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Introduction

When we grasp objects in daily life, they are often sur-
rounded by other objects. To successfully grasp the target 
object, we need to move our digits toward it without collid-
ing with the surrounding non-target objects. In this study, 
we will refer to non-target objects as ‘obstacles.’

To decrease the chance of colliding with an obstacle, one 
can move more slowly and remain further from the obsta-
cle when passing it (Tresilian 1998). A decrease in maxi-
mum speed (Jackson et al. 1995), reflecting a slower move-
ment, an increase in movement time (MT) (Mon-Williams 
and McIntosh 2000; Biegstraaten et al. 2003; Rice et al. 
2006; Voudouris et al. 2012), reflecting a slower move-
ment and/or an increase in path length, or both a decrease 
in maximum speed and an increase in MT (Tresilian 1998; 
Mon-Williams et al. 2001; Tresilian et al. 2005) are often 
observed.

When making two-dimensional movements with a 
pointer toward a target, it has been proposed that people 
keep a minimum preferred distance between the pointer and 
obstacles (Dean and Brüwer 1994). In line with this, Tre-
silian (1998) proposed that when grasping a target object, 
people move so as not to bring body parts within a mini-
mum preferred distance from obstacles, and he suggested 
that this distance depends on factors related to the cost that 
a person attaches to a collision and movement speed. The 
larger the speed, the larger the minimum preferred distance.

Keeping a minimum preferred distance from obsta-
cles can explain why the maximum grip aperture (MGA) 
decreases when an obstacle is placed to the side of a target 
object, and why this effect on MGA decreases when the dis-
tance between the target object and the obstacle increases 
(Jackson et al. 1995; Mon-Williams et al. 2001; Rice et al. 
2006; Tresilian 1998; Tresilian et al. 2005; Chapman et al. 
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2011). Jackson et al. (1995) found that an obstacle placed 
such that the distance between the target object’s surface 
and the obstacles’ surface is as large as 7.5 cm still leads 
to a decrease in MGA. This was not due to a high move-
ment speed, because subjects were instructed to make their 
movements as naturally as possible. In many studies that 
found an effect of obstacles on MGA, the distance between 
the target object’s surface and the obstacles’ surface was 
quite large. This distance was 3.5 cm in the study of Chap-
man et al. (2011), 4 cm in the study of Mon-Williams et al. 
(2001), 4.5 cm for the adults in the study of Tresilian et al. 
(2005), and 6.5 cm in the study of Tresilian (1998).

Given this effect of obstacles, we find the results of our 
previous study, in which we studied the effect of a table on 
grasping kinematics, very puzzling (Verheij et al. 2013). In 
that study, the shortest distance between a digit and the tab-
letop was only approximately 1 cm, and yet the table did 
not affect the digit’s paths in the way that obstacles placed 
to the side of a target object do. In the two relevant condi-
tions of the experiment in our previous study, the target was 
mounted on a vertically placed rod that was bent at the top 
so that the final part was horizontal. The distance between 
the starting position and the center of the target object was 
29 cm. People were instructed to grasp the target object, lift 
it, and place it back on the rod. In one condition (‘table’), 
a table was placed directly under the rod. The other condi-
tion (‘all up’) was exactly the same, except that there was 
no table present. In both conditions, the digit’s paths were 
curved vertically (the digits moved higher than the line 
between their starting positions and the positions at which 
they end on the target object). If humans prefer to keep a 
certain distance between their body parts and any obstacle, 
we would expect them to lift their digits higher when there 
was a table. Surprisingly, they did not: The height of the 
digits’ paths did not differ between the conditions ‘table’ 
and ‘all up.’ Why does a table not influence the height of 
the digits’ paths although the body parts move so close to 
it?

That the table does not obstruct the digit’s paths can-
not explain this lack of effect, because others have shown 
that obstacles that do not obstruct body parts still have an 
effect on the digit’s paths (Tresilian 1998; Mon-Williams 
et al. 2001; Tipper et al. 1997). A possible explanation for 
the lack of effect on the digits’ height is that the minimum 
preferred distance from obstacles depends on movement 
speed (Tresilian 1998), so subjects may have moved their 
hand more slowly rather than higher in order to avoid col-
liding with the table. We did not analyze movement speed 
in our previous study.

We tested this first possible explanation by doing an 
additional analysis on the data measured in our previous 
study (Verheij et al. 2013). We averaged the speed of the 
thumb and index finger and calculated the maximum value, 

the relative time of the maximum value, and the mean value 
of this averaged speed for each trial of the relevant condi-
tions in our previous experiment. Next, we calculated the 
mean of these values per variable, subject, and condition. 
A paired-samples t test was conducted on these mean val-
ues to test whether they were affected by the presence of a 
table. There was a significant difference in maximum speed 
between the condition with the table (838 ± 79 mm/s, 
mean ± standard deviation) and the condition without the 
table (813 ± 77 mm/s); t(8) = 2.64, p = 0.03. There was 
no significant difference in the relative time to maximum 
speed between the condition with the table (34.7 ± 2.7 %) 
and the condition without the table (35.3 ± 2.1 %); 
t(8) = −1.08, p = 0.31. There was also no significant dif-
ference in mean speed between the condition with the 
table (437 ± 43 mm/s) and the condition without the table 
(432 ± 45 mm/s); t(8) = 0.62, p = 0.6. The significant dif-
ference in maximum speed is in the opposite direction than 
expected on the basis of the table being an obstacle: The 
maximum speed was larger in the condition with the table 
than in the condition without the table. This together with 
the nonsignificant differences in relative time to maximum 
speed and mean speed demonstrates that the absence of a 
spatial effect in our previous study cannot be ascribed to 
changes in movement speed.

A second possible explanation for the lack of effect is 
that the height component might be insensitive to obsta-
cles that do not physically obstruct the movement. There 
are studies that have found effects of obstacles on the 
height component (Saling et al. 1998; Alberts et al. 2002), 
but in those studies, the obstacle dimensions were such 
that the obstacle obstructed the paths taken in the absence 
of the obstacle. Since the grasping kinematics had to be 
altered to reach the target object, we cannot draw any 
conclusions from these studies regarding the sensitivity 
of the height component to obstacles that do not obstruct 
the paths taken in the absence of the obstacle. In many 
models, it is assumed that motor control is the same in all 
directions (for instance, our grasping model; Verheij et al. 
2012). However, it is also known that vertical movements 
are curved differently than horizontal movements (Atke-
son and Hollerbach 1985). This difference might be due 
to gravity, but the control might also be different. Obsta-
cles being treated differently in the control of the vertical 
component than in the control of the horizontal component 
could explain the lack of effect of the table in our previous 
study.

A third explanation for the lack of effect of the table is 
that the digits did not enter the space below the starting 
position. Knowing this might have been implemented in 
the movement plan by not taking obstacles below the start-
ing position into account. In the two relevant conditions of 
our previous experiment, the starting position was on top 
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of a rod’s end, so the constraints at the start made the dig-
its move upward at the start of the movement, irrespective 
of the presence of a table (Verheij et al. 2013). Because of 
this upward motion, the digits approached the goal posi-
tions on the target object from above, so that at the end of 
the movement, the digits did not enter the space below the 
goal positions. Considering that the goal positions for the 
digits were always located above the starting position and 
the obstacle was always located below the starting position, 
taking the obstacle into account is not necessary to avoid 
colliding with it.

A fourth explanation for the lack of effect of the table is 
that the effect that is found for common obstacles (manipu-
lable objects) might not be caused by keeping a preferred 
minimum distance from the obstacles’ surfaces, but by 
interfering with movement planning (Tipper et al. 1997). 
Possibly, manipulable objects have an effect because they 
evoke competing responses, while the table has no effect 
because it is not a manipulable object and therefore does 
not evoke a competing response.

We chose to test these three explanations experimen-
tally by placing an obstacle in between the starting position 
and the target object. Subjects moved their digits over the 
obstacle. We chose the obstacle dimensions such that, like 
the table in our previous study, the obstacle did not obstruct 
the digits’ paths taken in the absence of the obstacle. We 
used two diameter sizes for the obstacle to simultaneously 
test whether the effect of an obstacle depends on its surface 
size.

We performed two new experiments. The aim of 
Experiment 1 and an associated control experiment was 
to test the second explanation, that the height component 
is insensitive to obstacles that do not physically obstruct 
the movement. The aim of Experiment 2 was to simul-
taneously test the third explanation, that obstacles below 
the starting position are not taken into account when it 
is unlikely that the digits will enter the space below the 
starting position, and the fourth explanation, that manipu-
lable obstacles interfere with movement planning while a 
table does not.

Experiment 1

Methods

Subjects

Nine naive right-handed subjects took part in the experi-
ment (7 females, 2 males) ranging in age from 25 to 
42 years. The experiment was part of a program that was 
approved by the local ethics committee. Before participat-
ing, subjects signed an informed consent form.

Apparatus

Subjects sat on a stool and placed their index finger and 
thumb on a start position located 20 cm to their right and 
10 cm in front of the center of their trunk. They were pre-
sented with a target object (cylinder, diameter 3.0 cm, 
height 12.3 cm, made of polyoxymethylene), which was 
located 40 cm in front of the start position. In certain condi-
tions, a low obstacle (cylinder, height 3.0 cm, made of pol-
yoxymethylene) was presented 20 cm in front of the start 
position. Its diameter was either 5.0 cm (slender obstacle) 
or 7.7 cm (wide obstacle) (Fig. 1). We used two obstacle 
diameters to test whether the effect of an obstacle depends 
on the size of the obstacle’s surface (Verheij et al. 2012). 
Movements were recorded at 100 Hz with an Optotrak 
3020 motion recording system (Northern Digital, Water-
loo, ON, Canada). Single infrared emitting diodes (IREDs) 
were attached to the subject at the nail of the thumb, at the 
nail of the index finger, and at the wrist (proc. styloideus 
ulnae). An additional marker was attached to the top sur-
face of the target object.

Procedure

The experiment consisted of a simple grasping task per-
formed at a natural movement speed with free vision. Sub-
jects were instructed to grasp the target object using the 
thumb and index finger of their right hand, to lift it and put 
it back at the same location. Subjects were allowed to begin 
their grasping movement when they heard a verbal ‘go’ sig-
nal. Before movement onset, the index finger and thumb 
touched each other and the table at the starting position. 
There were three conditions, one condition in which no 
obstacle was present (apart from the table), one condition 

20 cm 20 cm

Fig. 1  Experimental setup (condition ‘wide obstacle’ of Experiment 1)
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in which the slender obstacle was present, and one condi-
tion in which the wide obstacle was present. Each subject 
performed 20 trials in each condition. The trials of the dif-
ferent conditions were randomly interleaved.

Data analysis

We defined the start of the grasping movement as the 
moment at which the velocities of the tip of the thumb and 
of the tip of the index finger both exceeded 0.1 m/s. The 
end of the grasping movement was defined in three steps. 
First, we determined the interval from the start of the move-
ment to the moment when the displacement of the target 
object exceeded 1 mm in the vertical direction. Next, we 
calculated the average of the velocities of the thumb and 
index finger for each sample during this interval. Finally, 
the moment at which this average velocity was minimal 
was considered to be the end of the grasping movement.

We rejected the trial if there were two or more con-
secutive missing samples between the start and end of the 
grasping movement for the thumb, index finger, or wrist, 
or if the end of the grasping movement was not found 
using the algorithm described above. This resulted in the 
rejection of 2 (out of 540) trials. Both trials were rejected 
because the end of the grasping movement was not found. 
Isolated missing marker samples were reconstructed using 
linear interpolation.

To evaluate whether the presence of an obstacle influ-
ences grasping kinematics, we calculated the maximum of 
the mean height of the two digits (maximum digit height), 
the relative time to maximum digit height, the relative 
path length at maximum digit height, the maximum height 
of the wrist marker (maximum wrist height), the MT, the 
MGA, and the maximum of the mean speed of the two dig-
its (maximum speed) for each trial. We subsequently calcu-
lated the mean of each variable per subject and condition. 

For each variable, the effect of the obstacles was then tested 
using a one-way repeated measures analysis of variance 
(ANOVA). We defined zero height to be at the tabletop.

In order to get an overview of the movement trajec-
tories of the digits and the wrist, we averaged over tra-
jectories. Because the number of samples varied across 
trials, we resampled each trial such that each step cor-
responds to 1 % of the path length before averaging. We 
calculated the means of the resampled trajectories per 
subject, marker, and condition and averaged these mean 
trajectories across the subjects. To see whether the sub-
jects veered around the obstacles by moving over them or 
by moving sideward, we constructed both a top view by 
plotting the average sagittal distance-component against 
the average lateral-component and a side view by plotting 
the average height component against the average sagittal 
distance-component.

Results and discussion

The top view of the average movement trajectories shows 
that there was hardly any difference in two-dimensional tra-
jectory between the conditions (Fig. 2a). The side view of 
the average movement trajectories illustrates that the digits 
and the wrist all moved higher when there was an obsta-
cle than when there was none (Fig. 2b). This indicates that 
the height component is sensitive to obstacles. There was 
indeed a significant effect of obstacle on maximum digit 
height [F(2, 16) = 18.3, p < 0.001] (Figs. 2b, 3a). Post hoc 
comparison showed that maximum digit height increased 
when the slender obstacle was present compared to when 
no obstacle was present (p = 0.001), and when the wide 
obstacle was present compared to when no obstacle was 
present (p = 0.005). There was no significant difference in 
maximum digit height between the two conditions with an 
obstacle (p = 0.10).

Fig. 2  Average trajectories 
of the wrist (proc. styloideus 
ulnae), the thumb, and the index 
finger per condition for Experi-
ment 1. a Top view. The trajec-
tories of the three conditions are 
so precisely superimposed that 
it is almost impossible to see 
that there are three sets of paths. 
b Side view. The trajectories 
of conditions ‘slender obsta-
cle’ and ‘wide obstacle’ are so 
precisely superimposed that it 
is almost impossible to see that 
there are three sets of paths
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There was also a significant effect of obstacle on maxi-
mum wrist height [F(2, 16) = 48.2, p < 0.001] (Fig. 2b). 
Post hoc comparison showed that maximum wrist 
height was larger when the slender obstacle was pre-
sent (125 ± 20 mm) than when no obstacle was present 
(100 ± 25 mm) (p < 0.001), and when the wide obstacle 
was present (122 ± 19 mm) than when no obstacle was 
present (p < 0.001). There was no significant difference in 
maximum wrist height between the two conditions with an 
obstacle (p = 0.10).

There was a significant effect of obstacle on the relative 
time to maximum digit height [F(2, 16) = 3.9, p = 0.04], 
but post hoc comparison showed no significant differences 
between any of the three conditions (all p > 0.06). Aver-
aged across subjects and conditions, the maximum digit 
height occurred at 43 % of the movement time. There was 
a significant effect of obstacle on the relative path length 
at maximum digit height [F(2, 16) = 4.9, p = 0.02]. 
Post hoc comparison showed that the relative path length 
was larger when no obstacle was present (58.4 ± 7.0 %) 
than when the wide obstacle was present (54.9 ± 3.9 %) 
(p = 0.04). There was no significant difference between the 
relative path length when the slender obstacle was present 
(55.4 ± 4.9 %) and the other two conditions (all p > 0.06).

There was a significant effect of obstacle on MT 
[F(2, 16) = 8.5, p = 0.003] (Fig. 3b). Post hoc compari-
son showed that MT increased when the slender obstacle 
was present compared to when no obstacle was present 

(p = 0.02), and when the wide obstacle was present com-
pared to when no obstacle was present (p = 0.01). There 
was no significant difference in MT between the two con-
ditions with an obstacle (p = 0.17). There was neither a 
significant effect of obstacle on MGA [F(2, 16) = 0.9, 
p = 0.41] (Figs. 2a, 3c) nor one on maximum speed  
[F(2, 16) = 3.5, p = 0.06] (Fig. 3d).

We can conclude from this experiment that the height 
component of grasping movements is not insensitive to 
obstacles that do not physically obstruct the movement 
(Fig. 2b). However, in this experiment, the wrist came closer 
to the obstacle than the tips of the thumb and index finger 
(Fig. 2b). Voudouris et al. (2012) found that an obstacle’s 
hindrance of the elbow influenced the digit’s paths. This 
might also hold for the wrist. The digits usually came closer 
to the obstacle than the wrist in the experiments that found 
an effect on the digits’ paths when an obstacle was placed 
to the side of a target object (Jackson et al. 1995; Tresilian 
et al. 2005; Rice et al. 2006; Chapman et al. 2011). We there-
fore decided to make sure that the obstacle’s influence on the 
digits’ paths in our experiment was not merely the result of 
the obstacle’s influence on the wrist. To do so, we designed a 
control experiment that was as similar as possible to Experi-
ment 1 but in which the tips of the thumb and index finger 
would come closer to the obstacle than the wrist.

Methods control experiment

Five naive right-handed subjects took part in the experiment 
(4 females, 1 male) ranging in age from 25 to 30 years. 
None of them had participated in Experiment 1. The appa-
ratus and procedure were identical to Experiment 1, with 
the one difference that the subject was standing instead of 
sitting. To insure that the digits would come closer to the 
obstacle than the wrist and that the target object was within 
reach, the height of the table was adjusted for each sub-
ject, such that when the subject stood upright with his arms 
hanging along his sides the tabletop was at the same height 
as the wrist. The data analysis was identical to Experi-
ment 1. For 24 trials, there were two or more consecutive 
missing samples between the start and end of the grasping 
movement, and for 5 trials, the end of the grasping move-
ment was not found, leading to the rejection of 29 (out of 
300) trials.

Results and discussion on control experiment

The top view of the average movement trajectories shows 
that there was hardly any difference in two-dimensional 
trajectory between the conditions (Fig. 4a). The side view 
of the average movement trajectories shows that at the 
distance at which the obstacle was placed, the digits were 
lower than the wrist (Fig. 4b).
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There was a significant effect of obstacle on maxi-
mum digit height [F(2, 8) = 18.6, p = 0.001] (Figs. 4b, 
5a). Post hoc comparison showed that the maximum digit 
height was larger when the slender obstacle was present 
than when no obstacle was present (p = 0.01), and when 
the wide obstacle was present than when no obstacle was 
present (p = 0.01). There was no significant difference in 
maximum digit height between the two conditions with 
an obstacle (p = 0.62). There was also a significant effect 
of obstacle on maximum wrist height [F(2, 8) = 22.7, 
p = 0.001] (Fig. 4b). Post hoc comparison showed that 
maximum wrist height was larger when the slender obsta-
cle was present (130 ± 18 mm) than when no obstacle was 
present (120 ± 16 mm) (p = 0.007), and when the wide 
obstacle was present (130 ± 18 mm) than when no obstacle 
was present (p = 0.009). There was no significant differ-
ence in maximum wrist height between the two conditions 
with an obstacle (p = 0.46).

There was a significant effect of obstacle on the relative 
time to maximum digit height [F(2, 8) = 5.7, p = 0.03], 
but post hoc comparison showed no significant differences 
between any of the three conditions (all p > 0.05). Aver-
aged across subjects and conditions, the maximum digit 
height occurred at 48 % of the movement time. There was 
a significant effect of obstacle on the relative path length 
at maximum digit height [F(2, 8) = 9.2, p = 0.009]. Post 
hoc comparison showed that the relative path length was 
larger when no obstacle was present (70.2 ± 12.6 %) than 
when the slender obstacle was present (61.4 ± 7.0 %) 
(p = 0.03) and than when the wide obstacle was present 
(63.0 ± 9.6 %) (p = 0.03). There was no significant dif-
ference between the two conditions with an obstacle 
(p = 0.3). There was no significant effect of obstacle 
on MT [F(2, 8) = 1.3, p = 0.33] (Fig. 5b), MGA [F(2, 
8) = 0.2, p = 0.84] (Figs. 4a, 5c), or maximum speed [F(2, 
8) = 1.4, p = 0.30] (Fig. 5d).

The tips of the thumb and index finger came closer to the 
obstacle than the wrist in the control experiment, as opposed 
to Experiment 1. The obstacle’s effect on the digits’ trajecto-
ries was nevertheless similar to that in Experiment 1, which 
indicates that the obstacle’s influence on the digits’ paths 
in Experiment 1 was not merely the result of the obstacle’s 
influence on the wrist. The results of the control experiment 
confirm the finding of Experiment 1 that insensitivity of the 
height component to obstacles that do not physically obstruct 
the movement cannot explain the lack of effect of a table on 
the height of the digits’ paths found in our previous study.

Fig. 4  Average trajectories 
of the wrist (proc. styloideus 
ulnae), the thumb, and the 
index finger per condition for 
the control experiment. a Top 
view. The trajectories of the 
three conditions are so precisely 
superimposed that it is almost 
impossible to see that there are 
three sets of paths. b Side view. 
The trajectories of conditions 
‘slender obstacle’ and ‘wide 
obstacle’ are so precisely 
superimposed that it is almost 
impossible to see that there are 
three sets of paths
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Experiment 2

In our attempt to explain why the presence of a table did 
not influence the height of the digits’ paths in our previ-
ous study (Verheij et al. 2013), we have now eliminated the 
suggestion that people change their movement speed rather 
than their movement path (through an additional analysis 
of the data of our previous study) as well as the sugges-
tion that the height component of grasping movements is 
insensitive to obstacles that do not physically obstruct the 
movement (Experiment 1 and the associated control experi-
ment). Two possible explanations remain to be tested: That 
obstacles below the starting position (including the table) 
are not taken into account when it is unlikely that the dig-
its will enter the space below the starting position, and 
that manipulable obstacles interfere with movement plan-
ning while a table does not. We evaluate these two possible 
explanations in this experiment.

Methods

Nine naive right-handed subjects took part in the experi-
ment (5 females, 4 males) ranging in age from 25 to 
43 years. Three of these subjects had participated in Exper-
iment 1 and one had participated in the control experiment. 
The apparatus and procedure were similar to Experiment 1, 
but only the wide obstacle was sometimes placed between 
the starting position and the target object. The slender 
obstacle was now sometimes used as a platform on top of 
which the starting position was located.

There were four conditions (Fig. 6). The conditions ‘no 
obstacle’ and ‘obstacle’ were identical to conditions that 
were used in Experiment 1 and the control experiment, 
although the ‘obstacle’ condition was called ‘wide obsta-
cle’ in those experiments. In the other two conditions, the 
starting position was located on the platform. In one condi-
tion, there was no obstacle present (apart from the table; 
‘platform’). In the other condition, the obstacle was present 
(‘platform obstacle’). Each subject performed 20 trials of 
each condition. The trials of the different conditions were 
randomly interleaved.

For 12 trials, there were two or more consecutive miss-
ing samples between the start and end of the grasping 
movement, and for 12 trials, the end of the grasping move-
ment was not found, leading to the rejection of 24 (out of 
720) trials. For each variable (maximum digit height, rela-
tive time to maximum digit height, relative path length at 
maximum digit height, maximum wrist height, MT, MGA, 
and maximum speed), the effects of the obstacle and start-
ing on a platform were tested using a two-way repeated 
measures analysis of variance (ANOVA). We also evaluated 
the obstacle’s influence on maximum digit height, relative 
time to maximum digit height, relative path length at maxi-
mum digit height, and maximum wrist height within con-
ditions with the same height of the starting position using 
paired-samples t tests. Height was always measured from 
the table, even when starting on the platform.

Results and discussion

The top view of the average movement trajectories shows 
that there was hardly any difference in two-dimensional 
trajectory between the conditions (Fig. 7a). The side view 
of the average movement trajectories illustrates that if the 
starting position was located on the table, the digits and the 
wrist all moved clearly higher when there was an obstacle 
than when there was none, whereas if the starting position 
was located on the platform, they did not (Fig. 7b). There 
was a highly significant effect of obstacle [F(1, 8) = 87.5, 
p < 0.001] and of platform [F(1, 8) = 60.6, p < 0.001] on 
maximum digit height (Figs. 7b, 8a), and a highly sig-
nificant interaction effect between obstacle and platform 
[F(1, 8) = 31.7, p < 0.001]. Maximum digit height was 
significantly larger in condition ‘obstacle’ compared to 
condition ‘no obstacle’ [t(8) = 8.9, p < 0.001], and there 
was no significant difference in maximum digit height 
between the conditions ‘platform’ and ‘platform obstacle’ 
[t(8) = 1.7, p = 0.13]. There was also a highly significant 
effect of obstacle [F(1, 8) = 107.5, p < 0.001] and of plat-
form [F(1, 8) = 78.9, p < 0.001], and a highly significant 
interaction effect between obstacle and platform [F(1, 
8) = 75.5, p < 0.001], on maximum wrist height (Fig. 7b). 
Maximum wrist height was significantly larger in condition 
‘obstacle’ (117 ± 13 mm) than in condition ‘no obstacle’ 
(95 ± 15 mm) [t(8) = 10.8, p < 0.001] and in condition 
‘platform obstacle’ (124 ± 15 mm) than in condition ‘plat-
form’ (121 ± 17 mm) [t(8) = −2.8, p = 0.02]. 

There was a highly significant effect of obstacle [F(1, 
8) = 25.9, p < 0.001] on the relative time to maximum digit 
height, and a significant interaction effect between obstacle 
and platform [F(1, 8) = 9.5, p = 0.02]. There was no sig-
nificant effect of platform on the relative time to maximum 
digit height [F(1, 8) = 3.5, p = 0.1]. The relative time to 
maximum digit height was significantly larger in condition 

no obstacle obstacle

platform platform obstacle 

Fig. 6  The four conditions of Experiment 2. A black dot indicates the 
starting position
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‘no obstacle’ (45.3 ± 3.9 %) than in condition ‘obstacle’ 
(43.2 ± 2.7 %) [t(8) = 3.5, p = 0.009], and there was no 
significant difference in the relative time to maximum digit 
height between the conditions ‘platform’ and ‘platform 
obstacle’ [t(8) = −2.1, p = 0.07].

There was a significant effect of obstacle [F(1, 8) = 30.3,  
p < 0.001] and of platform [F(1, 8) = 6.0, p = 0.04], and 
a significant interaction effect between obstacle and plat-
form [F(1, 8) = 9.0, p = 0.02], on the relative path length 
at maximum digit height. The relative path length at 

maximum digit height was significantly larger in condition 
‘no obstacle’ (59.6 ± 5.9 %) than in condition ‘obstacle’ 
(56.1 ± 3.3 %) [t(8) = 3.5, p = 0.008]. There was no sig-
nificant difference in relative path length between the con-
ditions ‘platform’ and ‘platform obstacle’ [t(8) = −2.0, 
p = 0.08]. There was no significant effect of obstacle, plat-
form, or interaction effect between obstacle and platform 
on MT, MGA, or maximum speed (all p > 0.05) (Figs. 7a, 
8b–d).

The finding that the obstacle affected the kinematics of 
the digits’ paths when starting from the table, but not when 
starting from the platform, supports the third explanation, 
that obstacles below the starting position are not taken 
into account when it is unlikely that the digits will enter 
the space below the starting position. Since the visual lay-
out was similar in the ‘platform obstacle’ and the ‘obsta-
cle’ conditions, and we found highly significant interaction 
effects between obstacle and platform on the kinematics 
of the digits’ paths, we reject the fourth explanation, that 
manipulable obstacles interfere with movement planning 
while a table does not.

General discussion

In this study, we aimed to find out why in our previous 
study (Verheij et al. 2013) a table did not influence the 
height of the digits’ paths during grasping movements, 
although the digits moved close to the table. This lack of 
effect is remarkable because one of the leading theories on 
obstacle avoidance states that people keep a preferred dis-
tance between the digits and an obstacle (Tresilian 1998), 
and various experimental studies in which an obstacle was 
placed to the side of a target object show that the presence 
of an obstacle leads to changes in the digits’ paths. We 
tested four possible explanations for the lack of effect: that 
people changed movement speed rather than movement 

Fig. 7  Average trajectories 
of the wrist (proc. styloideus 
ulnae), the thumb, and the index 
finger per condition for Experi-
ment 2. a Top view. b Side view
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path, that the height component is insensitive to obstacles 
that do not physically obstruct the movement, that obsta-
cles below the starting position are not taken into account 
when it is unlikely that the digits will enter the space below 
the starting position, and that manipulable objects interfere 
with movement planning while a table does not.

An additional analysis on the experimental data of our 
previous study allowed us to reject the first explanation; 
that the lack of effect might be related to a lower movement 
speed in the condition with the table than in the condition 
without the table. We found a significant difference in max-
imum speed, but in the opposite direction: The maximum 
speed was larger in the condition with the table than in the 
condition without the table.

In Experiments 1 and the associated control experiment, 
we sometimes placed a low obstacle between the starting 
position and the target object. In Experiment 1, subjects 
were sitting, and in the control experiment, subjects were 
standing. The maximum height of the digits and the maxi-
mum wrist height increased significantly when there was 
an obstacle present. In addition, the relative path length 
at maximum digit height decreased when the wide obsta-
cle was present. These findings demonstrate that the height 
component is sensitive to obstacles that do not physically 
obstruct the movement. We can therefore also reject the 
second explanation.

In Experiment 2, we evaluated the remaining two expla-
nations for the lack of effect of a table on the height of the 
digits: The third explanation that obstacles below the start-
ing position are not taken into account when it is unlikely 
that the digits will enter the space below the starting posi-
tion, and the fourth explanation that only manipulable 
objects interfere with movement planning because they do 
so by evoking competing responses (Tipper et al. 1997). 
Experiment 2 was similar to Experiment 1, except that 
the obstacle was always the same size, and in two condi-
tions the movement started from a platform. The height of 
the platform was such that the starting position was at the 
same height as the top surface of the obstacle. In support 
of the third explanation, we found no effect of the obstacle 
on kinematic parameters of the digits when the movement 
started from the same height as the top surface of the obsta-
cle. The absence of these effects of the manipulable obsta-
cle when starting only 3 cm higher shows that it is the verti-
cal distance from the starting position rather than whether 
the object is manipulable that is critical in influencing the 
vertical curvature of the digits’ paths. When one considers 
that the table surface was 1 cm below the starting position 
in our previous study (Verheij et al. 2013), only considering 
obstacles above the starting position would explain the lack 
of effect of the table on the height of the digits in that study.

Our results are in line with the findings of Menger et al. 
(2012), who found that even if one keeps the visual layout 

of the workspace more or less constant, the effect of an 
obstacle depends on starting posture. Our results provide 
additional evidence for their conclusion that obstacles act 
as physical obstructions to movement, showing that this 
also holds when the changes in starting posture are mar-
ginal (Fig. 7).

One could argue that the lack of effect in our previous 
study can also be explained by people attaching a higher 
cost to colliding with obstacles placed to the side of a target 
object than to a table placed underneath the target object. 
One reason for doing so might be that obstacles placed at 
the side are fragile and the table is not (Tresilian 1998). 
However, most studies we referred to in the introduc-
tion to demonstrate that an obstacle placed at the side of 
the target object decreases the MGA used obstacles made 
of the non-fragile material wood (Jackson et al. 1995; 
Chapman et al. 2011; Mon-Williams et al. 2001; Tresilian 
et al. 2005; Tresilian 1998). Another reason for attaching 
a higher cost to colliding with obstacles placed to the side 
might be that there is a higher cost to hitting an obstacle 
if it can be knocked over, and such obstacles could be 
knocked over, whereas the table could not. However, Mon-
Williams et al. (2001) placed 2.5 cm diameter cylindrical 
obstacles to the side of a target object and found no dif-
ference between the decrease in MGA for obstacle heights 
of 10 cm (easy to knock over) and 5 cm (more difficult to 
knock over). Moreover, the obstacles that Chapman et al. 
(2011) placed to the side of their target object could not be 
knocked over, because they were controlled by the experi-
menter via handles, and they too led to a decrease in MGA. 
Yet, another reason for attaching a higher cost to colliding 
with obstacles placed to the side of a target object than to a 
table placed underneath the target object might be that peo-
ple tend to avoid collision with an object’s edges, because 
they might be sharp. However, this is in conflict with our 
finding in Experiment 2 that an obstacle with clear edges 
hardly influences the digit’s paths when its top surface is 
at the same height as the starting position. We see no other 
reason why colliding with obstacles placed to the side of a 
target object should have a higher cost than colliding with 
the table underneath the target object. Therefore, we think 
that the lack of effect in our previous study is not caused by 
the difference in the cost people attach to a collision.

In Experiment 1, we found a significant increase in MT 
when an obstacle was present. This is probably due to an 
increase in path length because we found no change in 
maximum speed. In the control experiment and Experiment 
2, we did not find an effect of the obstacle on maximum 
speed either. In all three experiments, the strategy of avoid-
ing obstacles by moving around them is apparently pre-
ferred over the strategy of moving slower.

In all experiments, we found a significant effect of obsta-
cle on maximum digit height, but not on MGA. Increasing 
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the height in these experiments is an effective way to 
increase the distance between the digits and the obstacle 
and thus to avoid colliding with the obstacle. In contrast, 
altering the MGA is not an effective way to increase the 
distance between the digits and the obstacle in these experi-
ments. Therefore, the effect on maximum digit height but 
not on MGA indicates that changes in grasping kinematics 
to avoid obstacles are specifically tuned to the geometry of 
the task.

We found that the effect of an obstacle on maximum 
digit height does not depend on the size of the top surface 
of the obstacle. This is inconsistent with one of the assump-
tions implemented in the grasping model of Verheij et al. 
(2012). The information acquired from our experiments 
could be used to revise this incorrect assumption related to 
obstacle avoidance in order to improve the model.

In sum, we found that changes in grasping kinematics to 
avoid obstacles are specifically tuned to the geometry of the 
task. When the starting position is as high as the top surface 
of an obstacle, and the local constraints at the start make 
the digit’s paths curve upward, the obstacle does not affect 
the maximum height of the digits. This can explain why a 
table does not influence the height of the digit’s paths when 
both the starting position and the target object are located 
on it.
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