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Mason, C. R., J. E. Gomez, and T. J. Ebner.Hand synergies during
reach-to-grasp.J Neurophysiol86: 2896–2910, 2001. An emerging
viewpoint is that the CNS uses synergies to simplify the control of the
hand. Previous work has shown that static hand postures for mimed
grasps can be described by a few principal components in which the
higher order components explained only a small fraction of the
variance yet provided meaningful information. Extending that earlier
work, this study addressed whether the entire act of grasp can be
described by a small number of postural synergies and whether these
synergies are similar for different grasps. Five right-handed adults
performed five types of reach-to-grasps including power grasp, power
grasp with a lift, precision grasp, and mimed power grasp and mimed
precision grasp of 16 different objects. The object shapes were cones,
cylinders, and spindles, systematically varied in size to produce a
large range of finger joint angle combinations. Three-dimensional
reconstructions of 21 positions on the hand and wrist throughout the
reach-to-grasp were obtained using a four-camera video system. Sin-
gular value decomposition on the temporal sequence of the marker
positions was used to identify the common patterns (“eigenpostures”)
across the 16 objects for each task and their weightings as a function
of time. The first eigenposture explained an average of 97.36 0.89%
(mean6 SD) of the variance of the hand shape, and the second
another 1.96 0.85%. The first eigenposture was characterized by an
open hand configuration that opens and closes during reach. The
second eigenposture contributed to the control of the thumb and long
fingers, particularly in the opening of the hand during the reach and
the closing in preparation for object grasp. The eigenpostures and their
temporal evolutions were similar across subjects and grasps. The
higher order eigenpostures, although explaining only small amounts
of the variance, contributed to the movements of the fingers and
thumb. These findings suggest that much of reach-to-grasp is effected
using a base posture with refinements in finger and thumb positions
added in time to yield unique hand shapes.

I N T R O D U C T I O N

The hand is a highly complex structure with 27 bones, 18
joints, and 39 intrinsic and extrinsic muscles (Kapandji 1970;
Tubiana 1981) with over 20 degrees of freedom (Soechting and
Flanders 1997). Movement of the fingers requires a coordi-
nated interplay of both extrinsic and intrinsic muscles (Lands-
meer 1963; Landsmeer and Long 1965; Long et al. 1970). This
biomechanical complexity raises the question, how does the
CNS control the hand and fingers? There are two divergent
viewpoints. The more traditional view has emphasized a strat-
egy based on controlling individual muscles and joints to
generate the needed forces (for review see Lemon 1999;

Schieber 1990). Another view has emphasized the need for
“simplifying” strategies that reduce the number of degrees of
freedom and thereby reduce the complexity of the control
problem (Arbib et al. 1985; Iberall and Fagg 1996; Santello et
al. 1998). Recent psychophysical, anatomical, and physiolog-
ical studies have found support for the latter view.

Considerable evidence supports the concept that the fingers
act synergistically with other fingers, with the wrist, and with
the arm. Our fingers do not move in isolation of the neighbor-
ing fingers (Engel et al. 1997; Flanders and Soechting 1992;
Soechting and Flanders 1997) even when the explicit goal is to
make individuated finger movements (Schieber 1991, 1995;
Schieber and Poliakov 1998). A striking finding in typing and
piano playing is that almost all the fingers and joints are in
motion simultaneously (Engel et al. 1997; Gordon et al. 1994;
Soechting and Flanders 1997). Nor does the hand move in
isolation of the arm. Movements of the arm and shaping of the
hand during reach-to-grasp are highly coordinated (Bootsma et
al. 1994; Chieffi and Gentilucci 1993; Jeannerod 1984; Mar-
teniuk et al. 1990; Paulignan et al. 1990, 1991). Therefore the
coordination of the fingers, wrist, and arm indicate that a global
control strategy may be utilized.

The anatomy of the finger muscles may simplify the control
problem in the primate hand. The low individuation and sta-
tionarity of the long fingers shown by Schieber (1991) could be
due to the multi-finger insertions of the communal flexor and
extensor muscles or reflect part of the CNS’s strategy to the
control the hand (Santello and Soechting 1997, 1998; Santello
et al. 1998). In monkeys, mechanical coupling between fingers
by interconnection between tendons and by motor units that
exert tension on more than one tendon prevents movement at a
single finger level (Schieber 1995; Schieber et al. 1997; Serlin
and Schieber 1993). The communal flexor and extensor mus-
cles also cross multiple joints (Kapandji 1970; Tubiana 1981).
Therefore biomechanically the control of the individual joints
or fingers is limited.

Stimulation studies of the primary motor cortex (MI) have
often been cited as supporting evidence that this structure is
organized to control individual muscles. Cortical stimulation in
humans, apes, and monkeys has yielded the textbook homun-
culus (Penfield and Rasmussen 1950) or simiusculus (Leyton
and Sherrington 1917; Woolsey 1958). However, as reviewed
by Schieber (1990) and Lemon (1999), a strict somatotopic
organization is not consistent either with earlier or more recent
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stimulation studies. The earliest studies of the hand area within
MI found that the cortical territories from which the surface
stimulation evokes movement of different digits overlap ex-
tensively and that stimulation of one site elicits movement of
multiple digits (Leyton and Sherrington 1917; Penfield and
Rasmussen 1950; Woolsey 1958; Woolsey et al. 1979). Recent
investigations using more refined stimulation techniques have
confirmed that contraction of a particular hand muscle can be
evoked from a substantial fraction of MI (Andersen et al. 1975;
Sato and Tanji 1989). A similar overlapping organization has
been found for finger movement (Gould et al. 1986; Kwan et
al. 1978; Strick and Preston 1978). Spike-triggered averaging
demonstrates that many corticomotoneuronal cells facilitate the
electromyographic (EMG) activity of more than one muscle
(Buys et al. 1986; Cheney and Fetz 1985; Cheney et al. 1985;
Lemon et al. 1986; McKiernan et al. 1998).

Recent inactivation and lesion studies also support the con-
cept that M1 is not organized to perform isolated finger move-
ments (Poliakov and Schieber 1999). Focal muscimol inacti-
vations in the hand region of M1 in the monkey do not disrupt
the movements of isolated fingers but instead disrupt move-
ments of different finger combinations (Schieber and Poliakov
1998). Small infarcts in the hand area of human M1 result in
weakness of the fingers, but the deficits are not limited to a
single digit (Schieber 1999). Therefore M1 does not appear
organized around a finely delineated somatotopic map speci-
fying the activation of individual muscles or joints.

Last, recent studies have shown that static grasp posture can
be described using a small number of postural synergies (San-
tello and Soechting 1998; Santello et al. 1998). These synergies
could be defined as a spatial configuration or “primitive” of the
hand shape that is common across the various tasks. In the
latter study, subjects were asked to reach out and grasp imag-
inary objects. Even without visual or tactile inputs, the hand
shapes were distinct (Santello et al. 1998). Using a principal
component analysis, the first three components were needed to
describe approximately 90% of the variance, with the first two
components explaining approximately 84%. Although the in-
dividual contributions were small, the higher order components
were responsible for more subtle adjustments of the grasp
posture (Santello et al. 1998). The evolving hand shape during
the transport phase of reach-to-grasp carries increasing infor-
mation that peaks at the actual object grasp when the hand can
conform to the object (Santello and Soechting 1998). The
presence of postural synergies that contributed to the evolving
hand shaping was not examined, yet the results suggest that a
common strategy may control hand shape throughout reach-
to-grasp.

Therefore the hand is controlled as a unit at some level and
to some degree. The present study asks three questions about
these hand synergies. The original description that hand pos-
ture can be described by a small number of synergies was
based on static hand posture (Santello et al. 1998), yet it is
well-known that hand shape evolves throughout reach-to-grasp
(Jeannerod 1984; Paulignan et al. 1990). Hence, the first ques-
tion was whether the entire behavior can be described by a
similar small set of synergies and whether these synergies were
similar for different types of grasps. These synergies imply a
spatial configuration that is not static but is modulated in time
to allow subjects to grasp objects of different shapes and sizes.
Second, the study of Santello et al. (1998) used mimed grasps

of imagined objects. Neither the tactile or visual information
was available to the subjects. This prompts the question of
whether tactile input or visual input would dramatically alter
the hand synergies? Last, based on an information theory
analysis, the higher order postural synergies were shown to be
important (Santello et al. 1998), but the nature of the contri-
bution was not evaluated. Therefore this study examines how
the higher order synergies contributed to the shaping of the
hand during reach-to-grasp.

In the present study, subjects performed grasps of 16 objects
consisting of 3 classes of shapes including cylinders, cones,
and spindles. Within each class the sizes of the object were
systematically varied. Five variations of power and precision
grasps were studied including actual and mimed grasps. The
evolution of the grasp was evaluated in a continuous manner
from the initial start position through maintained object contact
for each of the different grasps using singular value decompo-
sition (SVD). The results show that the subjects used a base
hand shape that explained a large percentage of the variance in
hand kinematics throughout reach-to-grasp. This base hand
shape was independent of the type of grasp or tactile input.
However, additional components were necessary to adequately
describe the evolution of the grasp. An abstract describing
some of these results has been presented (Mason et al. 1999).

M E T H O D S

Experimental paradigm and procedures

Five adults (3 women and 2 men, age ranging from 21 to 44 yr old)
with no known history of neurological or musculoskeletal problems,
participated in the study. All were right-handed as determined by the
Edinburgh Handedness Inventory (Oldfield 1971) and had normal
hand function. The protocol was approved by the Institutional Review
Board of the University of Minnesota, and all subjects gave informed
consent.

Each subject performed five different tasks with each object:1)
Power Grasp,2) Power Grasp with a Lift,3) Mimed Power Grasp,4)
Precision Grasp, and5) Mimed Precision Grasp. In Power Grasp the
subjects were instructed to reach for and grasp the object as if they
were going to lift the object using their whole hand making palmar
contact. Subjects were to maintain the grip without moving the object
until the end of the trial. Power Grasp with a Lift was the same as
Power Grasp with the inclusion of the lifting the object approximately
2 cm off the table surface. In the Mimed Power Grasp, the object was
moved an additional 40 cm out of the subject’s reach. The subjects
were to reach as if grasping the object at the standard object location
and pantomime a Power Grasp of the object. In Precision Grasp the
subjects were instructed to reach for and grasp the object between
their thumb pad and four long finger pads as if they were going to lift
the object. In the Mimed Precision Grasp, the object was moved 40
cm further away and subjects were to reach as if grasping the object
at the standard target location and pantomime a Precision Grasp of the
object. During the mimed tasks the subjects had to rely on vision and
memory to shape the hand appropriately for each object.

Subjects were seated at a table with their right arm by their side and
the elbow flexed to 90° so that the hand rested in a comfortable
posture on an “X” located near the edge of the table. For tasks in
which the object was actually grasped, the object was placed 30 cm
away from the table’s edge in the subject’s midsagittal plane. For the
mimed grasps the object was placed 70 cm away from the table’s
edge. At 70 cm the object was beyond the subjects’ comfortable
reaching distance yet was within their visual field.

Before each trial, the subject was instructed orally in the desired
grasp for the upcoming trial. The subject indicated the beginning of a
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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 of 3 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 was 1876 107 g
(mean6 SD; range, 31–385 g).

Prior to the initiation of the data collection, reflective markers 4 mm
diam sown to 1-cm2 pieces 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 with
two reflective spheres were taped firmly to the skin, extending verti-
cally away from the hand at the following locations: 8 cm proximal to
the wrist crease, wrist crease, thumb MCP, thumb IP joint, and the tip
of the thumb. The distance from the center of the top sphere to the
desired hand location was measured and entered into the tracking
program to create virtual markers on the hand. The rods made it
possible to maintain all markers in at least 2 of the 4 cameras
throughout the reach and grasp. All markers and rods remained
adhered to the skin throughout the data recording.

The kinematics of the reach and grasp were recorded using a
video-based motion analysis system (Motion Analysis, Santa Rosa,
CA). Prior to each data collection session a two-step calibration
procedure was completed. The first step utilized a 12-in. cube with 12
precisely located markers placed in the middle of the workspace. A
60-s data file was collected. The second step utilized a wand with
three reflective markers, the outer two separated by 200 mm. The
wand was moved throughout the workspace so that it was viewed both
in the horizontal and vertical planes by all four cameras for 120 s. The
tracking software utilized the two calibration techniques to establish
the location of each camera and account for any geometric distortion
introduced by the camera lenses. Marker positions were sampled at 60
Hz using four video cameras. Using the tracking software the marker
positions were tracked for the 3-s duration of the reach-to-grasp. Each
trial was checked for correct identification of markers and edited as
required. The tracked data were then filtered using a Butterworth filter

with the cutoff set at 6 Hz, and exported to SAS (SAS Institute, Cary,
NC) for further processing. The velocities of thex, y,andz positions
of the wrist crease virtual marker were determined by numerical
differentiation. Tangential velocity was the vector summation of the
resultantx, y, andz velocities.

Each reach was normalized using movement onset and offset as the
break points. Movement onset was defined as the time when the
tangential velocity of the wrist crease marker exceeded 1 cm/s. Anal-
ogously, movement offset was defined as the time when the tangential
velocity of the wrist crease marker dropped below 1 cm/s. The marker
position data were then interpolated to fill 60 bins for each epoch, the
initial hold position, the reach, and the object grasp for a total of 180
bins. The wrist crease marker was defined as the origin (0, 0, 0), and
all markers were redefined in relation to the wrist marker. Orientation
of the wrist and hand in space was maintained by the preservation of
the three-dimensional (3-D) position of the markers relative to each
other. The five grasps of each task for each object were then averaged.
The averaged grasps for each subject were analyzed by task using
SVD.

Analyses

Singular value decomposition analysis was used to analyze the
evolving hand postures throughout the reach-to-grasp (Hendler and
Shrager 1994). Similar to principal component analysis (Glaser and
Ruchkin 1976), SVD reduces the data into a linear combination of
orthogonal hand postures, referred to as “eigenpostures” in which the
variance explained by each successive eigenposture diminishes pro-
gressively. One advantage of SVD is that it also provides information
on the temporal evolution of the hand postures, therefore permitting a
determination across time. Calculation of the SVD was based on the
matrix X (2,8803 63) constructed of thex, 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 three
matrixes, X5 USVT. Matrix U (633 63) consisted of the patterns of
the marker positions that defined the eigenvectors (i.e., eigenpos-
tures). Matrix V (2,8803 2,880) consisted of the temporal weightings
of the eigenpostures, a sequence of values that defined the contribu-

FIG. 1. The 16 objects are shown grouped by shape and increasing in size
from theleft to theright. The wooden objects were painted flat black to reduce
the glare. The rods with reflective markers extending from each object were
used to provide their location in the work field.

FIG. 2. A view of subject 4’s hand with the reflective markers and rods
during a power grasp of a spindle. Note that the rods make it possible to
monitor the thumb position even though the thumb is not in this camera view.
Each marker needed to be visible to a minimum of 2 cameras for successful
3-dimensional (3-D) reconstruction of its location in space throughout the
reach and grasp.
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tion of each eigenposture throughout the reach-to-grasp. The super-
script T denoted the transpose. Last,S (2,8803 63) was a diagonal
matrix consisting of the eigenvalues for the eigenposture-temporal
weighting pair in a greatest-to-least order. The eigenvalues indicate
the relative amount of variance explained by each eigenposture-
temporal weighting pair. The variance is obtained by squaring the
eigenvalues and dividing by the sum of squares. The SVD analysis
was completed for each task separately to be able to explicitly com-
pare the eigenpostures generated for the different tasks. The compar-
ison was essential to determine whether the same hand synergies were
generated during the various tasks (e.g., power vs. precision).

Eigenpostures and hand shapes were visualized using 3-D render-
ing software [Persistence of Vision Ray Tracer (POVray)] to render
3-D images. The images were created by entering thex, y,andzvalues
for each position as a sphere and linking the appropriate spheres with
cylinders to form the hand shapes. Within POVray, it is possible to
change the camera’s perspective and lighting of the 3-D object.
However, the same camera perspective and lighting was maintained
for all of the first eigenpostures and hand reconstructions. The camera
was rotated 180° around thex-axis for improved clarity of the second
eigenposture.

Two methods of comparison of the eigenpostures of the different
tasks and their respective temporal weightings were undertaken. The
root mean square (RMS) difference for the 21 marker positions
between the E1s of the various tasks was calculated to quantify the
similarities between the eigenpostures. The RMS differences were
calculated for each subject and averaged. A statistical comparison of
the eigenpostures was based on two sample Student’st-tests of the
means of the marker positions of the eigenpostures between tasks. The
temporal weightings provide information about the hand shaping
through time. In addition to plotting the weightings as a function of
time, phase plane plots of the temporal weightings from the first two
eigenpostures were created. Plots of the phase plane trajectories for
the five tasks for different objects were used to address the question of
whether the different grasps fall within the same or different regions
of the phase plane space.

As shown inRESULTS, the amount of variance explained by succes-
sive eigenpostures decreases sharply after the first eigenposture (E1),
with higher eigenpostures explaining only small incremental amounts
of variance. To determine the nature of the information provided by
the higher order eigenpostures, a series of reduced versions of the
original data matrix were constructed using the inverse of the SVD
formula. Reduced versions of the original data matrix were calculated
using only the 1st eigenposture, eigenvalue, and temporal weighting,
the 1st and 2nd eigenpostures, eigenvalues and temporal weightings,
and so on, up to including the 1st 10 eigenpostures, eigenvalues, and
temporal weightings. The reduced version of the matrix was compared
with the actual hand posture both visually and by computing the RMS
error as a function of time.

R E S U L T S

SVD analyses across grasps for all subjects and objects

The SVD analyses show that the vast majority of the vari-
ability in the hand posture for the entire act of reach-to-grasp
can be described by a small number of eigenpostures. The first
eigenposture (E1) accounts for 97.36 0.89% (mean6 SD) of
the variance of the grasp across tasks and subjects, and E2
accounts for 1.96 0.85% (Table 1). The first three eigenpos-
tures of any grasp describe over 99.5% of the variance. Ex-
tending the earlier findings on static hand posture (Santello et
al. 1998), these results demonstrate that hand shape throughout
reach-to-grasp can be described by one dominant eigenposture
and a small number of additional ones.

The first eigenpostures (E1) of the power grasp for the five

subjects are shown in Fig. 3. The E1s are remarkably similar
for the different subjects. E1 consists of an open grasp config-
uration in which all the joints are slightly flexed, midposition in
the joint range of motion. Qualitatively E1 appears to be the
position of function as defined by Kapandji (1970). From this
position the hand can either close for smaller objects or open
for larger objects. There are slight differences that are due in
part to hand size. In Fig. 3 the subjects are ordered by hand size
with the largest hand on the left and smaller hands to the right.
The fingers of the first two subjects are more flexed than the
fingers of the other subjects. The fifth subject who has the
smallest hand has the most extended fingers. The gradual
decrease in finger flexion from the largest hand to the smallest
hand reflects the excursion of the fingers necessary for the
different subjects to grasp the 16 objects. The smaller hands are
near their peak aperture for a greater portion of the objects than
are the larger hands. The similarity in the E1s suggests a
common strategy of an open hand configuration that allows for
easy adjustment for larger or smaller objects.

The temporal weighting profiles of E1 show how the open
hand configuration evolves throughout the reach, shaping the
hand for the 16 objects (Fig. 3). A common feature across four
subjects is that the weighting increases then decreases through-
out the reach in preparation for object grasp. These changes in
temporal weighting constitute the larger changes in hand shap-
ing that occur during reach. Notice that the change in the
weightings begins at the onset of the reach and reflects the
previously described shaping of the hand in preparation for the
grasping of an object (Jeannerod 1984; Paulignan et al. 1990).
The fifth subject tended to rest her hand in a more open
position than the other subjects did. This subject also had the
smallest hand, so there was little additional extension that
occurred in the reach. This difference is reflected in the weight-
ings, which do not show the initial increase. The shape of this
profile is object-dependent, demonstrating a unique grasp pos-
ture for each object. The temporal weightings continue to
change during the beginning of the object grasp period, reflect-
ing adjustments in the grasp as the object is contacted.

During the initial hold period the temporal weightings are
relatively constant, indicating that the hand shape was rela-
tively constant. The differences in the weightings of the initial
hold period reflect the very early initiation of the hand shaping
that precedes the onset of reach as noted previously (Jeannerod
and Biguer 1982). The weightings during the object grasp
period are also constant but differ as a function of the object,
again an indication of a unique hand shape for each object. The
variability of the weightings in the three periods suggests that
the subjects not only controlled this basic hand shape during
the reach-to-grasp but prior to the reach and after object grasp.

The first eigenposture is similar for the five different grasps.
As shown in Fig. 4 forsubject 1,E1 for each type of grasp
consists of an open hand configuration with the fingers slightly
flexed and the thumb in opposition to the palm. Again, E1
explains the vast majority of the variance (97.26 1.2%) for the
five tasks forsubject 1.The major differences in E1 are a
function of whether the grasp was power or precision, with the
power grasp having more open shape with overall flexion of
the fingers. Also the thumb is more flexed in the three power
grasps than in the precision grasps. This increased flexion of
the thumb and long fingers is likely to represent preparation for
making palmar contact with the object by wrapping the thumb
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and fingers around the object. Conversely, the more extended
finger and thumb flexion for the precision tasks may represent
preparation for finger pad opposition during object contact.
The similarities of the E1s across tasks and subjects demon-
strate that modulation of this one postural synergy can account
for much of the hand shaping.

The modulation of this basic hand shape as a function of task
time can be appreciated in the E1 temporal weightings (Fig. 4).
The overall profile is consistent across objects and grasps with
an increase in the weight after reach onset followed by a
decrease, reflecting the hand opening and closing in prepara-
tion for object grasp. The temporal weightings of the eigen-
postures diverge prior to the reach and continue to separate
throughout the reach and remain separated at the completion of
the reach. The weightings are different for each of the 16
objects, indicating a unique grasp for each of the objects as
shown for the power grasp across all subjects (Fig. 3). Again
the differences in the weightings during the initial hold period
reflect the early preshaping of the hand prior to reach onset.

The largest differences in the temporal weightings are be-
tween the mimed grasps and the corresponding actual grasps.
Although the increase-decrease profile occurs across the
grasps, the change is compressed for the mimed grasps. The
subjects did not open or close their hands to a similar extent
when contact was not required. The differences in the weight-
ings for the power grasp with and without the lift suggest that
the subject used a slightly different hand posture when the
tasks required that only contact be made with the object versus
when the object had to be lifted. To accomplish the lift, the
subject would need to apply opposing forces with fingers,
palm, and thumb during the lift to adequately counteract the
tangential pull of gravity. The fluctuations of the weights near
the time of object grasp may reflect subtle adjustment in the
grasp.

The E2 of the power grasp for the five subjects suggests that
it contributes to the control of the thumb and long fingers (Fig.
5). These eigenpostures are illustrated with the camera rotated
180° around thex-axis from the perspective used in Figs. 3 and

TABLE 1. Amount of variance explained by each eigenposture for each subject by task

Subject Task E1 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 1.51 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
Precision 96.2 3.10 0.282 0.155 0.078 0.064 0.018 0.015 0.007 0.006
Mimed

Precision 96.5 2.90 0.322 0.146 0.057 0.031 0.019 0.014 0.009 0.008

4 Power 97.6 1.52 0.563 0.121 0.066 0.053 0.030 0.012 0.009 0.007
Power with

Lift 97.3 1.62 0.543 0.331 0.061 0.05 0.030 0.011 0.009 0.007
Mimed

Power 95.6 3.45 0.663 0.150 0.061 0.043 0.028 0.014 0.010 0.008
Precision 98.3 1.10 0.391 0.071 0.047 0.031 0.026 0.008 0.006 0.005
Mimed

Precision 97.2 2.12 0.421 0.093 0.057 0.035 0.022 0.006 0.004 0.004

5 Power 97.3 1.48 0.975 0.117 0.054 0.038 0.023 0.014 0.008 0.007
Power with

Lift 97.4 1.48 0.908 0.084 0.052 0.028 0.021 0.017 0.009 0.007
Mimed

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

Precision 98.7 0.933 0.218 0.105 0.043 0.023 0.008 0.003 0.003 0.002

Mean 97.36 0.895 1.926 0.847 0.4766 0.282 0.156 0.059 0.0596 0.019 0.0356 0.012 0.0196 0.007 0.0126 0.005 0.0086 0.003 0.0066 0.002

Values in Mean are means6 SD.
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4 for better viewing of the posture. The proximal and distal
phalanges of the thumb are pointing toward the reader (num-
bered 1 in Fig. 5) with the MCP of the thumb away from the
reader. The MCP of the little finger is toward the reader. The
fingers cross each other so that the second digit is pointing
toward the reader and the fifth digit away from the reader.
Likewise, the third and fourth fingers are crossed so that the
fingertips are in the inverse order of the MCPs. The same
inversion of the fingertips in relation to the MCPs is present in
the E2 ofsubjects 2, 3,and4. In subject 5’s E2 the crossover
occurs from the wrist joint. This difference may be due to the
size of this subject’s hand in relation to the other subjects.

The thumbs ofsubjects 2and4 are more prominent than that
of subject 1,suggesting that their thumb positioning may
contribute more to the aperture of the hand than for other
subjects. The thumbs ofsubjects 3and5 are smaller than the
thumbs of the other subjects and also shorter relative to the
other fingers in their respective eigenpostures; again this may
reflect differences in positioning of the thumb by the subjects.
E2 explains a small portion (1.96 0.84%) of the variance
across subjects and tasks. By definition E2 is orthogonal to E1,
and the shape reveals that this is not a natural or physiological
hand posture. Subjects cannot easily configure their hands to
the postures shown in E2. However, the E2s do provide insight
into the independent control that must be applied to the fingers

and thumb and added to E1 to produce the complete configu-
ration of hand postures the subjects achieve.

The temporal profiles of the E2 weightings are similar to the
profiles of E1 for each subject. At the beginning of reach, the
weighting increases reflecting the opening of the hand to its
maximum aperture. Insubjects 1, 3,and5 the temporal weight-
ings then decreased as the hand closed in on the object. In
subjects 2and4, the decrease in the temporal weightings after
maximum aperture were less pronounced. The temporal
weightings plateaued during object grasp at different levels
reflecting the hand posture required for the different objects.
Therefore even though E2 has more individual variability than
E1, there are similarities in the shapes and the temporal weight-
ings.

The E2s across the different tasks are shown for one subject
and explain on average of 2.36 1.25% of the variance (Fig. 6).
As described for the E2 of the power grasp ofsubject 1
previously, the order of the fingertips is inversed in relation to
the order of the MCPs for the E2 of the power grasp with a lift,
precision grasp, and the two mimed grasps. The thumb is
prominent for the power grasp, power grasp with a lift, and the
precision grasp and less prominent for the mimed grasps. The
E2s for the two mimed grasp tasks are similar to the grasp of
actual objects (Fig. 6). The E2 temporal weightings follow the
same profile as the E1 weightings (Fig. 4) except for the mimed

FIG. 3. The E1s 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. Above thetop left plot
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.
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precision grasp. For the other four tasks the weights during the
initial hold are constant. The weights increase with onset of the
reach then decrease in anticipation of the object grasp. The
weights again are constant during the object grasp. For the
mimed precision task the weights during the initial hold are
constant. In contrast to the other four tasks, the temporal profile
of the E2 weighting for the mimed precision grasp has an initial
increase during the onset of the reach that plateaus and remains
constant during the object grasp. Again the weighting differ-
ences indicate that the grasp posture for each of the 16 objects
is unique.

Among the five tasks, only the power grasp with a lift
required an efficient grasp with force application adequate to
overcome gravity during the lift. In the other tasks the subjects
were requested to grasp the objects as if they were going to lift
them. However, the forces were not monitored, and the sub-
jects could have conformed their hands to the objects without
the force application. To quantify the similarities between the
E1 of power grasp with and without a lift, the RMS differences
were calculated. The RMS differences between the E1s for the
two tasks indicate negligible differences considering the dif-
ference is across thex, y,andz locations of 21 markers for each
eigenposture. Forsubject 1 the difference was 0.024 mm
(Table 2). The average difference across all subjects was
0.0246 0.019 (Table 2). Similarly, the differences between the
E2s for the two tasks were negligible (Table 2). A two-sample

t-test of the eigenpostures between the two tasks did not show
a significant difference (P . 0.05) for either the E1s or the E2s.
These small and insignificant differences indicate that the
eigenpostures for power grasp with and without a lift are the
same irrespective of the forces utilized.

The average RMS differences between all tasks for E1 and
E2 are summarized in Table 3. The differences between the
E1s of the five tasks are small, ranging between 0.0246 0.02
mm and 0.116 0.07 mm. The differences were greatest
between the power and precision grasps, particularly between
the actual and mimed grasps. However, none of the differences
were significant (P . 0.05). Similarly, the RMS differences
between E2 for the different tasks are small, and the differ-
ences between tasks are not significant (P . 0.05). The lack of
significant differences between the eigenpostures would imply
that the same base posture is used for the five tasks with the
higher order eigenposture adding further shaping information.

To determine whether power and precision grasps are dis-
crete postures or fall along a continuum, phase plane plots of
the temporal weightings of the first two eigenpostures for the
five tasks were constructed. Figure 7 shows representative
phase plane plots for the different grasps of the smallest,
intermediate, and largest cones (left column), cylinders (middle
column), and spindles (right column). The trajectories of the
phase plane plots are similar for the different tasks and differ-
ent sizes of cones, cylinders, and spindles. For the smallest

FIG. 4. The E1s and the temporal weightings for the 5 tasks for 1 subject. The E1s for the 5 tasks are illustrated in thetop row.
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.
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cone the trajectories begin in the bottom left quadrant and
move toward the top right quadrant as the hand opens in early
reach. The maximum aperture of the hand occurs at the point
where the trajectories change direction in the top right quad-
rant. The trajectories for the three power grasps, power without
a lift (thin black line), power with a lift (dark gray line), and
mimed power (dotted line), begin to move back toward the
bottom left quadrant as the hand encloses the cone. The tra-
jectories of the two precision grasps, precision (thick black
line) and mimed precision (light gray line), do not move as far
to the left as the hand does not close to the same degree during
precision grasp. For the intermediate and large cone the tra-
jectories of the power grasps do not move as far toward the left
bottom quadrant after attaining maximum aperture, indicating
that the fingers flex less to enclose the intermediate and large
cones than they did for the smallest cone. All the trajectories
for the largest cone are similar, indicating that the hand posture
for the power grasps and precisions grasps approaches the
same aperture forsubject 2.All the trajectories indicate by the
small movements at the end of the trajectories that final ad-
justments in hand shape occur as the object is grasped.

The phase plane plots of the temporal weightings of the first
two eigenpostures ofsubject 4for the five tasks in themiddle
columnand ofsubject 1in theright columnare also similar for
the five tasks for each size cylinder (middle column) or spindle
(right column). The trajectories start near the bottom of the
graph, move upward to the right for the hand opening, and

move to the left as the hand closes on the objects. More flexion
is indicated during the grasp of the smallest objects by the
movement of the trajectories movement further toward the left
than for the intermediate and large objects. The hand closure in
the power and the precision grasp must be comparable for the
cylinders as the trajectories end in the same region of the phase
plane. The clustering and similarities of the temporal weighting
profiles for the five tasks for each object indicates that power
and precision grasps fall along a continuum rather than in
discrete regions of the phase space.

Contribution of higher order eigenpostures

Eigenpostures of order.2 contribute only a small fraction
of the variability in the hand posture (Table 1). E3 through E10
combined contribute 0.096 0.18% of the variance. On the
basis of information theory, it was shown that these higher
order components are significant (Santello et al. 1998) but the
nature of the contribution remained undefined. Therefore we
evaluated how hand shape changed as the higher order eigen-
postures were successively added and calculated the RMS
differences between the reconstructed shape and the actual
hand shape. In Fig. 8 is shown the reconstructed hand shape for
subject 1performing the power grasp of the smallest spindle. A
comparison of the hand postures in thetop andbottom rowsat
two points in time, bin 15 at the time of peak hand velocity and
bin 60 at the beginning of object grasp, illustrates the contri-

FIG. 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° around thex-axis. 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.

2903HAND SYNERGIES

J Neurophysiol• VOL 86 • DECEMBER 2001• www.jn.org

 on M
arch 7, 2010 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org


bution of the higher order eigenpostures. At peak velocity the
hand posture based on only E1 lacks the finger and thumb
extension of the true hand posture illustrated in thebottom row.
Note the large increase in thumb and finger extension with the
addition of E2, consistent with the shape of E2 (Figs. 5 and 6).
Adding successive eigenpostures further refines the posture of
the thumb and fingers. Much of the finger extension occurs at
the proximal interphalangeal joints (PIPs) and distal interpha-
langeal joints (DIPs) accompanied by some extension of the
MCPs. This increase in extension occurs in parallel across the
three rows of joints (MCPs, PIPs, and DIPs for fingers and
MCP and IP joint of the thumb) and not at a single joint level.
Therefore the additional eigenpostures provide the finer details
of thumb and finger extension that occurs at the maximum
aperture of the true hand posture.

At the onset of object grasp (bin 60), the hand shape based
only on E1 is lacking the finger and thumb flexion used to
grasp the objects. With the addition of E2 the finger and thumb
are almost in opposition due to the increased flexion of the
thumb and fingers, again showing that E2 is involved in the

control of the thumb and fingers. Adding successively E3 to E7
to the reconstruction progressively increases the flexion of the
MCPs, PIPs, and DIPs. Again, the increasing flexion occurs in
parallel across all joints. After the addition of all the eigenpos-
tures up to and including E7, the flexion of the long fingers
closely approximates the flexion observed in the true hand
posture. Therefore qualitatively E2–E7 provide information
about the state of the flexion/extension of the MCPs, PIPs, and
DIPs, even though these eigenpostures explain only a small
fraction of the variance.

To quantify the importance of the higher order eigenpos-
tures, the reduction in the RMS error with the addition of
successive eigenpostures was determined. This reduction in
RMS error is shown graphically in Fig. 9 for the five different
grasps of the smallest spindle bysubject 1.The RMS error for
reconstruction based on E1 is constant during the initial hold.
The error decreases briefly as the hand begins to open and the
finger extension of the actual hand and the USV1 reconstruc-
tion more closely approximate each other. The error increases
markedly around peak velocity when the fingers and thumb
lack adequate extension for the maximum aperture. The error
decreases after the maximum aperture as the fingers begin to
flex in preparation for the object grasp. Again the true finger
posture and the USV1 reconstructed hand shape are relatively
close then the RMS error increases as the reach continues and
throughout the grasp period because the actual fingers flex in
preparation for the grasp and during the grasp but the fingers of
the USV1 reconstruction do not.

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.

TABLE 2. RMS differences between eigenpostures of power
with and without a lift

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Mean

E1 0.024 0.005 0.021 0.057 0.014 0.0246 0.02
E2 0.208 0.064 0.113 0.357 0.301 0.2086 0.123

Values in Mean are means6 SD. RMS, root mean square.
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The addition of successive eigenpostures reduces the error in
all phases of the reach-to-grasp. This error reduction is not by
an equivalent amount in all phases, indicating that each eigen-
posture is contributing to different aspects of the hand shape.
The inclusion of E2 adding the needed finger and thumb
extension results in a particularly larger reduction in the error
during the reach for the five grasps. E2 also contributes sub-
stantially to the error reduction in the initial hold period (par-

ticularly in the mimed grasps) and in the object grasp period for
the power grasps. E2 contribution is primarily in the needed
flexion of the fingers and thumb during object grasp. The
addition of successive higher order eigenpostures results in a
decrease of the RMS error. The reduction in error plateaus after
the addition of E7 for the power grasp. The RMS errors for the
other grasps show a similar reduction in the RMS error with the
addition of successive higher order eigenpostures. The error

TABLE 3. Summary of RMS differences across subjects

Power Power with Lift Mimed Power Precision Mimed Precision

E1

Power 0
Power with Lift 0.0246 0.020 0
Mimed Power 0.0666 0.020 0.0826 0.033 0
Precision 0.0706 0.028 0.0806 0.021 0.0796 0.020 0
Mimed Precision 0.0996 0.075 0.1116 0.070 0.0786 0.054 0.0696 0.049 0

E2

Power 0
Power with Lift 0.2096 0.123 0
Mimed Power 0.3296 0.226 0.4426 0.316 0
Precision 0.2416 0.084 0.3286 0.057 0.3676 0.252 0
Mimed Precision 0.3896 0.198 0.4716 0.284 0.2496 0.095 0.3176 0.199 0

Values are means6 SD. RMS, root mean square.

FIG. 7. Phase plane plots of temporal weighting of E1 against the temporal weighting of E2 for the 5 tasks for the smallest (top),
intermediate (middle), and largest (bottom) object in each shape. The data in each column are from a different subject. The cones
are based on data fromsubject 2,the cylinders fromsubject 4and the spindles fromsubject 1.
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reduction generally plateaus after the addition of E7 or E8,
indicating that the higher order eigenpostures do provide im-
portant information even though they only explain a small
portion of the variance.

When the RMS error is averaged for the 16 objects across
the 5 subjects, the progressive reduction of error with each
additional eigenposture is evident (Fig. 10). Again, the error
reduction occurs in the three task periods. The fluctuation in
the error reduction during the reach is indicative of the evolv-
ing hand shape, and the different hand shaping components the
higher order eigenpostures add to the evolving hand shape. The
error reduction plateaus after the addition of the seventh or
eighth eigenposture.

As was stated inMETHODS, the SVD analysis was completed
for each task separately to be able to compare explicitly the
eigenpostures generated for the different tasks. When the SVD
analysis was performed across the 5 tasks and 16 objects, the
results were similar to those of the SVD analysis by task. The
E1 accounts for an average of 976 0.52% of the variance and
E2 accounts for 1.936 0.63%. Furthermore, the hand shape

based on this analysis across tasks was similar to the SVD
analysis on the individual tasks. The RMS difference between
the E1 across all tasks and objects and the E1 for each task
averages 1.996 0.002 across all subjects. For E2 the RMS
difference is 1.946 0.04. Therefore including all grasps does
not result in far more significant eigenpostures nor changes the
shape defined by the eigenpostures.

D I S C U S S I O N

In this study the subjects performed 5 different grasp tasks to
grasp 16 objects. The SVD analysis of the hand shapes for each
grasp indicates that E1 explains most of the variance in the
hand shape. The E1s were comparable across subjects and the
five tasks, demonstrating that to grasp with precision or power,
with or without lift, in the actual or the mimed condition, a
common base posture is used. The reconstruction demonstrated
that E2 contributes to the opening of the hand to the maximum
aperture during reach and thumb and finger flexion during
closure of the hand in preparation for object grasp. E2 was

FIG. 8. Hand reconstructions. The1st 4 rowsdepict the hand postures reconstructed from increasing numbers of eigenpostures
in the power grasp of the smallest spindle bysubject 1.The bottom row of handsdepicts 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.
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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-
cluded that prehensile movements consisted of two discrete

patterns of movement that identified the grip as either a power
grip, a precision grip, or a combination of the two. The grip
was determined by how the object was to be used (Napier
1956). Numerous subsequent studies have proposed even more
elaborate categorical schemes (Cutkowsky and Howe 1990;
Kamakura et al. 1980). The similarities of the eigenpostures for
the five different grasps in a subject suggest that only one
movement pattern exists even though the final hand posture is
dependent on function (or desired grasp) and object to be
grasped. The similarities in the phase plane trajectories of E1
and E2 temporal weightings further show that the “classic”
Napier precision and power grips were not evident in the
grasps and objects explored. Rather than two or more discrete
grasps, hand posture may be composed of a continuum based
on the temporal weighting of a few eigenpostures. In this case,
eigenpostures would not be limited to or be expected to cor-

FIG. 10. The average RMS error for the 5 subjects and 16 objects for each
of the grasps. Conventions as in Fig. 9.

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 tasks.A: Power Grasp.B: Power Grasp with a
Lift. C: Mimed Power Grasp.D: Precisions Grasp.E: Mimed Precision Grasp.
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respond to particular grasps. Two caveats must be considered.
First, that power and precision grasps are within discrete re-
gions of the same manifold and the SVD analysis failed to
distinguish between the two types of hand shapes. Second the
results are limited to the set of objects grasped and the grasps
studied. There remains the possibility that if a larger range of
grasp behaviors was evaluated a more readily apparent division
would develop.

The temporal weightings of the eigenpostures demonstrated
that hand shape evolves continuously throughout the reach-to-
grasp and is unique for each object/grasp combination. The
SVD analysis is a technique to quantify the modulation of the
hand shape that begins prior to the reach-to-grasp and contin-
ues through to the object contact in the actual grasps or the end
of movement in the mimed grasp. The temporal weightings
more precisely define the shaping of the fingers for grasp than
just the linear scaling of the maximum hand aperture to the
object size as previously noted (Chieffi and Gentilucci 1993;
Jeannerod 1984; Marteniuk et al. 1990; Paulignan et al. 1990).
These results confirm and expand on the finding that hand
shape evolved gradually throughout the movement (Santello
and Soechting 1998).

A normal open hand posture configuration characterizes E1
and is qualitatively similar to the position of function
(Kapandji 1970). However, as noted inRESULTS, E2 is not a
natural hand posture but an orthogonal posture to E1. With the
large number of degrees of freedom in the hand and with the
equally significant biomechanical constraints, it is difficult to
conceive of two orthogonal postures that the hand could readily
assume. The same problem exists for other dimensionality
reduction approaches, and the early study did not show the
second or higher principal components (Santello et al. 1998).
However, E2 and the higher components do provide insight
into the additional finger and thumb movements that are re-
quired to shape the hand. The eigenpostures may represent a
simplifying scheme used by the CNS to control the hand.

Evolution of synergies throughout reach-to-grasp

The shaping of the hand evolves throughout the reach,
beginning with extension of the fingers and thumb followed by
flexion in anticipation of object contact (Jeannerod 1984;
Paulignan et al. 1990; Santello and Soechting 1998). The
temporal weightings show that evolution of the synergies was
consistent irrespective of object shape, grasp, or subject. In
general there was a biphasic pattern to the weightings, first
increasing during the reach then decreasing as the hand closes
in on the object. At maximum hand aperture with thumb and
fingers extended, the thumb and fingers begin to flex in prep-
aration for object grasp. This general pattern of opening and
closing is further evidence that the hand acts as a functional
unit. There also appears to be coordinating actions across the
MCPs, the PIPs, and the DIPs, in which the fingers extend or
flex together. Others have also observed a high degree of
correlation in joint angles (Santello and Soechting 1998; San-
tello et al. 1998). This is further evidence that the hand func-
tions as a unit.

Our results indicate that the hand posture, if not constrained,
differs for the 16 objects throughout the initial hold period,
suggesting that the hand shape preparation begins well in
advance of the reach. This observation concurs with that of

Jeannerod and Biguer (1982), who also reported early initiation
of the hand shaping, preceding the onset of reach by 40–120
ms. The even earlier preshaping of the hand found in the
present study may reflect the differences in the paradigms. In
the previous study the subjects began each trial with their eyes
closed while the object was changed. The subjects then opened
their eyes and waited for a “go” cues before making a fast and
accurate grasp (Jeannerod and Biguer 1982). In our task the
subjects’ eyes remained open throughout the experiment, and
they viewed the changes in objects prior to receiving instruc-
tions as to which grasp to perform. In addition the trials were
self-initiated after receiving the instructions without a time
constraint. Therefore the subjects had a considerable period of
time in which to adjust hand shape prior to reach.

Actual versus mimed grasps

The E1s of the mimed grasps were similar to the E1s of the
actual grasps, suggesting that the subjects used the same con-
trol strategy whether or not tactile contact was made. The
thumb and fingers of the E1s for the mimed grasps have the
same flexed posture observed for the actual power grasps and
the more extended posture for the precision grasps. The tem-
poral weightings were also similar. Therefore control strategy
used for actual grasps generalizes to the control of mimed
grasps, and the results suggest that tactile contact is not a
dominant factor in the early shaping of the hand.

The temporal weightings for the mimed grasps are less
divergent than those for the actual grasps, particularly during
the object hold period. Therefore the mimed grasp hand shapes
varied less throughout the reach-to-grasp than the hand shapes
during actual grasp. This agrees with previous experiments in
which subjects mimed the grasp adjacent to the object. The
peak aperture of the mimed was smaller than during actual
grasps of the objects (Goodale et al. 1994). During the actual
grasp the compliance of the hand enables it to mold to the
object contours (Hajian and Howe 1997). In contrast, the hand
shape during mimed grasp was dependent on visual cues and
memory and lacked the molding to the object. The mimed
grasp lacked the same requirement of the actual grasp, that of
enclosing an object. Therefore the need for accuracy in the
maximum aperture and final grasp posture was most likely
diminished. The net result was the more compressed temporal
weightings.

Importance of higher synergies

The final goal of the study was to investigate the contribu-
tion of the higher order eigenpostures to the formation of the
grasp. It was previously shown that for static grasps the higher
principal components contributed important information even
though these components account for only a small percentage
of the variance (Santello et al. 1998). The present results
demonstrate that the higher order components contribute a
great deal to the overall shape of the hand. The flexion of the
PIPs and DIPs increased with the addition of the higher order
eigenpostures. The finger flexion gradually increased across
the MCPs, PIPs, or DIPs in parallel until the hand enclosed the
object. Therefore not only did the higher order eigenpostures
add critical details needed for static grasp but also for the act
of preshaping during the grasp.
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The findings in this study add to the growing evidence that
the hand is controlled as a unit. There are four specific findings.
First the base posture described over 97% of the variance
across subjects, grasps, and objects. Second, the entire act of
reach-to-grasp is specified by a temporal weighting of this base
posture. Third, adding the higher order eigenpostures did not
influence hand shape at the single joint or digit level but instead
changed hand posture across the joints. For example, the in-
creased flexion of the PIPs from USV1 to USV1–7 at the time
of object grasp occurred in all long fingers (Fig. 7). Last, the
mimed grasps can be explained by the same eigenpostures as
the actual grasps indicating a common control strategy. These
findings refute the traditional view that the hand is controlled
at a single joint, digit, or muscle level and suggest that the CNS
uses a simplifying strategy in the control of the hand during
reach-to-grasp. Other control strategies may be used for other
hand movements.

The simplifying control strategy detected by the SVD tech-
nique is observed at the output stage. Are these eigenpostures
represented at the cortical level? The results of stimulation and
lesion studies in the motor cortex are consistent with global
control of the hand. Stimulation of one site in M1 evokes
responses in several muscles of the hand (Donoghue et al.
1992; Sato and Tanji 1989) or movement around contiguous
joints or fingers (Gould et al. 1986; Kwan et al. 1978; Strick
and Preston 1978). Focal inactivations or focal strokes in the
hand area of the motor cortex do not disrupt movements of
individual fingers; rather, movement of different combinations
are effected (Schieber 1999; Schieber and Poliakov 1998).

Single-unit recordings in primary motor and premotor cortex
also suggest that the hand is controlled as a unit. In monkeys a
single neuron in M1 generally discharges in relation to multiple
instructed finger movements (Schieber and Hibbard 1993).
Furthermore, the population of cells active with different finger
movements overlaps extensively (Schieber and Hibbard 1993).
Motor neurons in the ventral premotor (F5) cortex in monkeys
have been shown to discharge selectively during a specific
grasp such as precision grip, finger prehension, or whole hand
prehension (Murata et al. 1997; Rizzolatti et al. 1988). The
firing of these neurons correlated only with the specific grasps
and not the individual movements made by the monkeys (Riz-
zolatti et al. 1988). These findings suggest that the hand is
represented as a unit at the premotor cortical unit. The eigen-
postures observed at the output stage may be represented in the
discharge of a population of hand-related motor and premotor
cortical cells.
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