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Abstract

Attending to a manipulable object evokes a mental representation of hand actions associated with the object’s form
and function. In one view, these representations are sufficiently abstract that their competing influence on an unrelated
action is confined to the planning stages of movement and does not affect its on-line control. Alternatively, an object
may evoke action representations that affect the entire trajectory of an unrelated grasping action. We developed a
new methodology to statistically analyze the forward motion and rotation of the hand and fingers under different task
conditions. Using this novel approach, we established that a grasping action executed after seeing a photograph of an
object is systematically perturbed even into the late stages of its trajectory by the competing influence of the grasping
posture associated with the object. Our results show that embodied effects of conceptual knowledge continuously

modulate the hand in flight.
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It is well-established that attending to a picture of a
manipulable object evokes motor cortical activity; this
finding is consistent with the view that the depicted
object automatically leads to a mental representation of
hand actions associated with it (e.g., Chao & Martin,
2000; Grézes, Tucker, Armony, Ellis, & Passingham, 2003;
Handy, Grafton, Shroff, Ketay, & Gazzaniga, 2003).
Behavioral evidence supports the inference that manipu-
lable objects evoke motor representations consistent with
the objects’ form and function (Bub, Masson, & Cree,
2008; Sumner & Husain, 2008). Of particular interest is
the nature of these representations and their influence on
the planning and execution of a subsequent action. In
one view, the mental representations of actions induced
by a depicted object remain sufficiently abstract that the
influence of such representations should be confined to
the planning stages rather than to the on-line control of
movement (Glover, 2004; Liu, Chua, & Enns, 2008; Milner
& Goodale, 2008). The alternative view is that the object
evokes action representations coded in a form compati-
ble with the actual execution of a motor program, which

once active, may then compete with and affect the entire
course of an unrelated grasping action (Cisek, 2007;
Cisek & Kalaska, 2005).

Characterizing the influence of a previously attended
object on a grasping action requires that the trajectory of
the hand under the influence of a competing object be
compared with the trajectory of the hand when no such
competition is present. To this end, we applied a power-
ful and novel statistical methodology incorporating a
branch of geometric algebra that represents normal hand
movement in three-dimensional space using six degrees
of freedom: three for rotation about any axis that can be
defined relative to the three standard axes (forward, lat-
eral, and vertical) and three for movement independent
of rotation, which we refer to as translation, along a path
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Fig. 1. Example trial sequence for each of the four object primes. In
each trial sequence, a photo of one of the objects was shown. The
object could be in its canonical orientation (shown here), rotated 90°
clockwise, or rotated 90° counterclockwise. The object photos were fol-
lowed by a cue indicating whether subjects should respond by reach-
ing for and grasping a vertically oriented or a horizontally oriented
handle (shown at the bottom right). On each trial, the orientation of the
object’s handle in the photograph was congruent or incongruent with
the cued action.

defined relative to those axes. Our approach allowed the
statistical analysis of dynamic changes in the motion of
the hand against the background of substantial between-
and within-subjects variation. As a result, we were able to
capture very subtle perturbations of reach-to-grasp tra-
jectories and characterize their dependence on experi-
mental manipulations.

The method we developed has a number of advan-
tages over previous approaches to analyzing kinematics
of the hand (i.e., the detailed measurement of the posi-
tional and rotational changes in the fingers and the hand
as a person reaches toward and grasps an object). In
some studies, analyses have been restricted to the mea-
surement of the aperture between the thumb and forefin-
ger (Glover & Dixon, 2002; Glover, Rosenbaum, Graham,
& Dixon, 2004; Jakobson & Goodale, 1991). Others have
relied on measuring joint angles to represent the shape of
the hand as it approaches a target object (Santello,
Flanders, & Soechting, 1998, 2002; Santello & Soechting,
1998). These techniques, however, do not provide a
means of statistically comparing the nature of the differ-
ences in hand trajectories between conditions. Hansen

Incongruent Object

g Incongruent Object

and colleagues (Hansen & Elliott, 2009; Hansen, Elliott, &
Khan, 2008) developed a method to measure at various
time points during a reach response the variability across
trials of the location of a sensor attached to the hand.
Their analysis depicted the momentary variability of loca-
tion along each axis in three-dimensional space. Their
statistical method, however, did not consider rotations at
all; nor was their analysis used to compare positional dif-
ferences in trajectories across conditions.

The methodology most closely resembling our
approach used functional analysis of variance applied to
the location of a single sensor during forward motion
(Chapman et! al.,, 2010a, 2010b). This analysis was
confined to two-dimensional projections of a three-
dimensional trajectory. In contrast, our method captured,
for the first time, moment-by-moment differences in the
rotation and translation of the articulations of the hand.
To visualize experimental effects on the hand’s trajectory,
we represented statistical differences as a pair of three-
dimensional representations—one for translation and the
other for rotation.

We used an experimental task to examine how a
depiction of an object with a handle influences a hori-
zontal or vertical power (clenched fist) grasp. Subjects
viewed a briefly presented photograph of an object with
a horizontal or vertically oriented handle (e.g., frying
pan, beer mug) before being cued to grasp either a hori-
zontal or a vertical response element (see Fig. 1). To
ensure that the object was continuously attended, we
required subjects to report the name of the object after
completing the grasping action on randomly selected tri-
als. The cued action either matched or mismatched the
action associated with the object (e.g., a beer mug
matched a vertical power grasp but did not match a hori-
zontal one), which allowed us to measure the impact of
this mental representation on the kinematics of the reach-
and-grasp response. Any change in a rotation or transla-
tion trajectory of the hand induced by the object was
termed a difference trajectory. In the absence of a differ-
ence, this trajectory was represented by a “trajectory” that
hovered close to the origin of the three-dimensional
space, whereas a difference was statistically significant
whenever the difference trajectory moved at least 2 stan-
dard errors away from the origin.

The trajectories of fingertips, hand, and wrist were
monitored using magnetic sensors that delivered infor-
mation on position and rotation over time. Because we
were particularly interested in the effect of a competing
action representation on the rotation of the hand, we
emphasized conditions in which moving from the start to
the end position of a cued grasp required a 90° rotation
of the hand (e.g., from a horizontal start, with the palm
facing downward, to a vertical grasp, such as that used to
grasp a teapot handle).
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Subjects

Eighteen right-handed students at the University of
Victoria participated for extra credit in an undergraduate
psychology course. This sample size is consistent with
those in previous studies of hand trajectories and was
established before data collection began.

Materials and procedure

Gray-scale digital photographs of a hand posed in a
right-handed vertical power grasp and in a right-handed
horizontal power grasp (palm down) were used as cues
to indicate the action to be performed on a trial. Gray-
scale digital photographs of four objects oriented for use
with the right hand served as priming stimuli. Two objects
were congruent with a vertical grasp when presented in
their canonical orientation (beer mug and teapot), and
two were congruent with a horizontal grasp when in
their canonical orientation (frying pan and flashlight).

Two additional versions of the object photographs
were created. One was generated by rotating the object
90° (counterclockwise for the beer mug and teapot;
clockwise for the frying pan and flashlight) to produce
an image that was compatible with the alternate grasping
action. An object in that orientation could be grasped,
and a simple 90° rotation of the wrist to vertical or hori-
zontal (palm down) would reorient the object so that it
would be ready for use. The second version of the pho-
tographs was created by rotating the mirror-image view
of the object 90° (clockwise for the beer mug and teapot;
counterclockwise for the frying pan and flashlight).
Again, these images afforded the alternate action, but
now a grasp followed by a simple 90° rotation of the
wrist to vertical or horizontal would result in the object
being held in an upside-down position (the complete set
of object primes is presented in Fig. S2 in the Supplemental
Material available online; also see Experimental Setup
and Stimuli in Supplemental Method and Results). The
images of the priming stimuli and the hand cues were
digitally projected onto a translucent rear-projection
screen positioned 80 cm in front of the subject.

Five magnetic sensors were attached by surgical tape to
subjects’ right hand, positioned on the nails of the thumb,
index finger, and middle finger; on the back of the hand;
and on the dorsal surface of the wrist. A cable ran from
each sensor up the arm and down the back; the cables
were held in place by a fingerless glove, an upper-arm
cuff, and a shoulder harness, all made of lightweight fab-
ric. In the first phase of the procedure, subjects practiced
responding to the two hand cues by making a vertical or
horizontal reach-and-grasp response. Half of the subjects
started with a horizontal position (hand flat with open
palm facing downward and resting on a response box),

and the other subjects started with a vertical position (flat
hand with the wrist and hand in a vertical orientation, with
the edge of the hand resting on the response box).

Reach-and-grasp responses were made by lifting off
from the starting position and reaching forward 30 cm to
grasp one of two acrylic response elements mounted on a
base. The elements were displaced slightly from the mid-
line, one to the left and the other to the right. The left-side
element was a tall, C-shaped form 14 cm in height that
afforded a vertical grasp. The right-side element was a
right-angled form with a horizontal arm extending 9 cm
rightward from a vertical post (9 cm in height) that afforded
ahorizontal grasp (see Fig. 1; see Fig. S1 in the Supplemental
Material for a photograph of the experimental setup). The
response elements occupied the same position for all sub-
jects, rather than being counterbalanced with respect to
position, so that reach-and-grasp trajectories across sub-
jects would be as similar as possible.

In the second phase of the testing session, subjects
were familiarized with the priming objects to ensure that
they could easily be named. The final phase of the experi-
ment consisted of 24 practice and 288 critical trials. At the
beginning of each trial, a fixation cross appeared on the
display screen until the subject placed his or her right
hand in the designated start position, resting on the
response box. The fixation cross then disappeared, and
500 ms later, the image of the priming object was pre-
sented for 300 ms. The object’s image was then replaced
by the image of the hand cue indicating the response that
was to be made (see Fig. 1). The subject then executed
the corresponding reach-and-grasp response as quickly
as possible. The subject continued to hold the response
element until an auditory signal indicated that the trial
was over. Across the practice and critical trials, each of the
two possible actions was performed equally often, and
each was primed equally often by the 12 object images (4
objects " 3 versions). The trials were presented in a ran -
dom order for each subject. To ensure that subjects
attended to the priming object, we asked them to report
the name of the object after completing the reach-and-
grasp response on a randomly selected 20% of trials.

Data acquisition

We used an Innovative Sports Training (Chicago, IL)
MotionMonitor integrated system equipped with 8-mm
Ascension Technology (Burlington, VT) miniBird sen-
sors that simultaneously measured position and orien-
tation (to provide information about rotation). Data
from the sensors were collected at a 60-Hz sampling
rate using MotionMonitor software. The recording
epoch for a trial extended from 1 s prior to the hand
lifting off the response box until 1.5 s after liftoff. This
time range was adequate to capture normal reach-and-
grasp responses.
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Data analysis

Our design included a number of conditions, only some
of which are relevant to the question of how a canoni-
cally viewed obiject affects the trajectory of a reach-and-
grasp action. Although rotated objects were included as
primes, they present a special interpretive problem that
the present experimental design cannot adequately
address. Namely, an object such as a rotated beer mug
invites a horizontal grasp on the basis of its visible form
but a vertical grasp on the basis of its canonical proper-
ties. As a result, it is not possible to determine which of
these influences affects the trajectory of the hand. Our
interest was specifically in how canonically oriented
objects influence the production of a reach-and-grasp
response. Moreover, because our technique offered, for
the first time, the possibility of assessing statistical differ-
ences in the rotation as well as the forward motion of the
hand, we were particularly interested in actions that
required a wrist rotation when moving from the starting
position to the final grasp posture. Therefore, our pri-
mary analyses were restricted to trials on which the prim-
ing object was presented in its canonical view, and we
emphasized conditions in which the reach-and-grasp
response required a wrist rotation. We will, however,
briefly describe the priming results for trajectories that
did not involve a wrist rotation.

The method for identifying statistical outliers in the
individual trial data delivered by the sensors is described
in Data Filtering in Supplemental Method and Results.
This procedure resulted in the loss of 16% of the trials.
From the remaining data, mean trajectories and a three-
dimensional representation of the standard error of the
mean at each sampled point in the trajectory (which we
call an error volume) were calculated by subject and
condition for each sensor. Difference trajectories repre-
senting the change in the paths followed by the hand in
the congruent versus incongruent priming conditions,
with error volumes based on these changes, were then
calculated for each subject. Finally, difference trajecto-
ries were averaged across subjects, and error volumes
were computed. Further details are provided in
Conformal Geometric Algebra in Supplemental Method
and Results.

Results

The plots shown in Figure 2 illustrate the nature of the
trajectories produced by our reach-and-grasp task and
the computational challenges associated with evaluating
differences between those trajectories. Figure 2a is a
three-dimensional depiction of the position trajectory
(i.e., position as a function of time) for each of five sen-
sors, which we call a box plot The plot shows all trials

from one subject making a horizontal grasp from a verti-
cal starting position when the action associated with the
prime object matched the grasping action being pro-
duced (congruent condition). The three dimensions rep-
resent forward motion (y-axis), lateral motion (x-axis),
and vertical motion (z-axis). The trajectories begin near
the origin of the plot (i.e., x =y = z = 0) and move for-
ward along the y-axis until the fingers curl around the
response element (note the curvature in the sensors for
the index and middle fingers). Trial-to-trial variability in
movement is characterized by displacement among the
individual trajectories. The plot also shows two-dimen-
sional projections of the trajectory (in desaturated color)
on each of the three standard planes (i.e., x-y, x-z, and
y-z). These projections assist in visualizing the trajectory’s
three-dimensional shape and allow one to clearly see
how it changes along two dimensions at a time. For
example, on the y-z plane (side view), one can easily see
the curvature of the two fingers as they form themselves
around the horizontal response element at the end of the
movement.

Figure 2b is a three-dimensional depiction of the rota-
tion trajectory (i.e., rotation as a function of time) of each
sensor over the course of the movement for the same
trials shown in Figure 2a. We call this way of displaying
rotation trajectories a ball plot. Each point on the rotation
trajectory represents the momentary axis and degree of
rotation experienced by a particular sensor. The trajecto-
ries in Figure 2b begin at the right side of the plot and
progress leftward from there. These trajectories are inter-
preted as follows: Begin by drawing a vector from the
origin to any point on a trajectory (e.g., the black vector
shown in Fig. 2b). The vector lies on the axis of rotation,
and the length of the vector represents the angular degree
of rotation. The direction of rotation is given by the right-
hand rule. To apply the rule, one extends the right-hand
thumb along the vector, pointing in the same direction as
the vector. Curling the fingers “around the vector” shows
the direction of rotation.

In Figure 2b, the vector indicates that near the end of
the movement, the index finger as it curled around the
response element was still rotating into a horizontal posi-
tion from the vertical starting point. This can be seen by
consulting the x-y and y-z two-dimensional projections.
In the x-y projection (overhead view, lying below the ball
plot), the end point of the index finger sensor’s trajectory
lies in the negative region of the x-axis and the positive
region of the y-axis. This captures the fact that as this
finger curled inward, it was still rotating into the horizon-
tal position. In addition, the y-z projection, shown to the
left of the ball plot (side view), indicates that this point
also lies in the positive region of the z-axis, which implies
that the curling action occurred while the finger retained
some vertical aspect.
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Fig. 2. Three-dimensional position and rotation trajectories (full color), with projections onto each two-dimensional coordinate plane
(desaturated color). Position trajectories (a) and rotation trajectories (b) are shown for each of five sensors for 1 subject making a hori-
zontal grasp from a vertical starting position for all trials in the congruent condition. The black vector in (b) represents the rotation of
the index finger sensor at a specific instant in time (a point on one of the paths), as described in the text. The average position trajec-
tory (c) and rotation trajectory (d) are shown for the congruent and incongruent conditions for each sensor for the same subject and
action depicted in (a) and (b). The average position trajectory (e) and rotation trajectory (f) are shown for congruent and incongruent
conditions for each sensor for a different subject making the same action as the first subject. The directional cones in (d) and (f) mark
10% increments of normalized time. The average trajectories shown in (c) through (f) include error volumes depicting 1 standard error
of the mean (computed across trials for an individual subject), although these volumes are very small in (c) and (e). The scale in (a),
(c), and (e) is in millimeters, and the radius of the spheres in (b), (d), and (f) is .05.

Because the notion of a ball plot is likely to be unfa-
miliar to many, we provide a second example of how to
interpret rotation, applied again to the index finger.
Consider the starting point of its trajectory shown in
Figure 2b. As the ball plot and its two-dimensional pro-
jections imply, displacement of this starting point from
the origin occurs almost exclusively along the x-axis. This
means that if we construct a vector from the origin to the
index finger’s starting position, the direction of rotation
would primarily be around the x-axis pointing in the pos-
itive direction, which indicates that at the start of the
movement, the index finger is moving upward and rotat-
ing toward the body.

Figure 2c shows the average position trajectory of
each sensor for the congruent and incongruent condi-
tions separately, and Figure 2d shows the corresponding
average rotation trajectories. Data are for the same sub-
ject and action as in Figures 2a and 2b. Note that averag-
ing across trajectories from different trials, which naturally
vary in the time required to complete the action, neces-
sitates defining trajectories in normalized time. That is,

the full trajectory for a trial must be parceled into seg-
ments corresponding to particular proportions of the
total time taken to complete the movement on that trial.
Averaging across trials can then be done for each of these
portions of the trajectories. Error volumes representing 1
standard error of the mean in three dimensions are plot-
ted for these trajectories. These volumes were particu-
larly small for the positional trajectory and therefore are
occluded in the figure by the line drawn along the trajec-
tory. The rotation trajectories also feature directional
cones providing information on the temporal progression
of the trajectory.

Figures 2e and 2f show the corresponding average tra-
jectories and error volumes for a different subject. Notice
that for both the position and rotation trajectories, the
differences between congruent and incongruent condi-
tions are much more subtle than the between-subjects
differences. Our analytic approach calculates difference
trajectories (i.e., the difference between congruent and
incongruent conditions) within subjects before aggregat-
ing them across subjects, which thereby allows subtle
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Fig. 3. Box plot showing an averaged difference trajectory and error
ellipsoids in three dimensions, with projections onto each two-dimen-
sional coordinate plane. (This plot is from a condition not reported in
full detail in this article and shows no effect of congruency.) The origin
is the ball in the middle of the box plot, indicated by a large black
arrow, and represents a null difference. Note that the difference trajec-
tory remains very close to the origin throughout its extent. The scale of
the axes is in millimeters.

differences between conditions to be detected even in
the presence of large between-subjects variation in trajec-
tories. Aspects of our mathematical representation that
make this tractable are discussed in Conformal Geometric
Algebra in Supplemental Method and Results.

We now discuss the prime object’s effect on a grasping
action using average difference trajectories plotted in
three-dimensional space. These trajectories show the
position of a sensor in the incongruent condition at a
given time point, relative to the position of that sensor in
the congruent condition at that time. An effect of congru-
ency will be revealed by a difference trajectory that pro-
gresses further away from the origin as the effect accrues
over time. If there is no effect of the relationship between
the object in working memory and the hand movement
being executed, then the difference trajectory should
remain near zero throughout the time course of the
movement and should not extend beyond the origin by
more than the plotted error volume. The result would be
a path hovering near the origin, as shown in Figure 3.

As can be seen from the difference trajectories dis-
played in Figures 4 and 5, the object in working memory
had, indeed, a substantial impact on the reach-and-grasp
response. These difference trajectories reveal positional
and rotational differences (incongruent relative to con-
gruent) and are shown as solid lines with directional
cones placed at intervals of 10% of normalized time.

Because we are plotting difference trajectories, the scale
of the axes in Figure 4, though still in millimeters, is more
fine-grained than in Figure 2. Error volumes correspond-
ing to differences of 1 standard error of the mean are
depicted as low-contrast ellipsoids around each trajec-
tory and were computed independently at successive
points along the trajectory. To assist with interpretation of
these trajectories, we also provide two-dimensional pro-
jections as in Figure 2. These projections show the error
volumes as overlapping ellipses.

Consider first the action in which subjects moved from
a horizontal starting position (fingers extended, palm fac-
ing down) to a vertical power grasp (Fig. 4, the five pan-
els in the left column). Figure 4 shows that for all of the
sensors except the index finger, the difference trajectory
moved a substantial distance away from the origin (the
centrally located ball indicated by the arrow) in the nega-
tive direction along the forward (y) axis, up to a maxi-
mum average exceeding 14 mm, before turning to the
positive direction. As an example of this effect, consider
the difference trajectory for the thumb. This trajectory
begins near the origin and moves in the negative direc-
tion to a maximum of about 16 mm along the y-axis. The
directional cones indicate that this relative lag continues
to increase until about the midpoint of the action (the
fourth of ten cones), then the difference between the
congruent and incongruent condition is progressively
reduced until the grasp is completed. This pattern implies
that in roughly the first half of the movement in the
incongruent condition, there was less forward progress
relative to the congruent condition. Over the remainder
of the movement, this difference necessarily diminished
in normalized time because the hand landed in approxi-
mately the same position at the end of both congruent
and incongruent trials. This effect is especially clear when
looking at the two-dimensional projection on the x-y
plane.

Notice that another effect is revealed both in the x-y
projection and in the projection on the x-z plane. The
trajectory is displaced to the right along the x-axis during
the second half of the movement. The same rightward
displacement occurs for all the other sensors as well,
although to only a minor extent for the index finger. This
excursion to the right in the incongruent condition
appears to be due to an attraction to the alternate
response element (horizontal handle), which was posi-
tioned to the right of midline and was compatible with
the prime object presented in that condition.

A more interesting result concerns the effect of con-
gruency on the thumb’s position over the course of the
trajectory. As indicated by the projection on the x-z plane,
the thumb was substantially lower in the incongruent
than in the congruent condition (maximum average dif-
ference = 8 mm on the z-axis during the middle part of
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Fig. 4. Box plots showing averaged difference trajectories and error ellipsoids in three dimensions
for a vertical grasp made from the horizontal starting position and a horizontal grasp made from
the vertical starting position. Individual plots, as well as projections onto each two-dimensional
coordinate plane, are shown for each sensor. Differences were computed by subtracting reach-
and-grasp actions in the congruent condition from those in the incongruent condition. Negative
differences imply a smaller value on a particular dimension for the incongruent than for the con-
gruent condition. Error ellipsoids correspond to differences of 1 standard error of the mean. The
ball at the origin represents a null difference (a large black arrow is shown to help locate this
point). The directional cones mark 10% increments of normalized time. The scale of the axes is
in millimeters.

Downloaded from pss.sagepub.com at University of Victoria on October 15, 2014


http://pss.sagepub.com/

1644

Till et al.

I
;.

S &

%}l
£ Pre:
L
B

Fig. 5. Ball plots showing averaged difference trajectories and error volumes in three dimensions, with projections onto each two-dimen-
sional coordinate plane, for the sensor on the back of the hand. The figure shows the results for (a) a vertical grasp made from the hori-
zontal starting position and (b) a horizontal grasp made from the vertical starting position. An imaginary vector extending from the origin
to a given point on the trajectory represents the axis (by its orientation) and degree (by its length) of rotation by which the sensor in the
incongruent condition has been shifted away from its orientation in the congruent condition. The origin of the sphere represents no differ-
ence between congruency conditions. Error volumes correspond to differences of 1 standard error of the mean. The radius of the sphere
is .05. (Videos S2 and S4 in the Supplemental Material show animations of the difference trajectories for rotation depicted in this figure.)

the movement), more so than is seen with the other sen-
sors. This exaggerated downward position of the thumb
provides evidence that when the priming object invites a
horizontal grasp, the thumb momentarily remains in a
pronated position as the hand moves into the vertical
grasp. Positions of the middle finger along the x-axis pro-
vide intriguing evidence on how this interference was
overcome. This sensor displays an exaggerated rightward
excursion in the last quarter of the movement (maximum
average difference = 6 mm on the x-axis), apparently
counteracting the sustained pronation of the thumb. The
segments of the mean difference trajectories described
here are all more than 2 standard errors away from the
origin.

The ball plot in Figure 5a represents differences in
rotation between the congruent and incongruent condi-
tions (i.e., rotation in the incongruent condition, relative
to the congruent condition, as a function of normalized
time) for the vertical grasp. Data are displayed for the sen-
sor on the back of the hand because it provided the most
stable estimate of rotational position. The form of the
path, projected onto the horizontal (x-y) plane, provides
the clearest interpretation of the rotational effects. In this
plane, the y-axis projects from the origin toward the mid-
line of the observer. To interpret the difference trajectory,
one can apply the right-hand rule, just as was done when
interpreting the rotation trajectories shown in Figure 2.

To apply the rule, place your right hand with the
thumb extended along this axis pointing toward your
midline, emulating a vector extending from the origin to
a point on the trajectory. The curl of your fingers indi-
cates the direction of rotation for the difference trajectory
(i.e., from the viewer’s perspective, a counterclockwise
rotation about the y-axis). This rotational difference indi-
cates that in the incongruent condition, the sensor of
interest lagged in its rotation from a horizontal starting
position to the final vertical grasp. That is, relative to the
position of the sensor in the congruent condition at a
particular point in the trajectory, in the incongruent con-
dition, the sensor was rotated counterclockwise away
from that orientation (i.e., more toward a flat, horizontal
position). In the latter part of the movement, this differ-
ence was resolved as the hand formed the vertical orien-
tation required by the cued grasp posture. Difference
trajectories in ball plots require some practice to read, so
we have provided animations in the Supplemental
Material (see Animation of Congruency Effect on Rotation
in Supplemental Method and Results and Videos S1-S8)
that depict the each difference trajectory as a rotating
cube. Video S2 shows the difference trajectory corre-
sponding to Figure 5a. In addition, Video S9 shows how
the shape of the error volume for rotational difference
trajectories varies depending on distance from the origin.
To assist with interpretation of the three-dimensional
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difference trajectories for position and rotation, we have
provided MATLAB files S1 to S14 in the Supplemental
Material (see also Visualization Tools for Difference
Trajectories in Supplemental Method and Results) so the
trajectories can be viewed from different perspectives.

Of great importance, a pattern of effects complemen-
tary to those we have just discussed was obtained when
the hand moved from a vertical start position to enact a
horizontal grasp. For the position trajectories (Fig. 4, the
five panels in the right column), there was again a lag in
the forward motion of the hand in the incongruent condi-
tion, which can be seen most clearly in the x-y plane for
the thumb sensor (maximum average = 12 mm on the
y-axis). There was also a leftward deviation for all sen-
sors toward the location of the vertical response element
(located to the left of midline), which was compatible
with the incongruent object prime. This deviation can be
most clearly seen in either the x-y plane or the x-z plane
for each of the sensors, but especially for the thumb
(maximum average = 6 mm on the x-axis). In addition,
the thumb and fingers remained relatively high on the
z-axis in the incongruent condition through the first half
of the movement (compatible with the vertical grasp
afforded by the depicted object in that condition). To see
this, note that in the y-z plane (corresponding to a side
view of the box plot), the trajectories curve upward along
the z-axis after about the first third of the movement. In
the case of the index finger, for example, the maximum
average upward deviation is nearly 6 mm. These posi-
tional displacements were more than 2 standard errors
from the origin over much of the trajectory. Then the
thumb descended (the downward deflection began
between the fifth and sixth directional cones), followed
by the fingers (between the sixth and seventh directional
cones). The early descent of the thumb appears to have
counteracted the tendency for the index and middle fin-
gers to remain in a vertical position.

The ball plot confirms this description of events (Fig.
5b). Examining the y-z projection, one can see that the
trajectory extends primarily away from the observer
along the y-axis (with some elevation on the z-axis that
remains within about 30°). A vector extending from the
origin away from the observer to the most extreme point
on the trajectory together with the right-hand rule indi-
cates that the rotational difference consists of a clockwise
rotation primarily around the y-axis. This direction of
rotation for the difference trajectory is due to the fact that
the position of the sensor in the incongruent condition,
relative to the congruent condition, is closer to the upright
starting position. In other words, the rotation of the back
of the hand from upright to pronated is slower in the
incongruent condition. We infer that the downward tra-
jectory of the thumb, which begins prior to the down-
ward trajectory of the other fingers, plays a role in

counteracting the initial slowing of the hand’s rotation.
The animation of Figure 5b in the Supplemental Material
(Video S4) illustrates the direction and magnitude of the
congruency effect on the rotation trajectory.

Depictions of the positional and rotational difference
trajectories for actions that did not require a rotation of
the hand are presented in Figures S3 and S4 in the
Supplemental Material (see also Congruency Effects for
Conditions With No Hand Rotation in Supplemental
Method and Results). The only congruency effect on
hand position that was apparent for those actions was in
the incongruent condition, in which the hand drifted lat-
erally toward the incorrect response element in the first
half of the trajectory, consistent with what was seen with
the actions requiring a rotation as described above. With
respect to rotational differences, during a vertical grasp,
the sensor on the back of the hand indicated that the
hand rotated around the x-axis so that the fingers were
elevated slightly in the incongruent relative to the con-
gruent condition. When making a horizontal grasp, there
was a tendency in the incongruent condition to rotate the
hand slightly forward, away from the body (see Videos
S7 and S8 in the Supplemental Material).

To address the question of whether the effects of the
object context extended throughout the hand’s trajectory,
rather than being confined to the early stages of move-
ment, we plotted the combined translation and rotation
effect size for each sensor as a function of normalized
time in Figure 6. Figure 6a shows that for the vertical
grasp made from a horizontal starting position, the con-
gruency effect for all sensors but the index finger was
greater than 2 standard errors of the mean even after the
midpoint of the trajectory. Near the end of the trajectory,
the effect for some sensors was still greater than 2 stan-
dard errors above zero. Note that the middle finger in the
vertical-grasp condition shows some perturbations in the
last part of the trajectory. These are likely caused by small
movements of the sensor due to its imperfect attachment
to the finger for some subjects tested in the horizontal
starting condition. For the horizontal grasp made from
the vertical starting position (Fig. 6b), the maximal effect
size occurred in the last quarter of the trajectory for the
sensor on the back of the hand, and the effect remained
over 2 standard errors away from zero for that sensor
even at the end of the movement.

Discussion

Previous reports have shown that the trajectory of the
hand in a pointing task and of an eye movement to a
target can deviate toward or away from the spatial loca-
tion of a distractor (Song & Nakayama, 2008; Tipper,
Howard, & Houghton, 1998; Van der Stigchel, 2010;
Weaver, Lauwereyns, & Theeuwes, 2011). Computational
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Fig. 6. Combined positional and rotational congruency effect over
normalized movement time for all five sensors. Data are shown sepa-
rately for the vertical grasp made from the horizontal starting position
(a) and the horizontal grasp made from the vertical starting position
(b). The effect-size metric can be interpreted as the standard error of
the mean for the congruency effect combining both position and rota-
tion components of the trajectory. An effect size of 2, for example, is
different from 0 by 2 standard errors of the mean. Hotelling distance is
a multivariate measure of effect size that is used when multiple depen-
dent measures are combined.

models of trajectories that curve away from a distractor
are based on the idea of localized areas of inhibition that
operate on neuronal populations responsible for encod-
ing the distractor location (Doyle & Walker, 2001; Tipper,
Howard, & Paul, 2001). A further mechanism is required
to counteract the influence of the distractor so that the
trajectory curves back toward the target location
(McSorley, Haggard, & Walker, 2004). Situations in which
the hand or eye curves toward instead of away from a
distractor occur when attention is forced to the distractor
because of task demands (Song & Nakayama, 2008). For
example, selecting a target using its unique color as the
cue inevitably generates internal competition from among

a set of homogeneously colored distractors. This compe-
tition is the result of lateral interactions between the neu-
ronal populations that separately encode the locations of
the target and distractors (McPeek & Keller, 2001).

In our experiment, attention was forced to the visual
object that had to be held in memory while the reach-
and-grasp action was programmed and executed.
Remarkably, the competition we observed was generated
at least in part by a mental representation of a potential
action to an object held in working memory. Thus, analo-
gously to visual search experiments that have examined
hand and eye trajectories attracted toward a spatial dis-
tractor, the dynamics of the grasp posture of the hand in
our task was affected by the “virtual grasp” associated
with the object. This competition between the intended
and the virtual grasps altered both the forward motion
and rotation of the hand in principled ways. We observed
three qualitatively distinct effects. When the grasping
response required a rotation, an incongruent object in
working memory appeared to generate a virtual counter-
force that was compensated for during the movement.
For example, pronation of the hand was altered when
the distracting object invited supination, and vice versa.
Regardless of whether rotation was required, during the
first half of the reach action, an incongruent object in
working memory slowed forward progress and attracted
the hand toward the competing response element. The
latter result converges nicely with previous demonstra-
tions showing analogous effects for both hand and eye
movements in two dimensions (McSorley et!al., 2004,
Song & Nakayama, 2008).

The evidence we obtained goes well beyond previous
work that has shown effects of physically present dis-
tractor objects on the trajectory of a hand or eye move-
ment toward a target location (McSorley et!al., 2004;
Song & Nakayama, 2008; Tipper et!al., 1998; Weaver
etlal., 2011). The distracting action representation in our
task was evoked by an object in memory that was no
longer visible when the grasping action was planned
and executed. Nevertheless, the entire trajectory of the
movement, as well as the articulation of the hand, were
altered under the competing influence of the distracting
object (see Fig. 6).

Other research examining the effect of an irrelevant
word or object on the trajectory of hand actions has
relied on traditional kinematic measures, such as time to
peak velocity and thumb-forefinger aperture (e.g.,
Gentilucci, Benuzzi, Bertolani, Daprati, & Gangitano,
2000; Gentilucci & Gangitano, 1998; Glover & Dixon,
2002; Glover etlal.,, 2004). These results indicate that
effects are confined to relatively early stages of the trajec-
tory and dissipate during the course of the movement.
Measures such as velocity and aperture, however, are
inherently constrained by the fact that the hand must
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arrive at an end point with the thumb and forefinger
spaced in accordance with the size of the grasped object.
It is inevitable, then, that these kinematic measures even-
tually must be determined by the parameters of the target
and can admit no influence of context on later stages of
the movement. Our statistical methodology allowed us to
track changes as small as a fraction of a degree in the
rotation of the hand and a few millimeters in its position,
and it clearly established that the on-line control of move-
ment is continuously modulated by conceptually driven
representations of action, in much the same way that
movement is continuously informed by the presence of
competing objects in space. Overcoming the competing
affordances of an object in working memory when carry-
ing out an intended action is much like resolving compe-
tition between action plans evoked by objects in space.
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