if the handle2007h Zhang et al.2009. This was indeed observed.
was slightly rotated or if the object trembled a bit. So, weThere was no specibc requirement for the moment of force
expected to see, across trials, a certain amount of OObadéddced by the VF in the initial position. It is reasonable
variance with respect to such variables as resultant horito assume that a natural, default action would correspond to
zontal force, total tangential (load resisting) force, and totakero net moment of force (cf. minimization of secondary
moment of force. These constraints, however, are comtorques, Zatsiorsky et a200Q Li et al. 2001, Zhang et al.
patible with any amount of OOgood®O variance. So,2699 associated with a corresponding referent orientation.
themselves, they do not necessitate synergies (in a senééogether, this control is expected to lead to strong syn-
Veoobp > Veap, See Latash et aR007). ergies at the lower level stabilizing both VF force and

Several studies have suggested that synergies may be seaoment of force. The thumb and VF actions are not cou-
in the absence of such explicit constraints, i.e. reRecting gled in the initial state; hence, no strong synergies are
preference by the controller that may not have an obviougxpected at the upper level.
mechanical interpretation (Latash et @001, Niu et al. The initiation of the lifting action is associated with a
2007. Moreover, sometimes synergies in similar tasks arejualitative change in the control: The combined thumbbVF
seen in some subjects but notin others; they can also emergetion has to satisfy task requirements, and the upper
in the process of practice (Latash et 20023 Kang et al.  control level becomes leading. This was indeed associated
2004 Scholz et al2003. These observations suggest thatwith much stronger synergies stabilizing both force and
some of the synergies may be related to setting a referemboment of force at the upper level. At the same time, the
value of a variable that is not easy to guess and that may natynergies at the lower level disappeared as expected from
have a straightforward mechanical interpretation. the trade-off between synergies at the two hierarchical

Imagine now that a similar grasping task is performedlevels, as described earlier. Taken together, these obser-
by two persons such that the opposing digits (thumb andations support the earlier hypothesis on a trade-off
VF) are controlled by different brains. In such a casebetween synergies at different hierarchical levels (Gorniak
referent coordinates have to be set separately for the thurdd al. 20073 b).
and VF. This may or may not lead to their synergic Typical studies of multi-joint actions forming the basis
adjustment (for example, based on afferent informationpf the force-control view involved movements by a kine-
such that the equations of statics are satisbed. Indeed,naatically non-redundant effector (typically, a two-joint
recent study has shown that two-person tasks may bg&ystem performing a two-dimensional task, e.g., Shadmehr
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and Mussa-lvaldil994 Hinder and Milner2003 Kluzik Another relatively artibcial manipulation was setting a
et al. 2008. As a result, the problem of motor redundancytarget pressing force prior to lifting the object. This could
and the associated issue of synergies have not begmtentially have an effect on the control of the lifting
addressed within this line of studies. As shown in a recenphase. We used this particular experimental design to be
study of multi-joint synergies in the process of practicingable to quantify Pnger coordination (synergies) prior to the
reaching movements in an unusual force beld (Yang et alift-off, which would be impossible to do if the Pngers only
2007, such synergies show non-trivial changes involvingtouched the sensors producing effectively zero forces.
increased self-motion (joint motion leading to no motion of  As in several earlier studies (e.g., Asatryan and Feld-
the endpoint) that looks wasteful and meaningless withirman1965 Latash1994, we relied on the subjectsO ability
the force-control view. This study has shown limitations of OOnot to interveneOO when the external conditions changed.
the force-control ideas in handling natural movements byin earlier studies, this assumption was tested by additional
redundant systems of effectors. The interactions betweegontrol tests in which the timing and spatial gradients of
synergies at the two hierarchical level demonstrated in ouanloading were varied, yielding invariant torquebangle
study can be addressed within the RC hypothesis, whileharacteristics (Latash and Gottli@l991, 1992 Feldman
such issues have been beyond the level of analysis withiand Levin1995. These tests were difbcult to conduct in

the force-control approach. the present study. However, we would like to note that
the reproducibility of the subjectsO behavior in the
Concluding comments unloaded trials and its compatibility with the predictions

formulated assuming non-intervention offer indirect sup-
The main goal of this study has been to explore how thgort for the assumption that the subjects OOdid not
concept of prehension synergy can be naturally incorpointervene®0.
rated into the idea of control with RC. Our observations are
overall compatible with the basic premise that, within aAcknowledgments Supported in part by NIH Grants AG-018751,
given task, setting a RC may be described with a few refNS"035032, and AR-048563.
erent variables that inBuence the equilibrium state to which
the system is attracted. Moreover, the RC control can help
interpret the data related to the trade-off between synergieReferences
at different hierarchical levels. Further controlled studies
are necessary with mechanical perturbations applied tédamovich S, Archambault PS, Ghafouri M, Levin MF, Poizner H,

: . ; Feldman AG (2001) Hand trajectory invariance in reaching
redundant motor systems (see Adamovich e2@1, Rossi movements involving the trunk. Exp Brain Res 138:288D303
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