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Abstract Choosing appropriate grasp points is necessary
for successfully interacting with objects in our environ-
ment. We brought two possible determinants of grasp point
selection into conflict: the attempt to grasp an object near
its center of mass to minimize torque and ensure stability
and the attempt to minimize movement distance. We let our
participants grasp two elongated objects of different mass
and surface friction that were approached from different
distances to both sides of the object. Maximizing stability
predicts grasp points close to the object’s center, while min-
imizing movement costs predicts a bias of the grasp axis
toward the side at which the movement started. We found
smaller deviations from the center of mass for the smooth
and heavy object, presumably because the larger torques
and more slippery surface for the heavy object increase the
chance of unwanted object rotation. However, our right-
handed participants tended to grasp the objects to the right
of the center of mass, irrespective of where the movement
started. The rightward bias persisted when vision was
removed once the hand was half way to the object. It was
reduced when the required precision was increased. Start-
ing the movement above the object eliminated the bias.
Grasping with the left hand, participants tended to grasp
the object to the left of its center. Thus, the selected grasp
points seem to reflect a compromise between maximizing
stability by grasping near the center of mass and grasping
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on the side of the acting hand, perhaps to increase visibility
of the object.
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Introduction

To manipulate or interact with objects in the environment,
humans often use a precision grip of index finger and
thumb. An elementary aspect of the way we grasp an object
is the selection of grasp points; i.e., the locations at which
the digits touch the object in order to grasp it. For most
objects, there are a huge number of possible grasp points.
Depending on the object’s properties, many of them will
not lead to a successful (i.e., stable) grip and many other
will be inconvenient.

Several basic constraints have been argued to play a
role in grasp point selection. For a stable grip, it is neces-
sary that the two digits touch the object at positions that lie
within the friction cones, a constraint that is referred to as
force closure (Blake 1995). Furthermore, the object’s center
of mass is important for the selection of grasp points. If one
holds an object at its center of mass, it will be balanced and
no further torque will act on it. If the axis between the two
digits (the grasp axis) does not pass through the object’s
center of mass, more force may be needed to hold the
object in equilibrium, as the additional torque could other-
wise lead to a rotation of the object. Previously, it has been
shown that humans can accurately judge the location of the
center of mass in various flat objects and use object symme-
try as a reliable indicator for this (Bingham and Muchisky
1993). Lederman and Wing (2003) extended these results
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by showing that individuals choose grasp points that let
the grasp axis pass near or through the center of mass. For
asymmetrical objects, the position of the center of mass is
presumably more difficult to determine and such objects
were grasped further off-center.

Besides force closure and the perceived position of the
center of mass, several other factors have been reported to
determine the selection of grasp points; these include prop-
erties of the object that is to be grasped as well as the gen-
eral settings in which the movement takes place. Choice of
grasp points is influenced by the size of the object (Paulig-
nan et al. 1997), its shape (Cuijpers et al. 2004; Kleinhol-
dermann et al. 2007), its mass, with increased mass leading
to grasp axes that pass more closely through the center of
mass (Eastough and Edwards 2007), as well as the object’s
material, which determines the friction coefficient. Object
parts with higher friction are preferred for grasping (Wing
and Lederman 2009), while lower friction requires more
precision and allows less tolerance of grasp errors, result-
ing in less deviations of grasp points from the center of
mass (Fikes et al. 1994).

Furthermore, the selection of grasp points changes with
the object’s orientation (Cuijpers et al. 2004), its loca-
tion in space (Paulignan et al. 1997), the direction of the
movement (Roby-Brami et al. 2000) and also through prior
perceptual experience (Hesse et al. 2008). On the other
hand, grasp points do not change with a change in the
hand’s path, as imposed by the existence of an obstacle,
which might indicate that grasp points are selected prior
to planning the movement toward these selected locations
on the object (Voudouris et al. 2010). As evident from the
determining factors mentioned above, grasp point selec-
tion depends strongly, but not exclusively on information
acquired through vision.

Endo et al. (2011) showed that grasp point selection is
influenced by a multimodal representation of the object
and its center of mass. In their study, a shift of the object’s
center of mass caused a shift of the grasp axis toward the
center of mass if there was a reliable visual cue for center
of mass position or if haptic feedback was given in the
absence of a visual cue. Grasp point selection might also
be influenced by factors of convenience, like for instance
approaches of end-state comfort (Rosenbaum et al. 1990)
or other subjectively preferred postures of the hand, as indi-
cated by the observation of a natural grasp axis (Lederman
and Wing 2003). Kleinholdermann et al. (2013) success-
fully modeled human grasp point selection by combining
this subjectively preferred grasp axis with attempts to ful-
fill force closure, minimize torque and minimize movement
distance.

In addition to the above-mentioned determinants,
other factors may influence grasp point selection. It is
for instance reasonable to hypothesize that humans aim
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to perform grasping movements economically, i.e., to
minimize the amount of work and thus the expenditure of
energy. This has already been shown for different kinds
of human movements such as walking and running (Alex-
ander 1991) or jumping (Vanrenterghem et al. 2008).
In addition to locomotion, the role of energetic costs has
also been investigated in various arm movements such as
pointing and reaching. Energy minimizing models are con-
sistent with the choice of final postures in a simple point-
ing task (Soechting et al. 1995) and with arm trajectories
in such tasks (Alexander 1997). Taniai and Nishii (2008)
showed that trajectories of reaching movements of various
durations can be modeled well by trajectories that aim to
minimize total expenditure of energy under the effect of
signal-dependent noise, as proposed by Harris and Wolpert
(1998). Some authors, on the other hand, argue (based on
a combination of experiment and model calculation) that
minimizing energy is not very relevant for goal-directed
arm movements (Kistemaker et al. 2010). Direct measure-
ment of energy consumption during motor learning seems
to suggest that reducing energy consumption is important
for arm movements (Huang et al. 2012), but energy mini-
mization alone is unlikely to account for the chosen arm
movements. Many authors therefore propose a mixed or
hybrid explanation, in which energy minimization plays a
role, but is combined with other factors such as smoothness
at the level of joints and avoiding pain (Berret et al. 2011;
Todorov 2004; Zelik and Kuo 2012). Elliott et al. (2004)
showed that energy expenditure can be optimized together
with speed and accuracy through motor learning and strate-
gic behavior across subsequent aiming movements. Taken
together, results reported in the literature indicate that
energy saving principles play an important role in human
motor control, although the extent to which this factor
influences motor control is controversial.

The aim of the present study was to investigate factors
influencing grasp point selection by bringing them into
conflict. For this purpose, we asked participants to grasp
bar-like objects with a precision grip of index finger and
thumb, starting from several different positions at vari-
ous distances to the target object. On the one hand, it can
be expected that individuals seek to grasp the object at its
center of mass to reduce torque and thus the amount of
force needed to lift the object; on the other hand, from the
literature mentioned above, it seems likely that humans
also take other energetic costs into account when choosing
appropriate grasp points. Thus, individuals might prefer to
cover a shorter distance and thus show a bias in grasp point
selection away from the center of mass and toward the start
point of the movement. Such an effect should be more pro-
nounced when grasping an object of lower mass, for which
deviations from the center of mass will lead to a smaller
increase in torque than for a heavier object. Similarly,



Exp Brain Res (2014) 232:2061-2072

2063

objects with higher surface friction are less prone to rotate
or slip and should thus therefore permit a more off-center
grip. For this purpose, two different objects were used in
the experiment: a light one with a rather rough surface and
a heavier one that was fairly smooth. Both were easy to dis-
tinguish visually as well as haptically. The majority of stud-
ies on grasp point selection used only spherical or cylin-
drical objects as stimuli. Such objects are in some sense
special as grasp points that are located on opposing sides
of the object will always lead to a grasp axis through the
center of mass. Rectangular, bar-like objects were used in
the present study because the grasp axis can be shifted in
one direction without changing force closure.

Main experiment
Methods
Participants

Twenty-one right-handed participants took part in our
experiment, 14 females and seven males. All of them were
researchers or graduate students of the VU University in
Amsterdam. The participants’ ages ranged between 23 and
41 years (M = 28 years). All participants were naive to the
aim of the study and gave their informed consent prior to
participation. The study is part of a research program that
has been approved by the ethics committee of the Faculty
of Human Movement Sciences.

Stimuli

Two bar-like objects served as stimuli, see Fig. 1. Both had
the same size of 10 x 3 x 1 cm. One object was made of
polished polyoxymethylene (POM), a black plastic mate-
rial, with a rather smooth surface, and had a mass of 42.3 g
and a density of 1.41 g/cm®. The second, lighter (0.8 g)
object was made of light green polystyrene with a density
of 0.0267 g/cm® and had a rough surface.

Setup

Participants were seated at a table. Target objects were
placed on the table with the wide elongated side on the
table, oriented fronto-parallel (see Fig. 2). The object’s
center was at a distance of 25 cm from the near edge of
the table (from the participant’s viewpoint). Five different
start positions were marked with little plastic knobs, each
11 mm in diameter and 5 mm high. Three start positions
were located to the right side of the object, 10, 20 and
30 cm from the target’s center. Two start positions were
placed at its left side at distances of 20 and 30 cm from its

Fig. 1 The two objects used in this study. One object was made of
black POM (left). The other one was made of light green polystyrene
(right) (color figure online)

A goal
start object
positions

Fig. 2 Top view of the experimental setup. Participants sat in front
of the table and were asked to start their movement at one of the indi-
cated start positions, grasp the object by its elongated sides with a
precision grip (between index finger and thumb) of their right hand
and carry it to the goal object to place it onto it. The Optotrak camera
was located to the left of the table

center. A start position 10 cm to the left of the target center
was not used, as the object would have been under the right
hand when grasping. Participants were asked to grasp the
object with their right hand and lay it down on a metal cyl-
inder with a diameter of 9 cm and a height of 3 cm, which
was placed behind the target. The distance between the cyl-
inder’s center and the center of the target object was 18 cm.

Grasping movements were recorded with an Optotrak
3020 infrared tracking system with a sampling frequency of
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200 Hz. The Optotrak camera was located to the left of the
table (from the participants’ viewpoint). Sets of three infra-
red markers forming a rigid body were attached to the nails
of index finger and thumb to record movements of these
two digits (as depicted in Fig. 1 of Voudouris et al. 2010).
The finger tips were calibrated in relation to the three mark-
ers. For this purpose, participants were asked to grasp a
wooden bar (5 x 2.5 x 1 cm) with a precision grip at two
points of which the exact positions in space had been meas-
ured prior to calibration. Participants wore PLATO liquid
crystal glasses (Milgram 1987), which provide full vision
in their clear state and become milky white and translucent
in their closed state.

Procedure

Participants were instructed to grasp the object by its elon-
gated sides with a precision grip, using the index finger
and thumb of their right hand, carry it to the metal cyl-
inder and place it on top of it. No further instruction was
given on how or where to grasp the target objects. Prior to
each trial, the experimenter indicated the start position by
mentioning a number between 1 and 5. Each number was
assigned to a start position (increasing from left to right).
As soon as the participant’s index finger and thumb reached
the indicated start position, the glasses turned translucent.
The experimenter then placed one of the two objects at the
target position. Small stripes of tape were used to indicate
the exact position; the edges of the tape physically guided
the object to this desired position. To verify the precision of
this method, we calculated the deviation of the grasp center
in depth (i.e., in the dimension orthogonal to our depend-
ent measure, see below) which should be constant. The
standard deviation was less than 1 mm, so the precision
with which the objects were positioned in our study was
more than sufficient. A beep signaled the start of a trial,
with the glasses turning transparent at the same moment.
The glasses remained in this state for 2 s during which par-
ticipants completed the task. Five to ten practice trials were
done prior to the experiment, so that each participant had
completed five trials correctly in the sense that the object
was grasped by the elongated sides and the whole move-
ment was completed within the 2 s. Data of these practice
trials were not used for data analysis. One hundred trials
were then completed with each participant. Ten trials for
every combination of the two objects and five start posi-
tions were conducted in random order.

Data analysis
The parameters we were most interested in were the ini-

tial contact positions of index finger and thumb with the
object. The moment of initial contact with the object was
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defined as the data frame in which the vertical position of
either index finger or thumb was lowest (i.e., closest to
the table), while at least one of the digits was not further
away from the object’s center than 4 cm. The midpoint of
the grasp axis (the line connecting index finger and thumb)
was defined as the grasp center. As we were mainly inter-
ested in its deviations from the object’s center of mass, we
subtracted the horizontal coordinates of the grasp center
from the horizontal coordinates of the object’s center.
Thus, a value of zero would indicate that grasp and object
center were equal; negative values indicate a deviation of
the grasp center to the left; positive values indicate a devia-
tion to the right. We calculated the mean grasp center and
its standard deviation for each participant, object and start
position. A one-sample t test was used to test whether the
grasp center differed significantly from zero, i.e., from the
object’s center. To evaluate the influence of the different
objects and start positions on grasp point selection, we used
2 (objects) x 5 (start positions) repeated measures ANO-
VAs for the mean grasp center and its variability.

Furthermore, a 2 (objects) x 5 (start positions) repeated
measures ANOVA was used to compare movement dura-
tions and maximum grip apertures (MGA). Movement
duration was defined as the time between the start of the
movement, for which a velocity criterion of 0.025 m/s had
to be exceeded, and the moment at which the digits initially
touched the object as defined above. MGA was defined as
the maximum distance between the two digits during the
movement. Both measures were calculated on a trial by
trial basis.

If there was a violation of sphericity in any of the ANO-
VAs, we used a Greenhouse—Geisser correction. Welch’s t
tests with a Bonferroni correction were used in all cases of
multiple comparisons. Statistical analysis was performed
using the statistical package R (R Development Core Team
2011).

Results
Grasp point selection

The mean grasp center was not aligned with the object’s
center of mass: It was shifted 5.5 & 6.2 mm (all values
given as mean + between subject SD) toward the right side
of the object (#(20) = 4.00, p < .001). The 2 (objects) x 5
(start positions) repeated measures ANOVA revealed
that this effect was significantly stronger for the light
(6.5 = 7.5 mm) than for the heavy object (4.5 &= 6.1 mm) as
indicated by a main effect of the factor object, see Fig. 3a.
There was neither a significant main effect of the start posi-
tion, nor an interaction between the factors. Results of all
ANOVAs calculated for the main experiment are summa-
rized in Table 1.
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Table 1 Results of repeated

. Measure Mean SD Factor dfy dfs F P
measures ANOVAs of the main
experiment Mean grasp 5.5 mm 6.9 mm Object 1 20 23.10 <.001
Center Start position 1.42 28.43 0.47 57
Interaction 2.79 55.78 0.89 45
SD of grasp 4.9 mm 2.6 mm Object 1 20 6.18 .02
Center Start position 2.69 53.85 2.61 .07
Interaction 2.60 52.05 0.45 .69
Movement duration 638 ms 121 ms Object 1 20 38.68 <.001
Start position 4 80 143.92 <.001
Interaction 4 80 2.19 .08
MGA 48.9 mm 5.8 mm Object 1 20 4.90 .04
Start position 242 48.30 0.861 45
% Greenhouse—Geiser corrected Interaction 4 80 0.91 46

dfs if sphericity violated
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Besides a larger right shift of the grasp center for the lighter
object, the variability of the grasp center was also larger for
this object. The 2 (objects) x 5 (start positions) repeated
measures ANOVA showed a significant main effect of object
type on the (within participant) standard deviation of the
grasp center. The standard deviation of the grasp center was
higher for the light (5.2 & 2.57 mm) than for the heavy object
(4.65 £ 2.55 mm; see Fig. 3b). Again, there was no signifi-
cant main effect of the start position, but we do see a trend
(p = .07) for the standard deviation to be larger when the hand
starts on the left. This could be because the hand occludes the
object for some time when it approaches from the left. There
were no significant interactions between the factors.

Thus, analysis of the grasp center showed that partici-
pants did not grasp the objects at their center of mass, as
would be expected if only taking stability constraints into
account. Interestingly, the grasp center was on average
shifted to the right of the object’s center irrespective of
where the movement started. This bias was stronger, and
grasp points were more variable for the light object.

Movement duration

The 2 (objects) x 5 (start positions) repeated measures
ANOVA revealed a significant main effect of start posi-
tion on movement duration. Expectably, the larger the dis-
tance between object and start position of the movement,
the longer the movement duration, whereby the movement
duration was significantly longer for equidistant start posi-
tions when starting on the left (see Fig. 3c). Subsequent
paired-samples t tests showed that differences between all
levels of this factor were significant (all p < .001). Interest-
ingly, there was also a significant main effect of object on
movement duration. Movement duration was longer when
approaching the heavy (650 & 124 ms) compared with the
light object (625 £ 116 ms). There was a tendency for this
difference to be larger when the hand started further to the
right (p = .08 for the interaction between the two factors).

MGA

The MGA was larger for the light (49.2 &+ 5.7 mm) com-
pared with the heavy object (48.6 & 6.0 mm), see Fig. 3d.
This resulted in a significant main effect of object in the 2
(objects) x 5 (start positions) repeated measures ANOVA
(p < .05). This ANOVA showed neither a significant main
effect of start position nor an interaction between the two
factors.

Discussion

The goal of our main experiment was to investigate the rel-
ative contributions of grip stability and movement energy
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saving constraints in grasp point selection by manipulat-
ing the mass and surface as well as the distance of target
objects. Under these circumstances, we see no evidence
that individuals minimize energetic costs when reaching
to grasp. Starting the movement on the left or right side of
the target object did not result in a shift of the grasp axis
toward that side.

We did observe an effect of the factor object on grasp
point selection. The grasp center was further from the
object’s center and more variable across trials when grasp-
ing the light object. Grasping off-center is less costly for
this object because the increase in torque with distance
from the center is smaller for the lighter object. The reach
to grasp movements can probably be less precise for the
light object because the consequences of inaccuracy are
less severe. The higher the torque acting on the object and
the more slippery its surface, the more grip force is needed
to prevent the object from rotating when it is lifted. Thus,
grasping the smooth and heavy object closer to its center
and more precisely could be considered to reflect a strat-
egy of minimizing energetic costs, the costs of larger grip
forces. However, we see no evidence of minimizing ener-
getic costs by reducing the distance travelled by the hand.
At this point, it is not possible to evaluate whether mini-
mizing movement distance is less beneficial in terms of
energy expenditure than minimizing grip forces. For that,
we would have to directly measure metabolic costs.

The role of energy minimization in the control of arm
movements is considered controversial in the literature
(see introduction). None of those studies investigated grasp
point selection. Our study shows that travelled distance is
not a major issue, but whether the influence of object mass
and friction should be considered in terms of the risk of
dropping the object or in terms of the energy required to
prevent the object from rotating is not clear, so we cannot
draw strong conclusions about the role of attempting to
reduce energetic costs.

The fact that grasp points were more variable for the
rough and light object is in line with the observation that
participants approached this object significantly faster than
they did the heavy one. Type of object also had an effect
on the MGA: It was larger for the rough and light object.
This could be interpreted as a way to partially compensate
for the higher approach speed when grasping this object
(Smeets and Brenner 1999). The mass and surface proper-
ties covaried in our objects: Our heavy object had a rather
smooth surface and our light object had quite a rough sur-
face. At this point, we cannot disentangle the relative con-
tribution of friction and mass to the observed effect of the
factor object.

Overall, our data clearly show our participants’ tendency
to grasp the objects near the center. This confirms that grasp
points are selected to improve stability (e.g., Goodale et al.
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1994; Lederman and Wing 2003). Interestingly, our data
suggest another important determinant of grasp point selec-
tion. We observed a rightward bias, i.e., the grasp axis was
significantly shifted to the right of the object’s center. This
bias was present irrespective of start position or object type.
To our knowledge, such a bias has not been reported before.
Lederman and Wing (2003) investigated grasp point selec-
tion for similar rectangular objects. Although not explicitly
mentioned in their article, inspection of their Fig. 4 (p. 162)
reveals that for such objects the grasp axis also seems to be
slightly shifted to the right of the center. Kleinholdermann
et al. (2007) investigated grasp point selection for trapezoi-
dal objects. For most of their objects, they report a similar
shift of the grasp axis to the right of the objects’ centers. As
in our experiment, their right-handed participants grasped
their lighter object further to the right than they did their
heavier object when picking it up. The generality of these
findings suggests that selected grasp points reflect a com-
promise between grasping at the center to ensure stability
and grasping to the right. As our main experiment did not
provide information about the functional role of such a
rightward bias, we conducted a control experiment in order
to gain further insight into its nature. For this purpose, we
manipulated our setup to create specific control conditions:
start above, limited vision, small goal and left hand.

Control experiment

For a better understanding of the mechanisms and possi-
ble functions of the rightward bias, we conducted a control
experiment consisting of four conditions. In our first con-
trol condition, we let our subjects start the movement above
the object as opposed to from the side to test whether the
bias depends on movement direction. If the bias remains in
this condition, this would show that it is not related to mov-
ing laterally.

A possible function of the bias might be to increase
the visibility of the target objects while they are lifted. A
larger part of the target objects is visible if they are grasped
further to the right with the right hand. To test this idea,
we removed vision after half of the movement toward the
objects so that participants could not see their hand grasp-
ing and lifting the objects. With this manipulation, grasping
off-center does not increase visibility of the object while
lifting it. If increased visibility is the primary function of
the bias, then we should not observe such bias in this sec-
ond control condition.

In a third control condition, participants were asked to
gently balance the target objects onto a much smaller goal
object than the one used in the main experiment. With this
manipulation, we aimed to increase the required stabil-
ity of the grip because the objects had to be placed more

carefully. If the grip has to be more stable to place the
object more precisely, grasp points should be located closer
to the gravicenter of the object.

Finally, to test whether the rightward bias was related to
grasping with the right hand, we let the right-handed par-
ticipants grasp the objects with their left hand in a fourth
control condition. If participants grasp further to the left of
the target’s center when using their left hand, contact points
are biased to the side of the acting hand, not to the right
side per se.

Methods

Nineteen right-handed participants (13 women and 6 men)
with a mean age of 28 years (ranging from 23 to 41 years)
took part in all four conditions of the control experiment.
Ten of them had already participated in the main experi-
ment. Task, stimuli, setup and procedure were the same
as in the main experiment, except for the details men-
tioned below for each control condition. All variables were
defined as in the main experiment. We used paired t tests to
compare the influence of object type in each control con-
dition. Likewise, individual control conditions were com-
pared with the main experiment and, where appropriate,
also with the other control conditions. For this purpose, we
used Welch’s t tests which correct the degrees of freedom
based on the homogeneity of variance. A Bonferroni cor-
rection was used in all cases of multiple comparisons.

Control condition 1: start above

In this condition, there was a single start position above the
center of the objects to test to what extent the bias is related
to the lateral movement. This position was indicated by a
small metal bar that was mounted 45 cm above the table, as
in Kleinholdermann et al. (2007). After five to ten practice
trials, 10 trials were completed for each object (heavy or
light) in random order.

Control condition 2: limited vision

In this condition, there were only two start positions, 20 cm
to the left and right of the center of the target objects. This
distance was chosen because no effects of movement dis-
tance were observed in the main experiment and 20 cm was
the middle distance used there. Additionally, we limited the
visual information that was available during grasping. Half
way through the movement to the object, when the two dig-
its were 10 cm from the center of the object in the horizon-
tal direction, the liquid crystal glasses turned translucent.
As a consequence, participants were unable to see their dig-
its reach, grasp, lift and transport the objects. This manipu-
lation was conducted to see whether participants are biased
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to the right to increase the visibility of the object while
grasping because a larger part of the object is occluded by
the hand when grasping at its center. To occlude the hand at
the right time, the positions of both finger tips were deter-
mined online, i.e., while the hand was moving, and the pro-
gram checked whether these positions were closer to the
target center than 10 cm. The liquid crystal glasses turned
translucent as soon as this critical distance was reached,
and they remained in this state for the rest of the movement.
After five to ten practice trials, participants completed 10
trials for every possible combination of start position (left
vs. right) and object (heavy vs. light) in random order.

Control condition 3: small goal

In this condition, there were again only two start positions
(20 cm to the left and right of the center of the target objects).
A much smaller metal cylinder (diameter: 1.5 cm, height:
3.5 cm) was used as the goal position, onto which partici-
pants were instructed to place the target objects. Its center
was at the same position as the center of the goal object in
the main experiment. Participants were specifically told that
they have to balance the target objects onto the small cylin-
der so that they do not fall. This instruction and the smaller
goal were used to increase the required precision of the task
because the object needs to be placed more accurately. This
might make subjects grasp closer to the target’s center. After
five to ten practice trials, participants completed 10 trials for
every possible combination of start position (left vs. right)
and object (heavy vs. light) in random order.

Control condition 4: left hand

In this condition, our 19 right-handed participants were
asked to grasp the objects with their left hand to see whether
the bias is related to the acting hand. The participants were
seated on the opposite side of the table, so that the Optotrak
camera was now to their right and the setup was reversed.
Again, the center of the target was 25 cm from the near edge
of the table, and the center of the goal object was 18 cm
behind the center of the target object. There were only two
start positions located at a distance of 20 cm to the left and
right of the target’s center. As in the previous conditions,
after five to ten practice trials, 10 trials were completed for
every possible combination of start position (left vs. right)
and object (heavy vs. light) in random order.

Results
Control condition 1: start above

Starting above the object reduced the rightward bias to an
average rightward shift of 2.1 &£ 5.3 mm, so that it no longer
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reached significance (#(18) = 1.73, p = .10), although it was
not significantly different from the bias in the main experi-
ment either (#(73.77) = 1.87, p = .07). Again, the grasp axis
was significantly further to the right when our participants
grasped the light object than when they grasped the heavy
object (#(18) = —3.82, p = .001; see Fig. 4a). Contrary to
the results of our main experiment, there were no signifi-
cant differences in the variability of the grasp center for
the heavy and the light object (#(18) = 0.72; see Fig. 4b),
neither was there a significantly different MGA for the two
objects (#(18) = 0.35; see Fig. 4d). The variability of grasp
points was significantly smaller than in the main experi-
ment (#(31.85) = 3.70, p < .001). When starting above the
objects, our participants approached the light object signifi-
cantly faster than the heavy object (#(18) = 2.93, p = .008;
see Fig. 4c). Overall, movement duration was longer than in
the main experiment (#(37.96) = —2.29, p < .05).

Control condition 2: limited vision

Visual information was removed on average 288 + 41 ms
after movement onset, i.e., after 48 % of the movement. The
aperture between index finger and thumb at this point of the
movement was on average 42 £+ 10 mm, i.e., 77 % of the
MGA. Despite the fact that participants could not see their
hand grasping, lifting and carrying the target objects, they
were without exception still successful in placing the target
onto the goal object. Participants showed a significant bias
to grasp objects to the right of the center (5.8 £ 6.1 mm,
#(18) = 4.11, p < .001). This bias was stronger for the light
compared with the heavy object (#(18) = —4.75, p < .001;
see Fig. 4a). Overall, the bias was comparable to the bias
observed in the main experiment (#(37.80) = —0.14).
Here, as in the start above condition, we did not observe
a significant difference between the variability of grasp
points (#(18) = 1.64) or the MGA (#(18) = —1.54) for the
heavy and light object (see Fig. 4b, d). The variability of
grasp points was similar to the one in the main experiment
(#(32.72) = —0.67) and the left-hand condition (#(18) = 2.65)
but significantly larger than in the start above and small goal
condition (both p < .001). The MGA was significantly larger
than in the main experiment (#(37.37) = —3.07, p = .004)
and in the small goal condition (#(18) = —4.36, p < .001).
There were no significant differences compared with the
other control conditions after correcting for multiple com-
parisons (all p > .04). In this condition, there were no signifi-
cant differences between heavy and light objects in terms of
movement duration (#(18) = 2.01; see Fig. 4¢).

Control condition 3: small goal

A significant bias was found in the small goal condition
(2.6 &£ 3.3 mm, #(18) = 3.33, p = .004). It tended to be
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smaller than the bias observed in the main experiment
(1(30.9) = 1.88, p = .07). Participants grasped further
off-center when lifting the light compared with the heavy
object (see Fig. 4a); however, this comparison also failed
to reach significance after Bonferroni correction which set
the alpha level to @ = .01 (#(18) = —2.35, p = .03). The
light object was approached faster than the heavy one
(#(18) = 4.30, p < .001; see Fig. 4c). There were no signifi-
cant differences between grasping the heavy or light object
in terms of grasp point variability (#(18) = —0.35) or MGA
(#(18) = —0.76; see Fig. 4b, d). The variability of grasp
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center. The dashed line shows the object center. Positive values indi-
cate a rightward shift of the grasp center. b Mean (within participant)
standard deviation of the grasp center. ¢ Mean movement duration.
Note that the distance between start position and object center was
larger in the start above condition than in all other conditions (45
rather than 20 cm). d Mean MGA

points was significantly smaller in this condition than in the
main experiment (#30.95) = 3.31, p = .002), the limited
vision condition (#(18) = —6.82, p < .001) or the left-hand
condition (#(18) = —6.63, p < .001), but comparable to the
variability when starting the movement above the object
(#(18) = 0.85).

Control condition 4: left hand

When grasping with the left hand, our participants
grasped the objects to the left of the objects’ centers
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(=2.1 &+ 5.2 mm). However, this shift tended to be smaller
than the one in the main experiment (#(37.74) = 1.89,
p = .07) and thus failed to reach significance (#(18) = 1.70,
p = .11). Nevertheless, the leftward shift was significantly
larger when participants grasped the light compared with
the heavy object (#(18) = 5.66, p < .001; see Fig. 4a). Nei-
ther the variability of grasp points (#(18) = —1.11), nor the
MGA (#(18) = —0.12) or movement duration (#(18) = 1.63)
differed significantly between trials with the heavy and light
object (see Fig. 4b, c, d). There was no significant difference
in movement duration (#(35.32) = —0.42) or the variability
of grasp points (—(33.48) = 1.09) between this condition
and the main experiment. Only the MGA was significantly
larger for the left hand (#(34.31) = —2.09, p < .05).

Hand posture

We found a significant rightward shift of grasp points
in the limited vision and small goal, but not in the start
above condition. This could be due to a different posture
of the hands for different movement directions, i.e., the
palm of the hand might be higher in the start above con-
dition versus more to the side in the conditions in which
the objects were approached from the side. To test this,
we determined the center between the three markers on
a small object that was attached to the nail of each finger
and projected these points orthogonally onto the (elon-
gated) grasp axis. The angle between the line connect-
ing the center of the marker with these projected points
and the horizontal axis in the frontal plane was used as
our dependent measure. This angle depends on the hand
posture and is larger the higher the palm is. We calcu-
lated a mean angle for both digits and objects and each
participant. As this measure depends on the position of
the markers on the finger, we could only compare con-
ditions in which the markers were attached at the same
position, i.e., not taken off in between conditions as
was the case for the left-hand condition. The remaining
three conditions were compared with two 2 (object) x 3
(condition) repeated measures ANOVAs because we
could only interpret the angles meaningfully relative to
one another. There were no main or interaction effects
for the index finger (all p > .05). For the thumb, there
was a significant difference between control conditions
(F(2,36) = 5.75, p = .007). Angles were larger for the
small goal (145° £ 16°) compared with the start above
(141° + 17°, p = .03) and limited vision condition
(139° + 17°, p < .001).

Discussion

With each of our four control conditions, we aimed to
test a specific potential mechanistic explanations for the
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functional role of the effect observed in the main experi-
ment. More specifically, the factors we explored were
movement direction, visibility, stability as well as acting
hand.

Control condition 1: start above

By letting our participants start the reach to grasp move-
ment above the objects, we could test to what extent the
bias is related to approaching the object from the side. In
this condition, the shortest path from the start point to the
object ended at its center of mass, although grasping 5 mm
off-center only yields a 2-mm longer path. Our participants
still tended to grasp the object to the right of the center,
although the shift of the grasp axis was not significant. As
we have shown in the main experiment that starting at the
other side of the object does not affect the choice of grasp-
ing position, it is unlikely that the small differences in path
length are responsible for the reduction in eccentricity in
this condition. A post hoc analysis also showed that the pos-
ture of the grip was not evidently different in this condition
compared with the other control conditions. There was only
a difference in comparison with the small goal condition. As
this effect was unique to the thumb and amounted only 4°,
it seems as if this statistical significance does not have any
practical significance in the sense of a different posture of
the hand. We thus have no explanation why the effect tends
to be smaller in the start above condition. When approach-
ing the object from above, the expected horizontal variabil-
ity of grasp points is smaller because the fingers approach
vertically. Indeed, the intra-individual lateral variability
of grasp points was significantly smaller than in the main
experiment. Movement duration in the start above condi-
tion was significantly longer than in the main experiment,
it actually was the longest movement duration. This is prob-
ably just because participants had to cover a longer distance
(45 cm compared with 10-30 cm for the main experiment).

Control condition 2: limited vision

The rightward bias could reflect an attempt to increase the
visibility of the object during grasping, because a larger
part of the object is visible when the (right) hand is shifted
further to the right. If so, we would have expected to find
a reduced bias in the limited vision condition. However,
we found a similar rightward shift of the grasp center as
in our main experiment. Because participants did not see
their hand grasping the object, it is not surprising that the
variability of grasp points was highest in this condition: It
was significantly higher than in the other control conditions
in which participants used their right hand. However, as
vision was only removed when the hand was already half
way to the object, one might argue that the grasp points had
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been selected before the movement started (Voudouris et al.
2010), and limiting vision later has no effect. Movement
duration was relatively short in the limited vision condition.
This may be because there is no advantage in approach-
ing the object slowly when there is no visual feedback to
guide corrections. Participants might rather complete their
movement quickly according to their previously selected
motor plan. The relatively large MGA may reflect a strat-
egy to compensate for some of the uncertainty that arises
from making fast movements without online corrections.
A similar effect on the MGA was found in another study,
in which participants saw the beginning of their grasping
movement but the target objects were partly hidden by an
opaque occluder (Voudouris et al. 2012). In that study, the
selected grasp points changed marginally in the presence
of an opaque compared with a transparent or no occluder,
i.e., with limited or full vision of the movement. However,
with their choice of grasp points in that study, partici-
pants could determine whether they would see the selected
contact locations with the object, not whether, or to what
degree, they would see the object that was to be grasped
itself. Even in the presence of an opaque occluder, part of
the target objects was always visible to the participants in
that study.

Control condition 3: small goal

The small goal condition was conducted to increase the
required stability of the grasp so that the object can be
placed more precisely. For a more stable grip, participants
should grasp closer to the object’s center. Indeed, the right-
ward bias that we observed in this condition, although still
significant, tended to be smaller than the one seen in the
main experiment. The variability of grasp points was sig-
nificantly smaller than in the main experiment, it actually
was the smallest of all conditions. Thus, the accuracy con-
straints were increased by our manipulation, confirming
that the bias is due to a trade-off between stability require-
ments and some other factor. The movement duration was
relatively long in this condition compared with the other
conditions with the same distance between start point and
object center. This is presumably responsible for the higher
accuracy. According to Smeets and Brenner (1999), a larger
MGA can also lead to higher accuracy, but MGA was rela-
tively small in our small goal condition.

Control condition 4: left hand

We also let our right-handed participants grasp with the left
hand to test whether the rightward bias that we found ear-
lier is related to the acting right hand. If so, we should find
a leftward bias when our participants grasp with their left
hand. Indeed, our participants tended to grasp the object to

the left of the center of mass when grasping with the left
hand, although this leftward shift was not significantly dif-
ferent from zero. The fact that we observed a tendency to
grasp to the left of the object’s center when using the left
hand (though it tends not to be as strong as the rightward
bias when using the right hand) suggests that the bias is
related to the acting hand and not to the right side per se.
Otherwise, performance with the left hand was not very
different from performance with the right hand in the main
experiment. The main difference is that MGA tends to be
relatively large. This probably accounts for the similar vari-
ability despite the unfamiliarity of using the left hand.

General discussion

The main goal of the current study was to investigate fac-
tors that may influence grasp point selection. In particular,
we were interested whether participants prefer to grasp
objects at their center of mass to minimize torque or to
grasp off-center to save movement costs when these two
strategies result in different grasp points. In the main exper-
iment, we did not find a positional shift of the grasp axis
depending on movement direction. Therefore, we have to
reject the idea that cost related to movement distance was
relevant in the choice of grasp position.

However, we found full support for the other part of
our hypothesis: Our participants grasped further off-center
when lifting the rougher light object for which the devia-
tion from the center of mass is less costly. This effect was
present in the main experiment and in three of the four
control conditions, and is in line with previous research
(Eastough and Edwards 2007). Besides a larger shift of
the grasp center for the light object, we also consistently
found a shorter movement duration for this object. Faster
movements toward rougher objects have also been reported
before (Fikes et al. 1994).

In all conditions we tested, participants grasped the
objects near or at the center of mass. This is in line with pre-
vious research (Goodale et al. 1994; Lederman and Wing
2003) and indicates that minimizing torque is an important
determinant of grasp point selection. However, there seems
to be another important factor in grasp point selection that
biases the grasp axis toward the side of the acting hand. A
possible benefit of such placement of the fingers is that a
larger part of our elongated objects was visible during lift-
ing. This might also explain why we still found such a bias
when participants were required to balance the object onto
a small cylinder. On the one hand, one might argue that this
should eliminate the bias, because it is particularly important
to grasp the object at its center to place this part of the target
object carefully onto the cylinder. We indeed found a smaller
bias than in our main experiment. On the other hand, it might
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also be particularly beneficial to grasp slightly to the side
to see the whole object and its center when placing it onto
our target cylinder. If the attempt to increase visibility is the
reason for the bias we found, why did it not disappear when
we removed vision during the movement? Vision was only
removed when the hand was already half way to the object,
i.e., when the hand was only 10 cm from the object’s center.
Thus, even though participants did not see their hand grasp,
lift and carry the objects, grasp points might have been cho-
sen before this point in time without considering that vision
would later be removed. As stated earlier, this has also been
suggested in previous research (Voudouris et al. 2010). This
would explain why, on average, we found a rightwards shift
of the grasp axis similar to the main experiment, but with a
larger within-participant variability.

Taken together, our findings suggest that grasp points
are selected as a compromise between several determin-
ing factors. Our participants grasped the objects near the
center of mass to maximize stability, but they additionally
tended to grasp toward the side of the acting hand, possibly
to increase visibility of the object while lifting it.
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