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Mason, C. R., J. E. Gomez, and T. J. EbnerHand synergies during Schieber 1990). Another view has emphasized the need fg
reach-to-graspJ Neurophysiol86: 2896-2910, 2001. An emerging“simplifying” strategies that reduce the number of degrees o

viewpoint is that the CNS uses synergies to simplify the control of t ;
hand. Previous work has shown that static hand postures for min?g%edom and thereby reduce the complexity of the contro

grasps can be described by a few principal components in which 'é)blem (Arbib et al. 1985; Ibe_rall and Fagg 1996; Santel_lo N
higher order components explained only a small fraction of tfd- 1998). Recent psychophysical, anatomical, and physiolog
variance yet provided meaningful information. Extending that earli¢¢al studies have found support for the latter view.

work, this study addressed whether the entire act of grasp can beConsiderable evidence supports the concept that the finge
described by a small number of postural synergies and whether thage synergistically with other fingers, with the wrist, and with

synergies are similar for different grasps. Five right-handed adulige arm. Our fingers do not move in isolation of the neighbor/
performed five types of reach-to-grasps including power grasp, powyg

grasp with a lift, precision grasp, and mimed power grasp and mim%)b
precision grasp of 16 different objects. The object shapes were con g
cylinders, and spindles, systematically varied in size to produce#X ) o A ;
large range of finger joint angle combinations. Three-dimensior‘r%_?h'eber a_nd F’0|IakOV 1998). A strlkl_ng finding In typing and
reconstructions of 21 positions on the hand and wrist throughout tai&N0 playing is that almost all the fingers and joints are in
reach-to-grasp were obtained using a four-camera video system. ®iretion simultaneously (Engel et al. 1997; Gordon et al. 1994
gular value decomposition on the temporal sequence of the mar@wechting and Flanders 1997). Nor does the hand move

echting and Flanders 1997) even when the explicit goal is {

positions was used to identify the common patterns (“eigenposturegplation of the arm. Movements of the arm and shaping of thg
across the 16 objects for each task and their weightings as a funcligghd during reach-to-grasp are highly coordinated (Bootsma ¢

of time. The first eigenposture explained an average of 87B89% 4 1994: Chieffi and Gentilucci 1993; Jeannerod 1984: Mar

(mean = SD) of the variance of the hand shape, and the secopd . ;
another 1.9+ 0.85%. The first eigenposture was characterized by Réimuk etal. 1990; Paulignan et al. 1990, 1991). Therefore th

open hand configuration that opens and closes during reach. .
second eigenposture contributed to the control of the thumb and Io?EfT‘tro' strategy may b‘_a utilized. . .
fingers, particularly in the opening of the hand during the reach and I he anatomy of the finger muscles may simplify the control
the closing in preparation for object grasp. The eigenpostures and ti@blem in the primate hand. The low individuation and sta-
temporal evolutions were similar across subjects and grasps. Ti@narity of the long fingers shown by Schieber (1991) could bg
higher order eigenpostures, although explaining only small amouige to the multi-finger insertions of the communal flexor and
of the variance, contributed to the movements of the fingers aagttensor muscles or reflect part of the CNS'’s strategy to th
thumb. These findings suggest that much of reach-to-grasp is effecgeghtrol the hand (Santello and Soechting 1997, 1998; Santel
using a base posture with refinements in finger and thumb positiqsy|. 1998). In monkeys, mechanical coupling between finger
added in time to yield unique hand shapes. by interconnection between tendons and by motor units tha
exert tension on more than one tendon prevents movement a
single finger level (Schieber 1995; Schieber et al. 1997; Serli
and Schieber 1993). The communal flexor and extensor mu
The hand is a highly complex structure with 27 bones, 18es also cross multiple joints (Kapandji 1970; Tubiana 1981)
joints, and 39 intrinsic and extrinsic muscles (Kapandji 197@herefore biomechanically the control of the individual joints
Tubiana 1981) with over 20 degrees of freedom (Soechting andfingers is limited.
Flanders 1997). Movement of the fingers requires a coordi-Stimulation studies of the primary motor cortex (MI) have
nated interplay of both extrinsic and intrinsic muscles (Landsften been cited as supporting evidence that this structure
meer 1963; Landsmeer and Long 1965; Long et al. 1970). Thisyanized to control individual muscles. Cortical stimulation in
biomechanical complexity raises the question, how does themans, apes, and monkeys has yielded the textbook homu
CNS control the hand and fingers? There are two divergentlus (Penfield and Rasmussen 1950) or simiusculus (Leytg
viewpoints. The more traditional view has emphasized a strannd Sherrington 1917; Woolsey 1958). However, as reviewe

INTRODUCTION

egy based on controlling individual muscles and joints toy Schieber (1990) and Lemon (1999), a strict somatotopi¢

generate the needed forces (for review see Lemon 19@@ganization is not consistent either with earlier or more recen
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fingers (Engel et al. 1997; Flanders and Soechting 1993;

ke individuated finger movements (Schieber 1991, 1995;

%ﬁé)rdination of the fingers, wrist, and arm indicate that a global
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stimulation studies. The earliest studies of the hand area witlwhimagined objects. Neither the tactile or visual information
MI found that the cortical territories from which the surfacevas available to the subjects. This prompts the question df
stimulation evokes movement of different digits overlap exwvhether tactile input or visual input would dramatically alter
tensively and that stimulation of one site elicits movement ¢ie hand synergies? Last, based on an information theo
multiple digits (Leyton and Sherrington 1917; Penfield andnalysis, the higher order postural synergies were shown to &
Rasmussen 1950; Woolsey 1958; Woolsey et al. 1979). Recenportant (Santello et al. 1998), but the nature of the contri
investigations using more refined stimulation techniques halation was not evaluated. Therefore this study examines ho
confirmed that contraction of a particular hand muscle can tie higher order synergies contributed to the shaping of th
evoked from a substantial fraction of Ml (Andersen et al. 1975and during reach-to-grasp.
Sato and Tanji 1989). A similar overlapping organization has In the present study, subjects performed grasps of 16 objec}s
been found for finger movement (Gould et al. 1986; Kwan ebnsisting of 3 classes of shapes including cylinders, cone
al. 1978; Strick and Preston 1978). Spike-triggered averagiagd spindles. Within each class the sizes of the object wern
demonstrates that many corticomotoneuronal cells facilitate thgstematically varied. Five variations of power and precisior]
electromyographic (EMG) activity of more than one musclgrasps were studied including actual and mimed grasps. TH
(Buys et al. 1986; Cheney and Fetz 1985; Cheney et al. 198vplution of the grasp was evaluated in a continuous manne
Lemon et al. 1986; McKiernan et al. 1998). from the initial start position through maintained object contact

Recent inactivation and lesion studies also support the cdar each of the different grasps using singular value decompd-
cept that M1 is not organized to perform isolated finger movsition (SVD). The results show that the subjects used a bade
ments (Poliakov and Schieber 1999). Focal muscimol inacktiand shape that explained a large percentage of the variance|in
vations in the hand region of M1 in the monkey do not disruptand kinematics throughout reach-to-grasp. This base harnd
the movements of isolated fingers but instead disrupt movaape was independent of the type of grasp or tactile inpul.
ments of different finger combinations (Schieber and PoliakdVowever, additional components were necessary to adequatd!
1998). Small infarcts in the hand area of human M1 result otescribe the evolution of the grasp. An abstract describing
weakness of the fingers, but the deficits are not limited tosame of these results has been presented (Mason et al. 199
single digit (Schieber 1999). Therefore M1 does not appear
organized around a finely delineated somatotopic map spegie THoD s
fying the activation of individual muscles or joints. , )

Last, recent studies have shown that static grasp posture ExRerimental paradigm and procedures

be described using a small number of postural synergies (Sangjve adults (3 women and 2 men, age ranging from 21 to 44 yr old
tello and Soechting 1998; Santello et al. 1998). These synergigs no known history of neurological or musculoskeletal problems,
could be defined as a spatial configuration or “primitive” of thparticipated in the study. All were right-handed as determined by th¢
hand shape that is common across the various tasks. In Banburgh Handedness Inventory (Oldfield 1971) and had normg
latter study, subjects were asked to reach out and grasp im@gpd function. The protocol was approved by the Institutional Review
inary objects. Even without visual or tactile inputs, the harﬂoﬁégnﬂf the University of Minnesota, and all subjects gave informed
shapes were distinct (Santello et al. 1998). Using a princi S ) ) _ N
component analysis, the first three components were needegé%aCh subject performed five different tasks with each objgkt:

. ’ . . . wer Grasp2) Power Grasp with a Lift3) Mimed Power Grasp)
describe approximately 90% of the variance, with the first Wrecision Grasp, and) Mimed Precision Grasp. In Power Grasp the

components explaining approximately 84%. Although the iRypjects were instructed to reach for and grasp the object as if thd
dividual contributions were small, the higher order componenjgre going to lift the object using their whole hand making palmar
were responsible for more subtle adjustments of the graghtact. Subjects were to maintain the grip without moving the objec
posture (Santello et al. 1998). The evolving hand shape durimgil the end of the trial. Power Grasp with a Lift was the same as
the transport phase of reach-to-grasp carries increasing inf@pwer Grasp with the inclusion of the lifting the object approximately
mation that peaks at the actual object grasp when the hand &&m off the table surface. In the Mimed Power Grasp, the object wa
conform to the object (Santello and Soechting 1998). THeoved an additional 40 cm out of the subject’s reach. The subject
presence of postural synergies that contributed to the evolvi{§e t reach as if grasping the object at the standard object locatig
hand shaping was not examined, yet the results suggest thagb pantomime a Power Grasp of the object. In Precision Grasp th

trat trol hand sh th hout jects were instructed to reach for and grasp the object betwed
common sfrategy may control hand shape throughout réagik;, thymp pad and four long finger pads as if they were going to lift

to-grasp. ) _ the object. In the Mimed Precision Grasp, the object was moved 40
Therefore the hand is controlled as a unit at some level agd further away and subjects were to reach as if grasping the objeft
to some degree. The present study asks three questions alpie standard target location and pantomime a Precision Grasp of the
these hand synergies. The original description that hand pobject. During the mimed tasks the subjects had to rely on vision anfi
ture can be described by a small number of synergies wasmory to shape the hand appropriately for each object.
based on static hand posture (Santello et al. 1998), yet it iSubjects were seated at a table with their right arm by their side antd
well-known that hand shape evolves throughout reach-to-gragp elbow flexed to 90° so that the hand rested in a comfortablg
(Jeannerod 1984; Paulignan et al. 1990). Hence, the first g sture on an “X” located near the edge of the table. For tasks i

. : . ; ich the object was actually grasped, the object was placed 30 c
tion was whether the entire behavior can be described b))r:\ll ay from the table’s edge in the subject’s midsagittal plane. For th

S?m“ar Sma”. set of synergies and whether these syr_lerg_ies Witlifhed grasps the object was placed 70 cm away from the table’
S|m|I.ar for d_lfferem types.of grasps. Thege synergies lmp_')/e’age, At 70 cm the object was beyond the subjects’ comfortabl
spatial configuration that is not static but is modulated in tim@aching distance yet was within their visual field.

to allow subjects to grasp objects of different shapes and sizesBefore each trial, the subject was instructed orally in the desire
Second, the study of Santello et al. (1998) used mimed grasgpssp for the upcoming trial. The subject indicated the beginning of
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trial by pushing the trigger button of the data collection system with
the left hand. The subject reached out with the right hand and
performed the requested grasp, maintaining it until hearing a tone
indicating the end 03 s of data collection. The subject then returned
his or her hand to the start position. The trials were self-paced. Each
subject completed 5 repetitions of the 5 experimental tasks for each of
the 16 randomly presented objects. Object presentation was of a block
design with the tasks presented randomly for each object. The subject
was able to view his or her hand and the object at all times.

Sixteen different wood objects, 12 cm in height, were used (Fig. 1).
Object shapes included five cones, five cylinders, and six spindles.
The cones had a base diameter of 10 cm and base angles of 67.4, 71.6,
76.0, 80.5, and 85.2°. The cylinders were 5, 6, 8, 9, and 10 cm diam.
Each spindle had end diameters of 8 cm with central diameters of 4,
6, 7,9, 10, or 12 cm. The mean weight of the objects wasA18D7 g
(mean= SD; range, 31-385 g).

Prior to the initiation of the data collection, reflective markers 4 mm
diam sown to 1-crhpieces of nylon fabric were attached with rubber
cement to the subject’s right hand to record the kinematics of the
reach and grasp. Twenty-one positions on the hand and wrist were
monitored with markers placed on the second through fifth metacar-
pophalangeal (MCP) joints, the proximal and distal interphalangeal : ; : :
(IP) joints, and the tips of the fingernail (Fig. 2). In addition, rods Wit% FIc. 2. A view of subject 4s hand with the reflective markers and rods

uring a power grasp of a spindle. Note that the rods make it possible t

two reflective spheres were taped firmly to the skin, extending verfiitor the thumb position even though the thumb is not in this camera view|

cally away from the hand at the following locations: 8 cm proximal t@ach marker needed to be visible to a minimum of 2 cameras for successffi
the wrist crease, wrist crease, thumb MCP, thumb IP joint, and the §glimensional (3-D) reconstruction of its location in space throughout the

of the thumb. The distance from the center of the top sphere to tleach and grasp.
desired hand location was measured and entered into the tracking
program to create virtual markers on the hand. The rods madewith the cutoff set at 6 Hz, and exported to SAS (SAS Institute, Cary
possible to maintain all markers in at least 2 of the 4 camerdKC) for further processing. The velocities of they, andz positions
throughout the reach and grasp. All markers and rods remainedthe wrist crease virtual marker were determined by numerica
adhered to the skin throughout the data recording. differentiation. Tangential velocity was the vector summation of the
The kinematics of the reach and grasp were recorded usingesultantx, y, andz velocities.
video-based motion analysis system (Motion Analysis, Santa RosaEach reach was normalized using movement onset and offset as t
CA). Prior to each data collection session a two-step calibratitmeak points. Movement onset was defined as the time when th
procedure was completed. The first step utilized a 12-in. cube with tehgential velocity of the wrist crease marker exceeded 1 cm/s. Anal
precisely located markers placed in the middle of the workspace.ofjously, movement offset was defined as the time when the tangenti
60-s data file was collected. The second step utilized a wand witblocity of the wrist crease marker dropped below 1 cm/s. The marke
three reflective markers, the outer two separated by 200 mm. Tesition data were then interpolated to fill 60 bins for each epoch, th
wand was moved throughout the workspace so that it was viewed bathial hold position, the reach, and the object grasp for a total of 180
in the horizontal and vertical planes by all four cameras for 120 s. Thns. The wrist crease marker was defined as the origin (0, 0, 0), an

moQ
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tracking software utilized the two calibration techniques to establisti markers were redefined in relation to the wrist marker. Orientatiot]

the location of each camera and account for any geometric distortiointhe wrist and hand in space was maintained by the preservation

introduced by the camera lenses. Marker positions were sampled atté® three-dimensional (3-D) position of the markers relative to eacl 2
Hz using four video cameras. Using the tracking software the marlaher. The five grasps of each task for each object were then averaggqd>

positions were tracked for the 3-s duration of the reach-to-grasp. Eddie averaged grasps for each subject were analyzed by task usi
trial was checked for correct identification of markers and edited &/D.
required. The tracked data were then filtered using a Butterworth filter

Analyses

Shrager 1994). Similar to principal component analysis (Glaser an
Ruchkin 1976), SVD reduces the data into a linear combination o

gressively. One advantage of SVD is that it also provides informatio
on the temporal evolution of the hand postures, therefore permitting
determination across time. Calculation of the SVD was based on th
matrix X (2,880X 63) constructed of thg, y, andz positions of the

21 hand markers beginning with the 1st bin on the initial hold and|
continuing until the final bin of the object grasp for a total of 180 bins
for each of the 16 objects. Matrix X was then deconvolved into thred

Fie. 1. The 16 objects are shown grouped by shape and increasing in $p8lrxes, X= USVT. Matrix U (63 % 63) consisted of the patterns of

from theleft to theright. The wooden objects were painted flat black to reduct® marker positions that defined the eigenvectors (i.e., eigenpo
the glare. The rods with reflective markers extending from each object wéties). Matrix V (2,880x 2,880) consisted of the temporal weightings

used to provide their location in the work field. of the eigenpostures, a sequence of values that defined the contribu-

J Neurophysiol vOL 86 « DECEMBER 2001 WWW.jn.org

Singular value decomposition analysis was used to analyze th
evolving hand postures throughout the reach-to-grasp (Hendler ar

orthogonal hand postures, referred to as “eigenpostures” in which the
variance explained by each successive eigenposture diminishes pio-
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tion of each eigenposture throughout the reach-to-grasp. The suggibjects are shown in Fig. 3. The Els are remarkably simildr
script T denoted the transpose. Last(2,880 % 63) was a diagonal for the different subjects. E1 consists of an open grasp confi
matrix consisting of the eigenvalues for the eigenposture-tempoghtion in which all the joints are slightly flexed, midposition in
weighting pair in a greatest-to-least order. The eigenvalues indic joint range of motion. Qualitatively E1 appears to be th
the relative amount of variance explained by each eigenpostu jsition of function as defined by Kapandji (1970). From this

temporal weighting pair. The variance is obtained by squaring the ™. . . :
eigenvalues and dividing by the sum of squares. The SVD analyE! sition the hand can either close for smaller objects or ope

was completed for each task separately to be able to explicitly cofe! larger objects. There are slight differences that are due |
pare the eigenpostures generated for the different tasks. The compatt to hand size. In Fig. 3 the subjects are ordered by hand size
ison was essential to determine whether the same hand synergies wéth the largest hand on the left and smaller hands to the right.
generated during the various tasks (e.g., power vs. precision).  The fingers of the first two subjects are more flexed than th

Eigenpostures and hand shapes were visualized using 3-D rendigrgers of the other subjects. The fifth subject who has th
ing software [Persistence of Vision Ray Tracer (POVray)] to rendginallest hand has the most extended fingers. The grad
3-D images. The images were created by entering lyeandzvalues  gecrease in finger flexion from the largest hand to the smallegt
for each position as a sphere and linking the appropriate spheres V&th reflects the excursion of the fingers necessary for the

cylinders to form the hand shapes. Within POVray, it is possible : .
change the camera's perspective and lighting of the 3-D obje fferent subjects to grasp the 16 objects. The smaller hands afe

However, the same camera perspective and lighting was maintainE’ their peak aperture for a gre.ate.r pc_thlon of the objects than
for all of the first eigenpostures and hand reconstructions. The cam@f§ the larger hands. The similarity in the Els suggests
was rotated 180° around tixeaxis for improved clarity of the second COmmon strategy of an open hand configuration that allows f
eigenposture. easy adjustment for larger or smaller objects.

Two methods of comparison of the eigenpostures of the different The temporal weighting profiles of E1 show how the open
tasks and their respective temporal weightings were undertaken. Hand configuration evolves throughout the reach, shaping the
root mean square (RMS) difference for the 21 marker positiorgand for the 16 objects (Fig. 3). A common feature across fou
between the Els of the various tasks was calculated to quantify §igyjects is that the weighting increases then decreases throu
similarities between the eigenpostures. The RMS differences WeJEt the reach in preparation for object grasp. These changes

calculated for each subject and averaged. A statistical compariso - - .
the eigenpostures was k_)ased on two sample Studete&s of the nFé) ?ﬁ;?l C\)A:;ilgrhtghgrigonfégléf tp;%:gg%g?iﬂgeiﬁgnh??nsTr?
means of the marker positions of the eigenpostures between tasks. 9 : 9

temporal weightings provide information about the hand shapif¥eightings begins at the onset of the reach and reflects t
through time. In addition to plotting the weightings as a function ddreviously described shaping of the hand in preparation for th
time, phase plane plots of the temporal weightings from the first tv@rasping of an object (Jeannerod 1984, Paulignan et al. 199
eigenpostures were created. Plots of the phase plane trajectoriesTioe fifth subject tended to rest her hand in a more ope
the five tasks for different objects were used to address the questiopokition than the other subjects did. This subject also had t
whether the different grasps fall within the same or different regiorsmallest hand, so there was little additional extension th
of the phase plane space. , , occurred in the reach. This difference is reflected in the weightt

As shown inresuLTs the amount of variance explained by succes; s, which do not show the initial increase. The shape of thig

sive eigenpostures decreases sharply after the first eigenposture (1) - . ;
with higher eigenpostures explaining only small incremental amounts file is object-dependent, demonstrating a unique grasp po

of variance. To determine the nature of the information provided BY"® for ea_ch object. _Th_e temporal _We|ghtlngs continue g
the higher order eigenpostures, a series of reduced versions of $h@nge during the beginning of the object grasp period, reflec
original data matrix were constructed using the inverse of the SVBg adjustments in the grasp as the object is contacted.
formula. Reduced versions of the original data matrix were calculatedDuring the initial hold period the temporal weightings are
using only the 1st eigenposture, eigenvalue, and temporal weightinglatively constant, indicating that the hand shape was relg
the 1st and 2nd eigenpostures, eigenvalues and temporal weightitig&ly constant. The differences in the weightings of the initial
and so on, up to including the 1st 10 eigenpostures, eigenvalues, Agdd period reflect the very early initiation of the hand shaping
temporal weightings. The reduced version of the matrix was compargght precedes the onset of reach as noted previously (Jeannelod
with the actual hand posture both visually and by computing the RM#d Biguer 1982). The weightings during the object grasg
error as a function of time. period are also constant but differ as a function of the object],
again an indication of a unique hand shape for each object. Th
RESULTS variability of the weightings in the three periods suggests tha
SVD analyses across grasps for all subjects and objects the subjects not only cor_1tro||ed this basic hand sha_pe durin
the reach-to-grasp but prior to the reach and after object gras
The SVD analyses show that the vast majority of the vari- The first eigenposture is similar for the five different grasps
ability in the hand posture for the entire act of reach-to-gragys shown in Fig. 4 forsubject 1,E1 for each type of grasp
can be described by a small number of eigenpostures. The fashsists of an open hand configuration with the fingers slightly
eigenposture (E1) accounts for 97:30.89% (meant SD) of flexed and the thumb in opposition to the palm. Again, E1
the variance of the grasp across tasks and subjects, andekglains the vast majority of the variance (972.2%) for the
accounts for 1.9+ 0.85% (Table 1). The first three eigenposfive tasks forsubject 1.The major differences in E1 are a
tures of any grasp describe over 99.5% of the variance. Hunction of whether the grasp was power or precision, with thg
tending the earlier findings on static hand posture (Santellopgtwer grasp having more open shape with overall flexion o
al. 1998), these results demonstrate that hand shape througtioeitfingers. Also the thumb is more flexed in the three powef
reach-to-grasp can be described by one dominant eigenposgrasps than in the precision grasps. This increased flexion o¢f
and a small number of additional ones. the thumb and long fingers is likely to represent preparation fof
The first eigenpostures (E1) of the power grasp for the fiveaking palmar contact with the object by wrapping the thumb
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TABLE 1. Amount of variance explained by each eigenposture for each subject by task

Subject Task El E2 E3 E4 E5 E6 E7 E8 E9 E10
1 Power 98.0 1.42 0.272 0.129 0.057 0.053 0.027 0.020 0.008 0.004
Power with
Lift 97.5 1.79 0.381 0.176 0.065 0.034 0.022 0.020 0.007 0.004
Mimed
Power 97.2 2.18 0.248 0.152 0.124 0.035 0.025 0.014 0.009 0.004
Precision 98.2 1.49 0.121 0.067 0.046 0.035 0.007 0.007 0.003 0.003
Mimed
Precision 95.2 4.44 0.164 0.080 0.037 0.017 0.012 0.006 0.004 0.002
2 Power 97.1 1.78 0.762 0.220 0.047 0.031 0.018 0.012 0.011 0.005
Power with
Lift 97.8 1.62 0.310 0.189 0.047 0.019 0.009 0.007 0.007 0.005
Mimed
Power 96.9 151 1.31 0.132 0.040 0.024 0.019 0.012 0.009 0.008
Precision 97.8 1.61 0.302 0.199 0.049 0.022 0.009 0.007 0.007 0.006
Mimed
Precision 98.1 1.37 0.316 0.123 0.042 0.03 0.016 0.012 0.006 0.004
3 Power 96.3 2.59 0.659 0.192 0.076 0.045 0.020 0.018 0.013 0.008
Power with
Lift 96.4 2.53 0.626 0.200 0.093 0.033 0.018 0.014 0.009 0.008
Mimed
Power 97.2 1.88 0.473 0.214 0.067 0.037 0.022 0.019 0.012 0.008 o
Precision 96.2 3.10 0.282 0.155 0.078 0.064 0.018 0.015 0.007 0.006 Q
Mimed g
Precision 96.5 2.90 0.322 0.146 0.057 0.031 0.019 0.014 0.009 0.008 g
4 Power 97.6 1.52 0.563 0.121 0.066 0.053 0.030 0.012 0.009 0.007 %
Power with 9:
Lift 97.3 1.62 0.543 0.331 0.061 0.05 0.030 0.011 0.009 0.007 o]
Mimed 3
Power 95.6 3.45 0.663 0.150 0.061 0.043 0.028 0.014 0.010 0.008 5
Precision 98.3 1.10 0.391 0.071 0.047 0.031 0.026 0.008 0.006 0.005 '%
Mimed (<n
Precision 97.2 2.12 0.421 0.093 0.057 0.035 0.022 0.006 0.004 0.004 o
5 Power 97.3 1.48 0.975 0.117 0.054 0.038 0.023 0.014 0.008 0.007 é
Power with o
Lift 97.4 1.48 0.908 0.084 0.052 0.028 0.021 0.017 0.009 0.007 a
Mimed g
Power 98.6 0.718 0.384 0.169 0.061 0.052 0.011 0.006 0.004 0.003 =
Precision 98.2 1.28 0.278 0.131 0.051 0.023 0.013 0.008 0.006 0.005 )
Mimed o
Precision 98.7 0.933 0.218 0.105 0.043 0.023 0.008 0.003 0.003 0.002 ::‘
Mean 97.3£ 0.895 1.92+ 0.847 0.476+ 0.282 0.15f 0.059 0.059+ 0.019 0.035- 0.012 0.019+ 0.007 0.012+ 0.005 0.008t 0.003 0.006+ 0.002 8
'_\
o

Values in Mean are means SD.

and fingers around the object. Conversely, the more extended he largest differences in the temporal weightings are be}
finger and thumb flexion for the precision tasks may represdamteen the mimed grasps and the corresponding actual grasps.
preparation for finger pad opposition during object contaddlthough the increase-decrease profile occurs across the
The similarities of the E1s across tasks and subjects demgrasps, the change is compressed for the mimed grasps. The
strate that modulation of this one postural synergy can accosuobjects did not open or close their hands to a similar extent
for much of the hand shaping. when contact was not required. The differences in the weight

The modulation of this basic hand shape as a function of taisiys for the power grasp with and without the lift suggest that
time can be appreciated in the E1 temporal weightings (Fig. #)e subject used a slightly different hand posture when thg
The overall profile is consistent across objects and grasps witisks required that only contact be made with the object versy
an increase in the weight after reach onset followed bywehen the object had to be lifted. To accomplish the lift, the
decrease, reflecting the hand opening and closing in prepaabject would need to apply opposing forces with fingers
tion for object grasp. The temporal weightings of the eigempalm, and thumb during the lift to adequately counteract thgq
postures diverge prior to the reach and continue to separttagential pull of gravity. The fluctuations of the weights near
throughout the reach and remain separated at the completiohaf time of object grasp may reflect subtle adjustment in th¢
the reach. The weightings are different for each of the Xffasp.
objects, indicating a unique grasp for each of the objects asThe E2 of the power grasp for the five subjects suggests thIt

"

\174

shown for the power grasp across all subjects (Fig. 3). Agaircontributes to the control of the thumb and long fingers (Fig
the differences in the weightings during the initial hold perio8). These eigenpostures are illustrated with the camera rotat
reflect the early preshaping of the hand prior to reach onset80° around th&-axis from the perspective used in Figs. 3 and

d
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Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

A Sl wh, N s

I Object
S lg.. Hold eacthsp

First
Eigenposture

Cylinders

0.021 -

Spindles

0.015

0 120
Time (bins)

Fic. 3. The Els and temporal weightings for the 5 subjects for power grasp. The temporal weighting profiles of the
eigenpostures for each of the 16 objects are shown below the eigenpostures. For ease of comparison, the temporal weightings are
separated by object shapes with cones in the 1st row, and cylinders in the 2nd and spindles in the 3rd row. Abpveftipot
is the task time line including initial hold, reach, and object grasp periods, and the dotted vertical lines provide a similar division.
The x-axes are normalized time bins. See text for greater detail.

4 for better viewing of the posture. The proximal and distalnd thumb and added to E1 to produce the complete configy
phalanges of the thumb are pointing toward the reader (nuration of hand postures the subjects achieve.
bered 1 in Fig. 5) with the MCP of the thumb away from the The temporal profiles of the E2 weightings are similar to the
reader. The MCP of the little finger is toward the reader. Theofiles of E1 for each subject. At the beginning of reach, the
fingers cross each other so that the second digit is pointimgighting increases reflecting the opening of the hand to it$
toward the reader and the fifth digit away from the reademaximum aperture. Isubjects 1, 3and5 the temporal weight-
Likewise, the third and fourth fingers are crossed so that thgys then decreased as the hand closed in on the object. |n
fingertips are in the inverse order of the MCPs. The sarmsabjects 2and4, the decrease in the temporal weightings aften
inversion of the fingertips in relation to the MCPs is present imaximum aperture were less pronounced. The tempordl
the E2 ofsubjects 2, 3and4. In subject % E2 the crossover weightings plateaued during object grasp at different levels
occurs from the wrist joint. This difference may be due to theflecting the hand posture required for the different objectd.
size of this subject’s hand in relation to the other subjects. Therefore even though E2 has more individual variability thar
The thumbs ofubjects 2Zand4 are more prominent than thatE1, there are similarities in the shapes and the temporal weigh
of subject 1,suggesting that their thumb positioning mayngs.
contribute more to the aperture of the hand than for otherThe E2s across the different tasks are shown for one subjeft
subjects. The thumbs alubjects 3and5 are smaller than the and explain on average of 2231.25% of the variance (Fig. 6).
thumbs of the other subjects and also shorter relative to the described for the E2 of the power grasp sabject 1
other fingers in their respective eigenpostures; again this magviously, the order of the fingertips is inversed in relation to
reflect differences in positioning of the thumb by the subjectthe order of the MCPs for the E2 of the power grasp with a lift,
E2 explains a small portion (1.2 0.84%) of the variance precision grasp, and the two mimed grasps. The thumb i
across subjects and tasks. By definition E2 is orthogonal to Egtpominent for the power grasp, power grasp with a lift, and thg
and the shape reveals that this is not a natural or physiologipaécision grasp and less prominent for the mimed grasps. THe
hand posture. Subjects cannot easily configure their hand€E@s for the two mimed grasp tasks are similar to the grasp df
the postures shown in E2. However, the E2s do provide insigidtual objects (Fig. 6). The E2 temporal weightings follow the
into the independent control that must be applied to the fingesame profile as the E1 weightings (Fig. 4) except for the mimedg
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FIc. 4. The Els and the temporal weightings for the 5 tasks for 1 subject. The E1s for the 5 tasks are illustratexbirothe
Notice the similarities in the hand postures across the task. Below each eigenposture the weightings of the eigenpostures are shown
for each object. Each object has a unique weighting within each task. The weighting are similar for the power grasp and power grasp
with a lift, 2 tasks which are essentially the same but are unique for the other tasks. Conventions as in Fig. 3.

precision grasp. For the other four tasks the weights during thest of the eigenpostures between the two tasks did not sho
initial hold are constant. The weights increase with onset of thesignificant differenceR > 0.05) for either the E1s or the E2s.
reach then decrease in anticipation of the object grasp. Thieese small and insignificant differences indicate that the
weights again are constant during the object grasp. For thigenpostures for power grasp with and without a lift are theg
mimed precision task the weights during the initial hold argame irrespective of the forces utilized.

constant. In contrast to the other four tasks, the temporal profileThe average RMS differences between all tasks for E1 an
of the E2 weighting for the mimed precision grasp has an initi&l2 are summarized in Table 3. The differences between th
increase during the onset of the reach that plateaus and remaéis of the five tasks are small, ranging between 0823.02
constant during the object grasp. Again the weighting differmm and 0.11+ 0.07 mm. The differences were greatest
ences indicate that the grasp posture for each of the 16 objdmsveen the power and precision grasps, particularly betweg
is unique. the actual and mimed grasps. However, none of the differencg

Among the five tasks, only the power grasp with a liftvere significant R > 0.05). Similarly, the RMS differences

required an efficient grasp with force application adequate between E2 for the different tasks are small, and the differ
overcome gravity during the lift. In the other tasks the subjectsices between tasks are not significét0.05). The lack of
were requested to grasp the objects as if they were going to $iftjnificant differences between the eigenpostures would impl
them. However, the forces were not monitored, and the suhat the same base posture is used for the five tasks with th

jects could have conformed their hands to the objects withcugher order eigenposture adding further shaping informatiory.

the force application. To quantify the similarities between the To determine whether power and precision grasps are dig
E1 of power grasp with and without a lift, the RMS differencesrete postures or fall along a continuum, phase plane plots ¢
were calculated. The RMS differences between the E1s for tine temporal weightings of the first two eigenpostures for thd
two tasks indicate negligible differences considering the difive tasks were constructed. Figure 7 shows representatiy
ference is across the y,andzlocations of 21 markers for eachphase plane plots for the different grasps of the smalles
eigenposture. Fosubject 1the difference was 0.024 mmintermediate, and largest condsf{ columr), cylinders (niddle
(Table 2). The average difference across all subjects wadumn), and spindlesr{ght column. The trajectories of the

0.024+ 0.019 (Table 2). Similarly, the differences between thghase plane plots are similar for the different tasks and differt

E2s for the two tasks were negligible (Table 2). A two-sampkent sizes of cones, cylinders, and spindles. For the smalle
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Fic. 5. The E2s and the temporal weightings for the 5 subjects for power grasp. By definition E2 is orthogonal to E1. The
camera perspective has been rotated 180° aroung-élxés. The tips of the fingers are numbered beginning with the thumb as 1
and ending with the little finger as 5. Other conventions as in Fig. 3.

cone the trajectories begin in the bottom left quadrant amdove to the left as the hand closes on the objects. More flexio
move toward the top right quadrant as the hand opens in eddyindicated during the grasp of the smallest objects by thg
reach. The maximum aperture of the hand occurs at the poimevement of the trajectories movement further toward the lef
where the trajectories change direction in the top right quadhan for the intermediate and large objects. The hand closure
rant. The trajectories for the three power grasps, power withdlle power and the precision grasp must be comparable for th

a lift (thin black line), power with a lift (dark gray line), and cylinders as the trajectories end in the same region of the phag

mimed power (dotted line), begin to move back toward thélane. The clustering and similarities of the temporal weighting
bottom left quadrant as the hand encloses the cone. The REgfiles for the five tasks for each object indicates that powe

jectories of the two precision grasps, precision (thick blackd precision grasps fall along a continuum rather than i

line) and mimed precision (light gray line), do not move as fa#iscrete regions of the phase space.
to the left as the hand does not close to the same degree during
preCiSion grasp. For the intermediate and Iarge cone the T@bntribution of h|gher order eigenpostures
jectories of the power grasps do not move as far toward the left
bottom quadrant after attaining maximum aperture, indicating Eigenpostures of order2 contribute only a small fraction
that the fingers flex less to enclose the intermediate and laafehe variability in the hand posture (Table 1). E3 through E1Q
cones than they did for the smallest cone. All the trajectoriesmbined contribute 0.0% 0.18% of the variance. On the
for the largest cone are similar, indicating that the hand posturasis of information theory, it was shown that these highe
for the power grasps and precisions grasps approaches diger components are significant (Santello et al. 1998) but th
same aperture faubject 2 All the trajectories indicate by the nature of the contribution remained undefined. Therefore w
small movements at the end of the trajectories that final aglvaluated how hand shape changed as the higher order eigg
justments in hand shape occur as the object is grasped. postures were successively added and calculated the RM
The phase plane plots of the temporal weightings of the firdifferences between the reconstructed shape and the actd
two eigenpostures afubject 4for the five tasks in theniddle hand shape. In Fig. 8 is shown the reconstructed hand shape f
columnand ofsubject 1in theright columnare also similar for subject Iperforming the power grasp of the smallest spindle. A
the five tasks for each size cylindenifddle columhor spindle comparison of the hand postures in tbp andbottom rowsat
(right columr). The trajectories start near the bottom of théwo points in time, bin 15 at the time of peak hand velocity and
graph, move upward to the right for the hand opening, afxinh 60 at the beginning of object grasp, illustrates the contri
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Power Power with Mimed Precision Mimed
a Lift Power Precision
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FIG. 6. The E2s and the temporal weightings for the 5 tasks for 1 subject. Finger numbering as in Fig. 5. Other conventions as
in Fig. 3. This is the same subject shown in Fig. 4.

bution of the higher order eigenpostures. At peak velocity tlentrol of the thumb and fingers. Adding successively E3 to EJ
hand posture based on only E1 lacks the finger and thumabthe reconstruction progressively increases the flexion of thg
extension of the true hand posture illustrated inlibiom row  MCPs, PIPs, and DIPs. Again, the increasing flexion occurs if
Note the large increase in thumb and finger extension with tparallel across all joints. After the addition of all the eigenpos
addition of E2, consistent with the shape of E2 (Figs. 5 and @lres up to and including E7, the flexion of the long fingers|
Adding successive eigenpostures further refines the posturekely approximates the flexion observed in the true hang
the thumb and fingers. Much of the finger extension occurs §dsture. Therefore qualitatively E2-E7 provide information

the proximal interphalangeal joints (PIPs) and distal interphgg gt the state of the flexion/extension of the MCPs, PIPs, an
langeal joints (DIPs) accompanied by some extension of t%

l1:")1|0'/(f50|0!s/(qd'u[ woJj papeojumod

uo

= B0z 'L yoren

L ; X . Ps, even though these eigenpostures explain only a sm3
MCPs. This increase in extension occurs in parallel across g genp P y

-~ : ction of the variance.
three rows of joints (MCPs, PIPs, and DIPs for fingers andq qyantify the importance of the higher order eigenpos;
MCP and IP joint of the thumb) and not at a single joint leve,, g “the reduction in the RMS error with the addition of
Therefore the additional eigenpostures provide the finer detal

fth p : h h ; cessive eigenpostures was determined. This reduction in
of thumb and finger extension that occurs at the maximugls error is shown graphically in Fig. 9 for the five different
aperture of the true hand posture.

f th llest spindle bybject 1.The RMS f
At the onset of object grasp (bin 60), the hand shape baq%@Sps o7 e smatiest Spindie Sybjec © error 1or

: : ; _ onstruction based on E1 is constant during the initial hold|
only on El is lacking the finger and thumb flexion used g error decreases briefly as the hand begins to open and the
grasp the objects. With the addition of E2 the finger and thumh e extension of the actual hand and the Y3&tonstrue
are almost in opposition due to the increased flexion of the

. ) X > . n more closely approximate each other. The error increasgs
thumb and fingers, again showing that E2 is involved in thg, kedly around peak velocity when the fingers and thum

TABLE 2. RMS differences between eigenpostures of power lack adequate extension for the maximum aperture. The errgr
with and without a lift decreases after the maximum aperture as the fingers begin [to
flex in preparation for the object grasp. Again the true fingel
Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Mean posture and the USWreconstructed hand shape are relatively

close then the RMS error increases as the reach continues and
throughout the grasp period because the actual fingers flex |n
preparation for the grasp and during the grasp but the fingers ¢f
Values in Mean are means SD. RMS, root mean square. the USV, reconstruction do not.

El1 0.024 0.005 0.021 0.057 0.014 0.024.02
E2  0.208 0.064 0.113 0.357 0.301 0.208.123
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TABLE 3. Summary of RMS differences across subjects

Power Power with Lift Mimed Power Precision Mimed Precision

E1l

Power 0

Power with Lift 0.024=+ 0.020 0

Mimed Power 0.066= 0.020 0.082+ 0.033 0

Precision 0.070- 0.028 0.080+ 0.021 0.079+ 0.020 0

Mimed Precision 0.09% 0.075 0.111+ 0.070 0.078t 0.054 0.069+ 0.049 0
E2

Power 0

Power with Lift 0.209+ 0.123 0

Mimed Power 0.329- 0.226 0.442+ 0.316 0

Precision 0.241- 0.084 0.328+ 0.057 0.367+ 0.252 0

Mimed Precision 0.38% 0.198 0.471+ 0.284 0.249+ 0.095 0.317+ 0.199 0

Values are means SD. RMS, root mean square.

The addition of successive eigenpostures reduces the erratiénlarly in the mimed grasps) and in the object grasp period fo
all phases of the reach-to-grasp. This error reduction is not the power grasps. E2 contribution is primarily in the needeq
an equivalent amount in all phases, indicating that each eigdlexion of the fingers and thumb during object grasp. The
posture is contributing to different aspects of the hand shajeldition of successive higher order eigenpostures results in
The inclusion of E2 adding the needed finger and thundecrease of the RMS error. The reduction in error plateaus aft¢
extension results in a particularly larger reduction in the errtine addition of E7 for the power grasp. The RMS errors for the
during the reach for the five grasps. E2 also contributes sudiher grasps show a similar reduction in the RMS error with thg
stantially to the error reduction in the initial hold period (paraddition of successive higher order eigenpostures. The err¢
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FIG. 7. Phase plane plots of temporal weighting of E1 against the temporal weighting of E2 for the 5 tasks for the samlest (
intermediate hiddle), and largestl{otton) object in each shape. The data in each column are from a different subject. The cones
are based on data frosubject 2the cylinders fronsubject 4and the spindles fromsubject 1.
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FIG. 8. Hand reconstructions. THest 4 rowsdepict the hand postures reconstructed from increasing numbers of eigenpostures
in the power grasp of the smallest spindle dybject 1.The bottom row of handslepicts the actual hand postures. Both the
reconstructed and actual hand postures are shown at 15 bin intervals. The graph illustrates the normalized tangential velocity of the
reach to grasp movement. The solid line depicts the tangential velocity of the wrist. The dashed line represents 1 cm/s. Reach onset
occurs when the tangential velocity exceeds 1 cm/s, and reach offset occurs when tangential velocity drops below 1 cm/s.

reduction generally plateaus after the addition of E7 or EBased on this analysis across tasks was similar to the SV

indicating that the higher order eigenpostures do provide iranalysis on the individual tasks. The RMS difference betwee

portant information even though they only explain a smadihe E1 across all tasks and objects and the E1 for each ta

portion of the variance. averages 1.99- 0.002 across all subjects. For E2 the RMS
When the RMS error is averaged for the 16 objects acrodiference is 1.94+ 0.04. Therefore including all grasps does

the 5 subjects, the progressive reduction of error with eaBRt result in far more significant eigenpostures nor changes th

additional eigenposture is evident (Fig. 10). Again, the err§fape defined by the eigenpostures.

reduction occurs in the three task periods. The fluctuation in

the error reduction during the reach is indicative of the evolyy, scussion

ing hand shape, and the different hand shaping components the

higher order eigenpostures add to the evolving hand shape. Thin this study the subjects performed 5 different grasp tasks t

error reduction plateaus after the addition of the seventh grasp 16 objects. The SVD analysis of the hand shapes for ea

eighth eigenposture. grasp indicates that E1 explains most of the variance in th
As was stated imeTHops, the SVD analysis was completedhand shape. The E1s were comparable across subjects and

for each task separately to be able to compare explicitly tfige tasks, demonstrating that to grasp with precision or powe

eigenpostures generated for the different tasks. When the Swidh or without lift, in the actual or the mimed condition, a

analysis was performed across the 5 tasks and 16 objects,abmmon base posture is used. The reconstruction demonstrated

results were similar to those of the SVD analysis by task. Thigat E2 contributes to the opening of the hand to the maximun
E1 accounts for an average of 870.52% of the variance and aperture during reach and thumb and finger flexion during
E2 accounts for 1.93 0.63%. Furthermore, the hand shapelosure of the hand in preparation for object grasp. E2 wa
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patterns of movement that identified the grip as either a powe

grip, a precision grip, or a combination of the two. The grip

was determined by how the object was to be used (Napie

1956). Numerous subsequent studies have proposed even m
elaborate categorical schemes (Cutkowsky and Howe 199

Kamakura et al. 1980). The similarities of the eigenpostures fo

the five different grasps in a subject suggest that only on
movement pattern exists even though the final hand posture

dependent on function (or desired grasp) and object to b
grasped. The similarities in the phase plane trajectories of E

and E2 temporal weightings further show that the “classic’

120
Time (bins)

FIG. 9. The root mean square (RMS) error for the 5 grasps of the smallest
spindle forsubject 1.The top graphcorresponds to the hand reconstructions
observed in the preceding figure. The solid line indicates the RMS error using
only E1 in the reconstruction. The numbered arrows indicate the highest
eigenposture included in the reconstructed matrix on which the RMS error is
calculated. Note the consistent drop in error as the higher order eigenpostures
are sequentially added in the 5 tashsPower GraspB: Power Grasp with a
Lift. C: Mimed Power GrasfD: Precisions Grasyk: Mimed Precision Grasp.

more variable across subjects and suggests that there may be

independent control over some aspects of grasp, particularly
thumb and finger extension. The higher order eigenpostures
add further shaping information to the hand shape. These
results are comparable to earlier findings that over 80% of the
variance of static grasp postures can be explained by two
principal components with the higher order components pro-
viding additional information (Santello et al. 1998).

The grasp tasks in this study were initially classified as either

power or precision as defined by Napier (1956). Napier con+; 10, The average RMS error for the 5 subjects and 16 objects for eac|
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cluded that prehensile movements consisted of two discretéhe grasps. Conventions as in Fig. 9.
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Napier precision and power grips were not evident in the
grasps and objects explored. Rather than two or more discrefe
grasps, hand posture may be composed of a continuum basged
on the temporal weighting of a few eigenpostures. In this casg,
eigenpostures would not be limited to or be expected to cort
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respond to particular grasps. Two caveats must be consideBhnnerod and Biguer (1982), who also reported early initiatio
First, that power and precision grasps are within discrete m&-the hand shaping, preceding the onset of reach by 40-140
gions of the same manifold and the SVD analysis failed tns. The even earlier preshaping of the hand found in th¢
distinguish between the two types of hand shapes. Second phesent study may reflect the differences in the paradigms. Ih
results are limited to the set of objects grasped and the gra#ie previous study the subjects began each trial with their eye
studied. There remains the possibility that if a larger range obsed while the object was changed. The subjects then open
grasp behaviors was evaluated a more readily apparent divisibair eyes and waited for a “go” cues before making a fast an
would develop. accurate grasp (Jeannerod and Biguer 1982). In our task the
The temporal weightings of the eigenpostures demonstratebjects’ eyes remained open throughout the experiment, and
that hand shape evolves continuously throughout the reachiteey viewed the changes in objects prior to receiving instruc
grasp and is unique for each object/grasp combination. Ttiens as to which grasp to perform. In addition the trials werg
SVD analysis is a technique to quantify the modulation of theelf-initiated after receiving the instructions without a time
hand shape that begins prior to the reach-to-grasp and contionstraint. Therefore the subjects had a considerable period pf
ues through to the object contact in the actual grasps or the éinge in which to adjust hand shape prior to reach.
of movement in the mimed grasp. The temporal weightings
more precisely define the shaping of the fingers for grasp thapy,al versus mimed grasps
just the linear scaling of the maximum hand aperture to the
object size as previously noted (Chieffi and Gentilucci 1993; The E1s of the mimed grasps were similar to the E1s of th
Jeannerod 1984; Marteniuk et al. 1990; Paulignan et al. 1998¢tual grasps, suggesting that the subjects used the same ¢
These results confirm and expand on the finding that hatidl strategy whether or not tactile contact was made. Th
shape evolved gradually throughout the movement (Santelfmmb and fingers of the Els for the mimed grasps have th
and Soechting 1998). same flexed posture observed for the actual power grasps a
A normal open hand posture configuration characterizes Bfe more extended posture for the precision grasps. The te
and is qualitatively similar to the position of functionporal weightings were also similar. Therefore control strateg
(Kapandji 1970). However, as noted mesuLTs E2 is not a used for actual grasps generalizes to the control of mime
natural hand posture but an orthogonal posture to E1. With theasps, and the results suggest that tactile contact is not
large number of degrees of freedom in the hand and with tHeminant factor in the early shaping of the hand.
equally significant biomechanical constraints, it is difficult to The temporal weightings for the mimed grasps are les
conceive of two orthogonal postures that the hand could readilivergent than those for the actual grasps, particularly durin
assume. The same problem exists for other dimensionalibe object hold period. Therefore the mimed grasp hand shap
reduction approaches, and the early study did not show tharied less throughout the reach-to-grasp than the hand sha
second or higher principal components (Santello et al. 1998uring actual grasp. This agrees with previous experiments i
However, E2 and the higher components do provide insigivhich subjects mimed the grasp adjacent to the object. Th
into the additional finger and thumb movements that are rneeak aperture of the mimed was smaller than during actu
quired to shape the hand. The eigenpostures may represegtasps of the objects (Goodale et al. 1994). During the actu
simplifying scheme used by the CNS to control the hand. grasp the compliance of the hand enables it to mold to th
object contours (Hajian and Howe 1997). In contrast, the han
shape during mimed grasp was dependent on visual cues a
memory and lacked the molding to the object. The mimed
The shaping of the hand evolves throughout the readrasp lacked the same requirement of the actual grasp, that
beginning with extension of the fingers and thumb followed bgnclosing an object. Therefore the need for accuracy in th
flexion in anticipation of object contact (Jeannerod 198#maximum aperture and final grasp posture was most likely
Paulignan et al. 1990; Santello and Soechting 1998). THaninished. The net result was the more compressed tempor
temporal weightings show that evolution of the synergies waightings.
consistent irrespective of object shape, grasp, or subject. In
.general' there was a biphasic pattern to the weightings, ﬁfﬁ{portance of higher synergies
increasing during the reach then decreasing as the hand closes
in on the object. At maximum hand aperture with thumb and The final goal of the study was to investigate the contribu-
fingers extended, the thumb and fingers begin to flex in pregmwn of the higher order eigenpostures to the formation of thg
aration for object grasp. This general pattern of opening agdasp. It was previously shown that for static grasps the highg
closing is further evidence that the hand acts as a functiomaincipal components contributed important information ever
unit. There also appears to be coordinating actions across theugh these components account for only a small percentag
MCPs, the PIPs, and the DIPs, in which the fingers extend afr the variance (Santello et al. 1998). The present result
flex together. Others have also observed a high degreedeimonstrate that the higher order components contribute
correlation in joint angles (Santello and Soechting 1998; Sagreat deal to the overall shape of the hand. The flexion of th
tello et al. 1998). This is further evidence that the hand fun®iPs and DIPs increased with the addition of the higher ord¢
tions as a unit. eigenpostures. The finger flexion gradually increased acroq
Our results indicate that the hand posture, if not constraingde MCPs, PIPs, or DIPs in parallel until the hand enclosed th
differs for the 16 objects throughout the initial hold periodobject. Therefore not only did the higher order eigenposture
suggesting that the hand shape preparation begins wellaitd critical details needed for static grasp but also for the ag
advance of the reach. This observation concurs with that @ff preshaping during the grasp.
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The findings in this study add to the growing evidence th8vys EJ, LEmon RN, MAaNTEL GW, AND MUIR RB. Selective facilitation of
the hand is controlled as a unit. There are four specific ﬁndingsgifferent hand muscles by single corticospinal neurones in the consciou

. . 0 . onkey.J Physiol (Lond)381: 529-549, 1986.
First the base posture described over 97% of the varia NEY PD AanD FETZ EE. Comparable patterns of muscle facilitation evoked

across subject;, grasps, and objects. Second, .the entire act @f individual corticomotoneuronal (CM) cells and by single intracortical
reach-to-grasp is specified by a temporal weighting of this basenicrostimulation in primates: evidence for functional groups of CM cells.
posture. Third, adding the higher order eigenpostures did nol Neurophysiob3: 786—-804, 1985.

influence hand shape at the single joint or digit level but inste&aENEY PD, FeTz EE,AND PAaLMER SS. Patterns of facilitation and suppression

L. . of antagonist forelimb muscles from motor cortex sites in the awake mon
changed hand posture across the joints. For example, the i, 'y Neurophysiob3: 805-820, 1985.

creased flexion of the PIPs from U$Yo USV,_; at the time  crierr S anp Genmiuccl M. Coordination between the transport and the
of object grasp occurred in all long fingers (Fig. 7). Last, the grasp components during prehension movemding. Brain Re94: 471
mimed grasps can be explained by the same eigenpostures 4%&' 1993. _ _

the actual grasps indicating a common control strategy. Thésg<Cwsky MR ano Howe RD. Human grasp choice and robotic grasp

- - - . analysis. InDextrous Robot Handgdited by Venkataraman ST and Iberall
findings refute the traditional view that the hand is controlled 1 "\, vork: Springer-Verlag, 1990, p. 5-31.

at a single joint, digit, or muscle level and suggest that the CNs3nochue JP, Leisovic S, anp Sanes IN. Organization of the forelimb area
uses a simplifying strategy in the control of the hand duringin squirrel monkey motor cortex: representation of digit, wrist, and elbow
reach-to-grasp. Other control strategies may be used for othenusclesExp Brain Res39: 1-19, 1992.

hand movements. EnGEL KC, FLANDERS M, AND SoecHTING JF. Anticipatory and sequential

The simplitying control strategy detected by the SVD tech F82 S e Ba8 B e e o parallelcontrlof the
nique is observed at the output stage. Are these .e|gen|.oosturL o hands.) NeurophysioB7: 1264-1274, 1992.
represented at the cortical level? The results of stimulation agQser EM ano Ruciin DS. Principles of Neurobiological Signal Analysis
lesion studies in the motor cortex are consistent with globalNew York: Academic, 1967.
control of the hand. Stimulation of one site in M1 evokeSoopbale MA, Jakosson LS, anp KeiLLor JM. Differences in the visual
responses in several muscles of the hand (Donoghue et ajontrol of pantomimed and natural grasping movemeesiropsychologia
1992; Sato and Tanji 1989) or movement around contiguo§§2: 1159-1178, 1994.

o . . . . _(GORDON AM, CASABONA A, AND SOECHTING JF. The learning of novel finger
joints or fingers (Gould et al. 1986; Kwan et al. 1978; Strick' o nent sequences Neurophysiol72: 1596—1610, 1994.

and Preston 1978). Focal inactivations or focal strokes in tB8uLp HJ, Qusick CG, Fons TP, anp Kaas JH. The relationship of corpus
hand area of the motor cortex do not disrupt movements otallosum connections to electrical stimulation maps of motor, supplemen
individual fingers; rather, movement of different combinations tary motor and the frontal eyefields in owl monkeysComp NeuroR47:

; . ; ; 297-325, 1986.
are effected (SChleber 1999; Schieber and Poliakov 1998)'HAJlAN AZ anp Howe RD. Identification of the mechanical impedance at the

Single-unit recordings in primary motor and premotor corteX pyman finger tip.J Biomed Engl19: 109-114, 1997.
also suggest that the hand is controlled as a unit. In monkeyseaoLer RW anD SHRAGER RI. Deconvolutions based on singular value
single neuron in M1 generally discharges in relation to multiple decomposition and the pseudoinverse: a guide for begindeBochem
instructed finger movements (Schieber and Hibbard 199§QB'°P"VS Method28: 133, 1994.

. - . . . ERALL T AND FaGG A. Neural networks for selecting hand shapes.Hand
Furthermore, the population of cells active with different finger ., "5 2in. The Neurophysiology and Psychology of Hand Movements|

movements Ove_ﬂaps extensively (Schieber and Hibbard 1993kdited by Wing AM, Haggard P, and Flanagan JR. San Diego, CA: Aca-
Motor neurons in the ventral premotor (F5) cortex in monkeysdemic, 1996, p. 243-264.
have been shown to discharge Se|ective|y during a SpeciﬁéNNERODM.The timing of natural prehension movemeritdviot Behavl6:

- - . 5-254, 1984.
grasp such as precision grip, finger prehension, or whole haﬁAar\?NEROD M AnD BIGUER B. Visuomotor mechanisms in reaching within

. . . E.
prghensmn (Murata et al. 1997; RQZOI‘?“' et al. 1988) Th€eytrapersonal space. Inalysis of Visual Behaviordited by Ingle DJ,
firing of these neurons correlated only with the specific graspSsoodale MA, and Mansfield RIW. Cambridge, MA: MIT Press, 1982, p.
and not the individual movements made by the monkeys (Riz-387-409.
zolatti et al. 1988). These findings suggest that the handKi/gleKURA N, MATsuo M, IsHil H, MiTsuBosHI F, AND MIURA Y. Patterns of

. . . . static prehension in normal handsm J Occup Ther: 437—-445, 1980.
represented as a unit at the premotor cortical unit. The €196 5 Anpal IA. The Physiology of the Joints. Upper Lir(dnd ed.). London: E

postures observed at the output stage may be represented in th& s Livingstone, 1970, vol. 1, p. 146-202.
discharge of a population of hand-related motor and premotoran HC, MacKay WA, MurpHy JT, aND WonG YC. Spatial organization of
cortical cells. precentral cortex in awake primates. Il. Motor outputdNeurophysiol1:
1120-1131, 1978.
Lanbsmeer JMF. The coordination of finger-joint motiond.Bone Joint Surg
The authors thank M. McPhee for technical and graphical assistance. ~ 45A: 1654-1662, 1963.
Funding was provided in part by National Institute of Neurological DisorbANDSMEER JMF AnD Long C. The mechanism of finger control based on
ders and Stroke Grants F32 NS-10491, RO1 NS-18338, and RO1 NS-31530€lectromyograms and location analysista Anat60: 330347, 1965.
Lemon RN. Neural control of dexterity: what has been achievedp Brain
Res128: 6-12, 1999.
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