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Abstract When humans grasp an object off a table, their
digits generally move higher than the line between their
starting positions and the positions at which they end on the
target object, so that the digits’ paths are curved when
viewed from the side. We hypothesized that this curvature
is caused by limitations imposed by the environment. We
distinguish between local constraints that act only at the
very beginning or the very end of the movement, and
global constraints that act during the movement. In order to
find out whether the table causes this vertical curvature by
acting as a global constraint, we compared grasping a
target object positioned on a table with the same task
without the table. The presence of the table did not affect
the vertical curvature. To find out whether constraints at
the beginning and end of the movement cause the vertical
curvature, we manipulated the constraints locally at those
positions by letting the subject start with his digits either
above or below the end of a rod and by attaching the target
object either to the top or to the bottom of another rod. The
local constraints at the start of the movement largely
explain the vertically curved shape of the digits’ paths.

Keywords Limb movements - Visuomotor behavior -
Prehension - Movement control - Human

Introduction

When humans grasp an object off a table, the tips of their
digits generally move higher than the starting positions or
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the positions at which they end on the target object, so that
the tips’ paths are curved when viewed from the side (e.g.,
Jeannerod 1981). This is not explained by theories on
grasping (Jeannerod 1981; Haggard and Wing 1997,
Rosenbaum et al. 1999; Rosenbaum et al. 2001; Smeets
and Brenner 1999). Although its cause is still unknown, we
know some variables that influence the curvature. When
the distance between the digits’ starting positions and the
target object increases, maximum height increases and the
relative time to maximum height decreases (Jakobson and
Goodale 1991; Zoia et al. 2006). Maximum height
also increases with increasing target size (Jakobson and
Goodale 1991; Zoia et al. 2006) and when an obstacle is
placed between the starting position and the target object
(Saling et al. 1998).

We have modeled many aspects of grasping successfully
by assuming that the movements of the tips of the indi-
vidual digits matter, rather than the biomechanics of the
arm (Smeets and Brenner 1999; Verheij et al. 2012). Fol-
lowing this line of reasoning our hypothesis is that the
vertical curvature is determined by the limitations that
the environment imposes on the trajectories of the tips of
the individual digits. We distinguish between local con-
straints that act only at the very beginning or the very end
of the movement, and global constraints that act during the
movement. The grasping model of Verheij et al. (2012)
explains the vertical curvature by considering the table as a
global constraint. The table is implemented as a surface
from which repulsive forces act on the tips of the digits
throughout the movement. However, the table may only
influence how the movement starts and ends. Local con-
straints at the start and end correspond to the boundary
conditions in minimal jerk models such as the grasping
model of Smeets and Brenner (1999). In the view of
Smeets and Brenner, endpoints are likely to be particularly
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important because the way in which the digits contact the
surface determines the stability and precision of the grip.

We examined the origin of the paths’ vertical curvature
experimentally by varying the environment between the
conditions. We show that local constraints are largely
responsible for the height of the digits’ paths, and discuss
what additional factors might have contributed to the
curvature.

Methods
Subjects

Nine naive right-handed subjects took part in the experi-
ment (6 females, 3 males) ranging in age from 24 to
42 years. The experiment was part of a program that was
approved by the local ethics committee. Before partici-
pating, subjects signed an informed consent form.

Experimental setup and procedure

We used a setup in which we could place or remove a table
without changing the starting position or the position of the
target object and in which we could manipulate the local
constraints at the start and end of the movement. The setup
consisted of two vertically placed rods that were bent at the

Fig. 1 The experimental setup.
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top so that the final part was horizontal (Fig. 1a). One of
the rods had a slender (4.4 mm wide, 8.4 mm high) end
whose top or bottom functioned as the starting position
for the digits. We will refer to this slender end as the
‘start-beam’. The other rod had a flat end (18.2 mm wide,
6.8 mm high) to which the target object, a tealight
(cylinder with diameter 4.0 cm and height 1.5 cm), was
attached via a magnet. We will refer to this flat end as the
‘end-plate’. The size of the end-plate was small enough to
not restrict movements of the digits near the tealight. The
distance between the starting position and the center of the
tealight was 29 cm.

To determine whether the height of the paths arises from
considering the table’s surface as a global constraint, we
placed or removed a table, while keeping the local con-
straints at the starting position and at the position of the
target object exactly the same. In condition ‘table’,
the table (111 cm x 50 cm) was placed directly under the
rods. Subjects started with their hand above the start-beam,
and the tealight was placed on top of the end-plate. The top
of the start-beam was 10 mm above the table, almost as if it
were an object on the table. Before movement onset, the
index finger and thumb touched each other and the start-
beam. We compared this condition with a condition in
which the table was removed (‘all up’, Fig. 1b).

To determine whether the local constraints at the start
and end of the movement are responsible for the height of
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the digits’ paths, we used the same two rods (without the
table) and varied the constraints at the start and end of the
movement. The constraints at the start of the movement
were manipulated by starting with the hand either above or
below the start-beam. The orientation of the hand was
similar in both cases. The constraints at the end of the
movement were manipulated by placing the tealight either
above or below the end-plate. We compared all possible
combinations of starting position and position of the te-
alight, resulting in four conditions: ‘all up’, ‘all down’,
‘start up’ and ‘start down’ (Fig. 1b).

For all five conditions (‘table’, ‘all up’, ‘all down’, ‘start
up’ and ‘start down’), the subject sat on a stool, 30 cm to
the side of the starting position (Fig. 1a), so that the rods
would never be an obstacle for the wrist or the arm. Before
movement onset, the index finger and thumb touched each
other and the start-beam. When a verbal ‘go’ signal was
given, subjects grasped the tealight. Subjects were
instructed to move at a natural speed, grasp the tealight
using their index finger and thumb and to lift the tealight in
the conditions ‘table’, ‘all up’ and ‘start down’ or to move
the tealight downward in the conditions ‘all down’ and
‘start up’.

Because the conditions we use to test the two hypotheses
overlap (‘all up’ is used for both tests), we chose to com-
bine them in one experiment. The conditions ‘table’, ‘all
up’ and ‘all down’ were run in the first part of the exper-
iment. Each condition was presented in two blocks of ten
trials, which leads to a total of 6 blocks, or 60 trials per
subject. The 6 blocks were run in such an order that three
subjects started with ‘table’, three with ‘all up’ and three
with ‘all down’. Likewise, the number of subjects was the
same for every condition in the following blocks. The
sequence of the blocks (for example, how many times
condition ‘table’ was succeeded by ‘all up’) was counter-
balanced. The exact order of the blocks in the first part of
the experiment is shown for each subject in Appendix 1.
The conditions ‘start up’ and ‘start down’ were run in the
second part of the experiment. Each condition was pre-
sented in two blocks of ten trials, which leads to a total of 4
blocks, or 40 trials per subject. The conditions ‘start up’
and ‘start down’ were alternated. Five subjects started with
‘start up’ (followed by ‘start down’, ‘start up’ and °‘start
down’) and four subjects started with ‘start down’ (fol-
lowed by ‘start up’, ‘start down’ and ‘start up’).

Movements were recorded at 100 Hz with an Optotrak
3020 motion recording system (Northern Digital, Waterloo,
ON, Canada). Since our hypothesis only considers the
kinematics of the end-effectors, in accordance with evi-
dence that the motion of the end-effectors is largely inde-
pendent of the underlying joint movements (Morasso 1981;
Flash 1987; Wolpert et al. 1994; Schillings et al. 1996;
Marteniuk et al. 2000; Smeets and Brenner 2001; Tresilian

and Stelmach 1997), we do not examine hand posture or
orientation but only the trajectories of the tips of the thumb
and of the index finger. Single infrared emitting diodes
(IREDs) were attached to the subject at the nail of the
thumb and at the nail of the index finger. An additional
marker was attached to the top surface of the tealight
(Fig. 1c).

Data analysis

We defined the start of the grasping movement as the first
moment at which the velocity of the tip of the thumb and
the tip of the index finger both exceeded 100 mm/s. The
end of the grasping movement was defined as the moment
at which the displacement of the tealight exceeded 0.1 mm
in the vertical direction. We rejected the trial if there were
more than two consecutive missing samples between the
start and end of the grasping movement for either the
thumb or the index finger. This resulted in the rejection of
18 (out of 900) trials. Isolated or pairs of missing marker
samples were reconstructed using linear interpolation.

Starting and ending a bit above or below the rods means
that the starting and end positions of the digits are not
identical for all conditions. We therefore rotated and
translated the coordinate system of each trial and each
marker of the digits, such that we can examine the height of
the curve as a function of the distance from the starting to
the end position of the digit (Fig. 2). This rotation and
translation allowed us to directly compare the curves across
conditions.

To be able to statistically analyze whether considering
the table’s surface as a global constraint causes the height
of the digits’ paths, we calculated the maximum height for
each trial of condition ‘table’ and condition ‘all up’. We
calculated the mean maximum value per subject, condition
and digit. For each digit, the effect of the presence of the
table on these mean maximum values was then tested using
a one-way repeated measures analysis of variance
(ANOVA). We also examined whether the table has an
effect on the shape of the vertical movement path by
comparing how the height varies with the distance in the
conditions ‘table’ and ‘all up’. We resampled the height-
component of each trial such that each step corresponds to
1 % of the distance from the starting to the end position.
We calculated the mean of these resampled height-com-
ponents per subject, condition and digit. Next, we averaged
these mean paths across the subjects to get an overview of
the average behavior.

To evaluate how the constraints at the start and end of
the movement influence the height of the digits’ paths, we
examined how the height varies with the distance in the
conditions without a table. We did so in the same way as
we did to examine the effect of the table throughout the
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Fig. 2 The coordinate system’s
origin and orientation for two
example trials (dimensions are
not to scale)

distance

movement. To analyze the data of these four conditions
quantitatively, we used a mathematical approach which
will be explained in the result section.

The experiment was inspired by the difference between
two models (Verheij et al. 2012; Smeets and Brenner
1999). In order to interpret the results qualitatively in terms
of the constraints and objectives that form the basis of these
models, we simulated our experiment with both models.

Results

The effect of the table on the height of the digits’ paths was
negligible (Fig. 3a). There was no significant difference in
the maximum height between conditions ‘table’ and ‘all
up’ for either of the digits (thumb: F(1,8) = 0.337,
p = 0.578; index finger: F(1,8) = 0.005, p = 0.945). The
shape of the movement paths was similar as well (Fig. 3b).
Thus, the vertical curvature is not the result of considering
the table as a global constraint. Given the lack of effect of
the table, we will concentrate in the rest of the paper on the
local constraints: the analysis of the four conditions with-
out a table.

The behavior for the index finger is quite consistent
across trials within a subject (SD =~ 0.9 cm, Fig. 4). The
different subjects showed similar effects of the manipula-
tions (different panels in Fig. 4). The paths for the thumb
(not shown) are similar to those of the index finger. The
average of all the subjects’ paths is depicted in Fig. 5 for
both digits. There are clear effects of the local constraints
on the curvature. The most salient effect is the difference

Fig. 3 The effect of the table
on the height of the digits’ a
paths. a The maximum height

for the thumb and the index 5
finger, per condition, averaged

across the subjects (with the 4
associated standard errors).

b The height as a function of the

height (cm)
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between conditions with a different starting position.
Subjects started with an upward curve if the starting
position was above the start-beam and with a downward
curve if the starting position was below the start-beam,
irrespective of the constraints at the end. Note that this is an
important finding since from the moment the digits are no
longer under the start-beam the trajectories could theoret-
ically converge. However, we find a large difference.
Moreover, we find the greatest difference at a considerable
distance from the start-beam. Furthermore, the similarity at
the beginning of the movement between conditions with
the same starting position is remarkable. Together, these
three observations indicate that the local constraints at the
start influence the height of the paths considerably, espe-
cially at the beginning of the movement. When the starting
position is the same but the position of the tealight varies,
the curves differ, especially at the end of the movement.
This difference, which is much smaller than the difference
between conditions with different starting positions, indi-
cates that the local constraints at the end influence the
curvature as well.

Pairs of conditions in which the local constraints in one
condition are the mirror image of the local constraints in
the other condition (conditions ‘all up’ and ‘all down’ and
conditions ‘start up’ and ‘start down’) do not yield sym-
metric outcomes. The amplitude of the upward curves in
condition ‘all up’ is larger than the amplitude of the
downward curves in condition ‘all down’. Likewise, the
amplitude of the upward curves in condition ‘start up’ is
larger than the amplitude of the downward curves in con-
dition ‘start down’. Since we see no reason to assume that
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Fig. 4 The average paths of the
index finger per subject and
condition. The error bars
indicate the associated standard
deviations at one-third and two-
third of the distance
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the effects of the local constraints at the start and end of the
movement differ for the ‘above’ and ‘below’ positions,
other than in polarity, the above mentioned observation
indicates that there must also be a general tendency to
make upward curves that is not related to these local
constraints.

Based on the above reasoning, we examined mathe-
matically whether the height of the path could be caused by
a combination of three components: one caused by the
local constraints at the start of the movement (CS), one
caused by the local constraints at the end of the movement
(CE) and a general tendency to curve upward (GT). In our
analysis, we assume that CS is equal but opposite in sign

80 100 0 20 40 60 80
distance (%)

100

when the starting position is below the start-beam com-
pared to when it is above the start-beam. Likewise, we
assume that CE is equal but opposite in sign when the
tealight is below the end-plate compared to when it is
above the end-plate. We assume that GT is the same in all
conditions.

Considering the height of the path as the sum of CS, CE
and GT, we obtain a system of four equations with three
unknowns (Table 1). Therefore, we can determine the
contribution of each component in two ways. To determine
GT, for example, we can sum the profiles of condition ‘all
up’ and condition ‘all down’ or we can sum the profiles of
condition ‘start up’ and condition ‘start down’. Both sums

@ Springer



64

Exp Brain Res (2013) 224:59-68

Table 1 The height of the path considered as the sum of the
components

Condition Sum of the components
All up GT + CS + CE
All down GT — CS — CE
Start up GT + CS — CE
Start down GT — CS + CE

GT general tendency to curve upward, CS local constraints at the start,
CE local constraints at the end

Table 2 Equations to obtain the contribution of the three components
CS, CE and GT

Component  Equation 1 Equation 2

GT (‘All up’ + ‘all down’)/2 (‘Start up’ + ‘start
down’)/2

CS (‘All up” — ‘start down’)/2 (‘Start up’ — “all
down’)/2

CE (‘Start down’ — ‘all down’)/2 (‘All up” — ‘start
up’)/2

give 2GT, so dividing the resulting profile by two gives
GT. In Table 2, equations to obtain all three components
are given. For the calculations, we used the mean profiles
per subject, condition and digit. If a sum of the components
GT, CS and CE indeed describes the height of the path, the
two equations for each component should yield similar
profiles. This is exactly what we found (Fig. 6). The
component CS is (much) larger than the other two (except
close to the end) and has its peak at around 30 % of the
distance. The component CE is very small. The component
GT is intermediate and has its peak at around 60 % of the
distance.

Model comparison

How do the components CS and CE result from the local
constraints? To answer this question, we chose to use the
two grasping models that inspired us to do our experi-
ments: the simple 2-D model of Smeets and Brenner (1999)
and the more complex 3-D model of Verheij et al. (2012).

In its published form, the model of Smeets and Brenner
(1999) does not give a prediction for the height of the digits’
paths, but using the same equation as for the horizontal
plane, we can expand this model to the third dimension. The
local constraints at the start (to obtain CS) and end (to
obtain CE) can be implemented in a similar way to the
constraints on object contact that are already in the model:
by giving the digits a non-zero vertical acceleration at the
start and end of the movement (see Appendix 2).

In the original model of Verheij et al. (2012), the height
of the digits’ paths is mainly caused by the digits being
repelled by the table throughout the movement, with some
additional influence of avoiding contacting the target at a
position other than the goal position. Because we found
experimentally that the table had no effect, we revised the
model to eliminate the effect of the table on grasping
kinematics. In the revised model, the part of the vertical
curvature that we attribute to CE arises solely from
avoiding contact with the target at a position other than the
goal position. We implemented CS by considering the
start-beam as an obstacle (see Appendix 3).

For the simulations of both models, the dimensions were
equal to the dimensions in our experiment. In the experiment,
subjects were free to select the grip orientation with which
they grasped the tealight. The average orientation across the
four conditions and across all subjects was 11°, where 0° is a
final grip orthogonal to the direction from the starting posi-
tion to the tealight’s center. For the simulations, we selected
the goal positions that correspond to this orientation.

index finger

thumb
4
equation 1 equation 2
Cs - -
3 QT — - -
CE —— - -

contribution to the height (cm)
N

0 20 40 60 80 100
distance (%)

Fig. 6 Contributions of the constraints at the start (CS), constraints at
the end (CE) and a general tendency to curve upward (GT) to the
height of the digits’ paths, averaged across the subjects. In Table 2,
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two equations are given to calculate each component. The outcome of
the two equations is similar for all components. The shaded area
indicates the standard error, averaged over the two equations
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Fig. 7 Normalized contributions of the constraints at the start (CS)
and the constraints at the end (CE) to the height of the index finger.
For both CS and CE, the contribution can be calculated using
equation 1 or 2 (Table 2), which give identical results for the model
simulations. The line representing the experimentally found

For both models and experimental data, the normalized
components CS and CE for the index finger are depicted in
Fig. 7. The profiles for the thumb are similar. For the
expanded model of Smeets and Brenner, the shape of the
predicted CS is strikingly similar to the shape of the
experimentally observed component. The correspondence
is remarkable since we did not tune any parameter value of
the expanded model to our experimental outcome
(Appendix 2). The prediction for the shape of CE is less
similar to the experimentally found shape. This difference
in shape can be put into perspective by considering the
relatively large confidence interval for CE. The most sali-
ent difference is the downward curve followed by an
upward curve in the experimental profile compared to only
an upward curve in the model prediction.

The revised model of Verheij et al. (2012) does predict a
downward curve followed by an upward curve for CE.
Note that the exact shape depends on the parameter values.
We used the same set of parameter values as in the paper in
which the original model was introduced (Verheij et al.
2012), so a better fit of CE could be achieved if we tune the
model parameters to the experimental profile. The predic-
tion of CS is not in line with the experimental profile, the
largest difference being the location of the peak.

Discussion

In this study, we aimed to find out why grasping move-
ments are curved vertically when humans grasp an object
off a table. Inspired by the grasping models of Verheij et al.
(2012) and of Smeets and Brenner (1999), we experimen-
tally tested two possible explanations: curving vertically to
avoid contacting the table throughout the movement and

CE

"0 20 40 60 80 100
distance (%)

normalized contribution to the height

contribution is the average of the contribution calculated using
equation 1 and the contribution calculated using equation 2. The
shaded area indicates the normalized standard error, averaged over
the two equations. Details of the models are provided in the text and
in Appendices 2 and 3

doing so as a consequence of local constraints at the start
and end of the movement.

The clearest result is that the maximum height of the
movement paths was not influenced by the presence of a
table. This means that considering the table as an obstacle
throughout the movement, as implemented in the model of
Verheij et al. (2012), is wrong. This model therefore needs
to be revised if it is to give valid predictions for the height
of the digits’ paths.

Using a mathematical approach, we found evidence that
the local constraints at the start and end of the movement
and a general tendency to curve upward, that is indepen-
dent of the local constraints, are responsible for the height
of the digits’ paths. Our analysis suggests that there is no
interaction between these three components, because
mathematically the data could be described very well
without including any interactions.

We labeled the contribution of the local constraints at
the start of the movement, the contribution of the local
constraints at the end of the movement and the contribution
of the general tendency to the height of the path, CS, CE
and GT, respectively. We examined whether we can
understand the shape of the components CS and CE based
on model predictions on the influence of the constraints at
the start and end of the movements of the individual digits.
We found that the shape of CS matches strikingly well with
a modeled non-zero vertical acceleration at the start of the
movement. The shape did not match with modeling the
start-beam as an obstacle in the manner proposed in
Verheij et al. (2012). We propose that CS is independent of
the surface area of the object that is constraining the
movement. This matches with our finding that the presence
of a table did not influence grasping kinematics. Based
on the modeling results for CE, we propose that this
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component is caused by avoiding contact with the target
object at positions other than the goal position. Further
experimental research is needed to test this.

We do not know what causes the general tendency to
curve upward. Since gravity did not change between the
conditions, we cannot rule out an influence of gravity on
the general tendency. Humans might take gravity into
account in movement planning (Papaxanthis et al. 1998;
Papaxanthis et al. 2003; Pinter et al. 2012) by ‘launching’
their hand upward, knowing that gravity will bring it down
again to end on the goal position. Relying partly on gravity
rather than muscle force near the end of the movement may
make ending on the goal position more precise, if precision
is inversely related to muscle force (Schmidt et al. 1979;
Harris and Wolpert 1998; Jones et al. 2002). The general
tendency might also be influenced by the familiarity of the
target object. The target object we used was familiar to all
subjects. Certain grasping kinematics, the scaling of the
maximum grip aperture with object size and the relative
position of the maximum grip aperture, differ slightly
between familiar and unfamiliar objects with the same
dimensions (Borchers and Himmelbach 2012). The general
tendency might also be the effect of human anatomy, a
strategy to obtain a better viewing angle (Baker et al. 1999;
Ustinova et al. 2010) or of some other aspect of the task
that is independent of the local constraints imposed by
objects in the environment. Although further experimental
research is needed to examine the possible influence of all
these factors on the general tendency, we found that
together they are responsible for only a minor part of the
height of the digits’ paths.

In sum, we found that the height of the digits’ paths is
not the effect of a strategy to avoid contacting the table
throughout the movement, but of the local constraints at the
start and end of the movement together with a general
tendency to curve upward. The local constraints at the start
are most influential.

Acknowledgments This work was supported by a grant from the
Netherlands Organization for Scientific Research, NWO Vici grant
453-08-004.

Appendix 1

In this design, each condition was presented first to 3
subjects, second to 3 subjects, third to 3 subjects and so on.
The order of the conditions was also counterbalanced as far
as possible. For example, condition ‘table’ followed con-
dition ‘all up’ 7 times and followed condition ‘all down’ 8
times. Each subject performed each condition twice, once
in the first 3 blocks and once in the second 3, with no
condition being repeated in the third and fourth block
(Table 3).

Appendix 2

The model presented by Smeets and Brenner (1999) is a 2-
D minimum-jerk model (Flash and Hogan 1985). It models
grasping movements by simulating two single-digit point-
ing movements and combining the outcomes. For each
digit and each coordinate of the movement, the following
polynomial equation with six constants gives the mini-
mum-jerk trajectory:

2(t) = co + 1t + eat® + 3t + cat* + o5 (1)

The values of the constants follow from six boundary
conditions: the initial and final position, velocity and
acceleration. To acquire a perpendicular approach to the
target surface, a non-zero final deceleration is chosen
perpendicular to the surface. The final deceleration is
scaled by the squared movement time resulting in the so-
called approach parameter, a,. The larger this parameter,
the more perpendicular the simulated digit’s path
approaches the target surface. The movement time (MT)
does not affect the digits’ paths and can thus be chosen
independently.

We expanded the model of Smeets and Brenner by
adding a polynomial equation for the vertical movement,
making it a 3-D minimum-jerk model. We chose the fol-
lowing boundary conditions for this extra polynomial
equation.

Table 3 The order of the

blocks ‘table’, ‘all up’ and “all Subject Order of the blocks
down’ per subject 1 Table All up All down All up All down Table
2 All up All down Table All down All up Table
3 All down All up Table All down Table All up
4 All up Table All down All up All down Table
5 Table All down All up Table All up All down
6 All down Table All up Table All down All up
7 Table All up All down All up Table All down
8 All up All down Table All down Table All up
9 All down Table All up Table All up All down
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z(0)=0 zMT)=0 v(0)=0 v»(MT)=0
a(0) = I\ZTZ a(MT) = I\ZTZ

The strength of the effect of the local constraints at the
start is set by the parameter a.,, which is positive when
simulating movements in which the starting position was
above the start-beam and negative when simulating
movements in which the starting position was below the
start-beam. The strength of the effect of the local
constraints at the end is set by the parameter a.,, which
is positive when simulating movements in which the
tealight was above the end-plate and negative when
simulating movements in which the tealight was below
the end-plate. Like a,,, the parameters a., and a., have the
dimension of length. The boundary conditions that we
chose result in the following values for the constants of
Eq. 1:

=0 c1=0 =52 c3:M
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In the simulation of our experiment, we used a
magnitude of 1.5 m for the parameter values of a,, a.
and a.. We did not tune the parameter values to our
experimental results; 1.5 m was the value used in the paper
of Smeets and Brenner (1999) as a typical value for a,,.

Appendix 3

In the original model of Verheij et al. (2012), the tips of the
index finger and the thumb are modeled as point masses
moving in a force field. We refer to these point masses as
‘tips’. The force field is the sum of multiple forces. Each
force represents one or two objectives. The implemented
objectives for each tip are the following: arrive at the
preselected goal position, avoid collisions with positions
other than the goal position, limit the distance to the other
tip, arrive at approximately the same time as the other tip
and move smoothly. The table is considered as an obstacle
throughout the movement; hence, there is a repulsive force
from the table on which the target object is placed. To a
large extent, the repulsive force from the table causes the
height of the digits’ paths. Avoiding collisions with posi-
tions on the surface of the target object other than the goal
position causes the remainder of the vertical curvature.

In the revised model, the table has no influence on
grasping kinematics. Instead, we considered the start-beam
as an obstacle. The length of the start-beam is 4.5 cm, and
its width is 4.4 mm. In the simulation, the tips started
0.1 mm above the start-beam, 0.1 mm from each other
laterally and 1 cm from the end of the rod. The simulation

ended when the tip representing the thumb was at a dis-
tance of 0.1 mm from its goal position. We used the same
set of parameter values as in the paper in which the original
model was introduced (Verheij et al. 2012), with the one
difference that the parameter R, (indicating the repulsive-
ness of the table) was zero.

References

Baker JT, Donoghue JP, Sanes JN (1999) Gaze direction modulates
finger movement activation patterns in human cerebral cortex.
J Neurosci 19(22):10044-10052

Borchers S, Himmelbach M (2012) The recognition of everyday
objects changes grasp scaling. Vis Res 67:8-13

Flash T (1987) The control of hand equilibrium trajectories in
multijoint arm movements. Biol Cybern 57(4-5):257-274

Flash T, Hogan N (1985) The coordination of arm movements: an
experimentally confirmed mathematical model. J Neurosci
5(7):1688-1703

Haggard P, Wing A (1997) On the hand transport component of
prehensile movements. J Mot Behav 29(3):282-287

Harris CM, Wolpert DM (1998) Signal-dependent noise determines
motor planning. Nature 394:780-784

Jakobson LS, Goodale MA (1991) Factors affecting higher-order
movement planning: a kinematic analysis of human prehension.
Exp Brain Res 86(1):199-208

Jeannerod M (1981) Intersegmental coordination during reaching at
natural visual objects. In: Long 1J, Baddeley A (eds) Attention
and performance IX. Lawrence Erlbaum, Hillsdale, pp 153-169

Jones KE, de Hamilton AFC, Wolpert DM (2002) Sources of signal-
dependent noise during isometric force production. J Neurophys-
iol 88(3):1533-1544

Marteniuk RG, Ivens CJ, Bertram CP (2000) Evidence of motor
equivalence in a pointing task involving locomotion. Mot
Control 4(2):165-184

Morasso P (1981) Spatial control of arm movements. Exp Brain Res
42(2):223-227

Papaxanthis C, Pozzo T, Mclntyre J (1998) Hand trajectories of
vertical arm movements in one-G and zero-G environments. Exp
Brain Res 120(4):496-502

Papaxanthis C, Pozzo T, Schieppati M (2003) Trajectories of arm
pointing movements on the sagittal plane vary with both
direction and speed. Exp Brain Res 148(4):498-503

Pinter 1J, van Soest AJ, Bobbert MF, Smeets JBJ (2012) Do we use
a priori knowledge of gravity when making elbow rotations? Exp
Brain Res 217(2):163-173

Rosenbaum DA, Meulenbroek RJG, Vaughan J, Elsinger C (1999)
Approaching grasping from different perspectives. Mot Control
3(3):289-297

Rosenbaum DA, Meulenbroek RJ, Vaughan J, Jansen C (2001)
Posture-based motion planning: applications to grasping. Psy-
chol Rev 108(4):709-734

Saling M, Alberts J, Stelmach GE, Bloedel JR (1998) Reach-to-grasp
movements during obstacle avoidance. Exp Brain Res 118(2):
251-258

Schillings JJ, Meulenbroek RGJ, Thomassen AJWM (1996) Decom-
posing trajectory modifications: pen-tip versus joint kinematics.
Handwriting and drawing research: basic and applied issues. I0S
Press, Amsterdam

Schmidt RA, Zelaznik H, Hawkins B, Frank JS, Quinn JT (1979)
Motor-output variability: a theory for the accuracy of rapid
motor acts. Psychol Rev 86(5):415-449

@ Springer



68

Exp Brain Res (2013) 224:59-68

Smeets JBJ, Brenner E (1999) A new view on grasping. Mot Control
3(3):237-271

Smeets JBJ, Brenner E (2001) Independent movements of the digits in
grasping. Exp Brain Res 139(1):92-100

Tresilian JR, Stelmach GE (1997) Common organization for
unimanual and bimanual reach-to-grasp tasks. Exp Brain Res
115(2):283-299

Ustinova KI, Perkins J, Szostakowski L, Tamkei LS, Leonard WA
(2010) Effect of viewing angle on arm reaching while standing
in a virtual environment: potential for virtual rehabilitation. Acta
Psychol 133(2):180-190

@ Springer

Verheij R, Brenner E, Smeets JBJ (2012) Grasping kinematics from
the perspective of the individual digits: a modelling study. PLoS
One 7(3):¢33150

Wolpert DM, Ghahramani Z, Jordan MI (1994) Perceptual-distortion
contributes to the curvature of human reaching movements. Exp
Brain Res 98(1):153-156

Zoia S, Pezzetta E, Blason L, Scabar A, Carrozzi M, Bulgheroni M,
Castiello U (2006) A comparison of the reach-to-grasp move-
ment between children and adults: a kinematic study. Dev
Neuropsychol 30(2):719-738



	Why are the digits’ paths curved vertically in human grasping movements?
	Abstract
	Introduction
	Methods
	Subjects
	Experimental setup and procedure
	Data analysis

	Results
	Model comparison

	Discussion
	Acknowledgments
	Appendix 1
	Appendix 2
	Appendix 3
	References


