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Abstract Peak grip aperture has often been used to
quantify the inXuence of illusions on judgments of size
for action. However, a larger peak grip aperture need
not mean that the object looks larger. It could also
mean that it was grasped more carefully. These two
possibilities can be distinguished on the basis of the
velocity of grip closure just before contact. We let
people grasp a bar that was placed on the shaft of a
Müller–Lyer Wgure. The Müller–Lyer Wgure inXuenced
the peak grip aperture. It did not inXuence the velocity
of grip closure in the way that one would expect if size
were misperceived. Thus there is no reason to assume
that the perceived size guides the way that we reach
and grasp an object.

Introduction

There is a long debate in the literature about the func-
tions of the two streams of visual information process-
ing (e.g. Trevarthen 1968; Mishkin et al. 1983; Goodale
and Milner 1992; Glover 2004). Within this debate the
emphasis has gradually shifted from a distinction
between ambient and focal vision via one between
vision for recognition and localisation to one between

visual processing for perception and for action. Within
tests of the latter distinction, the dominant paradigms
have gradually changed from experiments comparing
the processing of position and motion for perception
and goal-directed arm movements (Bridgeman et al.
1979; Smeets and Brenner 1995) to experiments com-
paring the processing of size for perception and grasp-
ing (Aglioti et al. 1995; Franz et al. 2001).

The original Wnding that illusions aVect perception
much more than they do peak grip aperture (Aglioti
et al. 1995) has been reproduced several times (though
not in all attempts; for a review see Carey 2001), but
the controversy about the interpretation of the results
has not been resolved (Franz 2001; Smeets et al. 2002).
The main argument against interpreting the original
Wnding as evidence for a dissociation between percep-
tion and action is that not Wnding the inXuence on peak
grip aperture that one expects on the basis of the per-
ceived size could just mean that the task that was used
to determine the perceived size was inadequate (Vish-
ton et al. 1999; Franz 2003). With a slightly modiWed
perceptual task, illusions can inXuence the estimated
size to the same extent as they do the peak grip
aperture (Pavani et al. 1999; Franz 2001; Franz et al.
2001). However, this argument can also be reversed: by
looking for tasks that give comparable results one may
be equating unrelated eVects.

It is evident that size is not the only factor that inXu-
ences the peak grip aperture. If the grasping movement
needs to be more precise, peak grip aperture will be
larger and will occur earlier in the movement (Smeets
and Brenner 1999). Obstacles near the target object
can lead to a decrease in peak grip aperture (Mon-Wil-
liams et al. 2001). Figures that give rise to size illusions
can also have eVects on grasping that are not caused by
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the misjudged size but by other aspects of the Wgures
(de Grave et al. 2005). Thus an illusion that leads to a
larger grip aperture might do so through its inXuence
on the perceived size (illusory size hypothesis), but it
could also do so because parts of the illusion are
regarded as obstacles (HaVenden et al. 2001) or
because the movement is judged to require more accu-
racy (illusory accuracy hypothesis). Conversely,
misperceiving the size need not aVect grasping at all,
because human grasping may not rely on judgements
of size (Brenner and Smeets 1996; Smeets and Brenner
1999) or may rely on separate processing of size infor-
mation that is not susceptible to illusions (Aglioti et al.
1995; HaVenden and Goodale 1998).

Since we cannot distinguish between eVects on peak
grip aperture that are caused by illusory changes in
judged size and ones caused by other changes (such as
changes in judgments of the required accuracy) by only
looking at illusions’ eVects on peak grip aperture, we
must also look at other measures. For instance, we
could look at the movement time. Illusions change the
apparent size of an object, without changing its physical
size. If the positions at which the digits are expected to
contact the object do not match the physical size (illu-
sory size hypothesis), contact will be made at an unex-
pected moment. If the object is perceived to be smaller
than it really is, the Wngers will hit the object earlier
than expected, so the movement time is unexpectedly
decreased. The relative timing of the peak grip aperture
will therefore be late. Conversely, if the object is per-
ceived to be larger than it really is, the Wngers will have
to close further than planned to reach the object. The
movement time will increase and the relative timing of
the peak grip aperture will therefore be earlier.

Unfortunately, Wnding the above-mentioned rela-
tionships between the inXuence of the illusion on peak
grip aperture, movement time and timing of peak grip
aperture cannot conWrm that the eVects are caused by
misperceiving the size, because changing judgements
of the required accuracy predicts the same relation-
ships. If the grip is judged to require a higher accuracy
the movement is slower (longer movement time), and
the grip opens further and earlier (reviewed by Smeets
and Brenner 1999)

The two hypotheses do diVer in their predictions for
the Wnal velocity of grip closure. According to the illu-
sory size hypothesis, the velocity near contact will
strongly depend on the conWguration of the Wgure. For
an object that looks smaller than it is, the closure veloc-
ity will abruptly drop to zero at the unexpectedly early
contact with the object. For an object that looks larger
than it is, there will be a long low-velocity phase after
the expected moment of contact. The illusory size

hypothesis therefore predicts two very diVerent pat-
terns of Wnal grip closure. According to the illusory
accuracy hypothesis, the Wnal velocity will always grad-
ually decline towards zero at contact, but the speed of
the deceleration might depend on the conWguration (in
accordance with the changes in peak grip aperture and
movement time; we will quantify these predictions in
the Model predictions section of the Methods). Thus
the velocity of grip closure just before contact may
enable us to distinguish between the two hypotheses.

We let people grasp a bar that was superimposed on
the shaft of a Müller–Lyer Wgure. There were either
inward pointing or outward pointing Wns at each end of
the Wgure. The shaft in the Wns-out conWguration is per-
ceived to be longer than the shaft in the Wns-in conWgu-
ration. Thus, according to the illusory size hypothesis
one expects a larger peak grip aperture when grasping
the Wns-out conWguration. If the Wns inXuence judge-
ments of the required accuracy because they are
regarded as obstacles, only the Wns in the Wns-out con-
Wguration will have an eVect because they are close to
the digits’ path. So, also the illusory accuracy hypothe-
sis predicts a larger peak grip aperture for the Wns-out
conWguration than for the Wns-in conWguration. In both
cases, the Wns increase the size of the apparent contact
surface (relative to a no Wns situation), which might
reduce the judged accuracy. Several studies have
shown that the Müller–Lyer Wgure inXuences grasping
movements in accordance with both these hypotheses,
(Daprati and Gentilucci 1997; Otto-de Haart et al.
1999; Westwood et al. 2000a, 2001; Franz et al. 2001).

The eVect of the illusion on peak grip aperture is
known to be larger if the movements are made without
direct visual information (Westwood et al. 2000b;
Heath et al. 2005, 2006), but since removing visual
information forces subjects to abandon their normal
visuo-motor control strategies we decided to perform
the experiment under full vision. To prevent our sub-
jects from making stereotypical movements we let
them start their grasping movements at two diVerent
positions, and move towards bars of three diVerent
lengths. We chose starting positions in front of and to
the right side of the Wgure, so that the arm would not
occlude the Wgure during the movement (our subjects
were all right handed).

Methods

Subjects

Twelve subjects volunteered to take part in the study
after being informed about what they would be
123



Exp Brain Res (2007) 176:497–503 499
required to do. They were all right handed. This study
is part of an ongoing research program that has been
approved by the local ethics committee.

Set-up

Subjects had to grasp bars (60, 65 or 70 mm long, 5 mm
wide, 3 mm high) that were placed on a projection
screen. The bars were placed in such a way that their
height was hardly noticeable (near-orthogonal view-
ing), but the subjects could clearly see that the bars
were real objects. Stimuli were projected from below
the screen. The resolution of the projected image was
1,024 £ 768 pixels; with 1 pixel corresponding with
about 0.4 mm. IREDs were taped to the nails of the
subject’s right index Wnger and thumb. Positions of
these IREDs were measured with a frequency of
250 Hz with an Optotrak 3020 motion recording sys-
tem (resolution 0.01 mm).

Stimulus

The projected stimulus consisted of a white back-
ground with a black Müller–Lyer Wgure and a black dot
indicating the starting position (Fig. 1a). The vertical
shaft of the projected image exactly matched the size of
the real bar. The length of the Wns was 19.5 mm. The
angles between the Wns and the shaft were 30° or 150°.
This resulted in two conWgurations of the Müller–Lyer
illusion: the Wns-in and the Wns-out conWguration. The
black dot indicating the starting position had a diame-
ter of 5 mm and could either appear 15 mm beneath
the proximal end of the shaft or to the right of the cen-
tre of the Müller–Lyer Wgure. In the latter case, the dis-
tance between the centre of the Müller–Lyer Wgure and
the starting position was equal to the length of the shaft
of the Müller–Lyer Wgure.

Procedure

Subjects stood in front of the screen, with their mid-
line aligned with the midline of the screen (Fig. 1b).
Before each trial, the starting position was projected
onto the screen. Subjects put their right hand at the
starting point with the tip of their index Wnger and
thumb touching each other. Then subjects closed
their eyes, after which the stimulus was projected and
the experimenter placed the bar exactly on the shaft
of the projected Müller–Lyer Wgure. The experi-
menter then gave a verbal signal, following which the
subject opened his or her eyes, grasped the bar, and
placed it at the bottom of the screen. This procedure
was repeated for every trial. The experiment con-

sisted of 12 conditions (3 bar lengths, 2 conWgura-
tions and 2 starting positions) that were each
repeated 10 times, resulting in 120 trials per subject,
in random order.

Data analysis

Grip aperture was deWned as the distance between
index Wnger and thumb. Velocities were computed
from a local Wt to seven position samples of the IREDs
for each frame (for the exact method see Biegstraaten
et al. 2003). Because of the rather small movement
amplitude of the thumb when the starting position was
below the Wgure, the beginning and end of the grasping
movement were deWned on the basis of the tangential
velocity of the index Wnger. The onset of the movement
was deWned as the last frame before peak velocity in
which the velocity was smaller than that on the preced-
ing frame. The oVset was deWned as the Wrst frame after
peak velocity in which the velocity was smaller than
that on the following frame (for a discussion about
determining movement onsets and oVsets also see
Biegstraaten et al. 2003). The movement time was cal-
culated as the time between onset and oVset of the
movement.

Fig. 1 a Stimuli used in the experiment. The upper panel shows
the Wns-in conWguration of the Müller–Lyer illusion (the shaft
looks smaller); the lower panel shows the Wns-out conWguration
(the shaft looks larger). The dots represent the starting positions
of the hand, either at the bottom of the Müller–Lyer Wgure (open)
or at the right side of the Wgure (Wlled). b Subjects stood behind a
big, slanted screen onto which the stimuli were projected from be-
low. Positions of the index Wnger and thumb were measured by an
Optotrak system

A B
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Statistics

Statistical tests were conducted across subjects. Data
were analysed with repeated measures ANOVA’s with
the factors bar length (60, 65, 70 mm), conWguration
(inward pointing Wns, outward pointing Wns) and starting
position (below, right). Dependent variables were: peak
grip aperture, movement time and percentage time to
peak grip aperture. Values are presented as the
mean § standard errors between subjects. A signiWcance
level of � = 0.05 was used for all statistical analyses.

Model predictions

In order to get a more quantitative idea about the
diVerences between the predictions of the illusory size
hypothesis and of the illusory accuracy hypothesis, we
modelled the inXuence of the stimulus on smooth
grasping movements following each of these hypothe-
ses with the digit model of Smeets and Brenner (1999).
This model generates trajectories for the digits’
movements towards the bar for given initial and Wnal
positions, movement time and approach parameter (ap
the parameter that captures the required accuracy).
The two hypotheses diVer in the way in which the
model achieves changes in the maximum grip aperture;
for the illusory size hypothesis they are achieved by
changing the anticipated Wnal position, whereas for the
illusory accuracy hypothesis they are achieved by
changing the approach parameter. Values for some of
the parameters were based on the experimental results
that we will present in the next section.

We used a 65 mm bar and a movement time of
715 ms (the observed overall average movement time).
We chose the value for ap that would give us about the
same peak grip aperture as was observed. The average
observed peak distance between the markers was
95 mm. This corresponds to a peak grip aperture of
about 80 mm due to the fact that the markers are
attached to the nails rather than the tips of the digits.
This peak grip aperture is obtained for ap = 0.82 m. We
used this simulated movement as our baseline for mod-
elling the eVect of the illusion as predicted by the two
hypotheses. The illusion is modelled as a change in bar-
length for the illusory size hypothesis, and as a change
in approach parameter for the illusory accuracy
hypothesis. In the rest of the section we explain the fur-
ther choices that we made.

According to the illusory size hypothesis, the inXu-
ence of the Wns-in conWguration is a result of the bar
being perceived to be smaller than it physically is. The
expected diVerence in peak grip aperture between the
two conWgurations is about 3 mm (Daprati and

Gentilucci 1997; Otto-de Haart et al. 1999; Westwood
et al. 2000a, b, 2001). Westwood et al. (2000a) showed
that the peak grip aperture in a neutral conWguration
(crosses instead of Wns) is more or less in between that in
the other two conWgurations. Therefore, we assume that
each conWguration has an eVect of 1.5 mm. We modelled
this by simulating a movement towards a 2-mm smaller
target bar with the same ap and (planned) movement
time as in the baseline. We chose 2 mm because move-
ments towards a 2-mm smaller target are expected to
have an approximately 1.5 mm smaller maximal grip
aperture (Smeets and Brenner 1999). We refer to the
value for the movement time as the planned movement
time because the movement is actually stopped by the
physical bar before this time (because the bar was larger
than anticipated). The moment at which this happens is
the moment at which the grip aperture of the simulated
movement reaches the size of the bar. At this moment
the closure velocity abruptly drops to zero. This is about
40 ms before the end of the planned movement, so if the
misperception is not noticed until the actual moment of
contact then this alone already predicts a very large
diVerence in movement time. The solid curve in the left
inset of Fig. 2a shows the velocity of simulated grip clo-
sure during the last 60 ms before contact. The Wngers hit
the bar just after the peak closure velocity.

For the Wns-out conWguration, the illusory size
hypothesis assumes that the bar is perceived to be
larger than it physically is. We modelled this by simu-
lating a movement towards a 2-mm larger target bar
with the same ap and (planned) movement time as in
the baseline. In this case the Wngers have not yet
reached the bar at the planned movement time
(because the bar is smaller than anticipated). The grip
must close further for the Wngers to reach the bar. It
seems reasonable to assume that the grip continues to
close at a more or less constant modest speed until the
digits make contact with the bar, but we cannot derive
the moment of contact from the model in the way that
we could for the Wns-in conWguration. The dashed
curve in the left inset of Fig.  2a shows what the Wnal
velocity of grip closure would be if the grip closes at the
(constant) speed that will prolong the movement time
by the same amount as it is shortened by colliding with
the object in the Wns-in condition. This is an arbitrarily
choice, but since we expect the velocity of grip closure
to decrease towards the end of the movement it is
unlikely that the movement time will change by less
than this (assuming that the illusion itself is symmetri-
cal with respect to a bar without any Wns). An even
larger increase in movement time would result in a
lower grip closure velocity. Subjects might rely to some
extent on contact with the object’s surfaces to help stop
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the digits, so that the intended movement does not end
with a velocity of zero. Subjects might also adjust the
movement on the basis of relative positions as the dig-
its come close to the bar. These strategies could
smoothen the movements and reduce the diVerences in
movement time, but a smaller maximal grip opening
(smaller anticipated size) will still be associated with a
higher velocity of Wnal grip closure.

According to the illusory accuracy hypothesis, the
Wns inXuence judgements of the required accuracy, and
thereby the movement time and the approach parame-
ter. The right inset of Fig. 2a shows what the Wnal
velocity of grip closure would be if the movement times
changed by the same 40 ms that we predicted for the
illusory size hypothesis, and the approach parameters
had the values that were needed to obtain a 1.5 mm
larger peak grip aperture for the Wns-out conWguration
and a 1.5 mm smaller peak aperture for the Wns-in con-
Wguration than in the baseline. The Wnal positions were

the same for both conWgurations. The model predicts
that just before contact the closing velocity of the
Wngers is slightly higher in the Wns-out conWguration.
This means that the increase in grip closure velocity in
the Wns-out conWguration as a result of the larger maxi-
mum grip aperture (i.e. larger value of ap) is stronger
than the decrease in grip closure velocity as a result of
the movement being slower.

Results

Figure 2a shows the average velocity of grip closure
around the moment that the bar is grasped (time zero
is movement oVset). There was a clear gradual
decrease in velocity before contact with the bar. After
contact with the bar, the grip continued to close at a
constant low rate, because the thumb reached the
object later than the index Wnger on some trials and
because the skin compresses a bit as the grip force
increases. This pattern was more or less the same for
the two conWgurations of the Müller–Lyer illusion. The
rate at which the grip closed on the bar appeared to be
faster just before contact when the bar looked larger
(Wns-out conWguration; dashed line), which is the oppo-
site of what the illusory size hypothesis predicts (see
inset), even if we smooth the predictions. This pattern
is consistent with the illusory accuracy hypothesis.

The fact that the Wnal velocity of grip closure was not
larger for the Wns-in conWguration cannot be explained
by the illusory Wgure itself being ineVective: the diVer-
ence in peak grip aperture between the Wns-out conWgu-
ration and the Wns-in conWguration was 3.6 mm
(P = 0.0017; Fig. 2b). This is even slightly larger than the
eVects found in previous studies using the Müller–Lyer
illusion (Daprati and Gentilucci 1997; Otto-de Haart
et al. 1999; Westwood et al. 2000a, b, 2001). Moreover,
as both hypotheses predicted, movement times were
longer for the Wns-out conWguration (726 § 23 ms) than
for the Wns-in conWguration (708 § 23 ms; P = 0.01;
Fig. 2c) and the relative timing of peak grip aperture was
earlier for the Wns-out conWguration than for the Wns-in
conWguration (67 § 0.7% and 68 § 0.7% of the MT,
respectively; P < 0.05; Fig. 2d). Both the starting posi-
tion and bar length obviously inXuenced the various
movement parameters, but there were no signiWcant
interactions with the conWguration.

Discussion

In no way did the inXuence of the illusion on the Wnal
velocity of grip closure resemble what one would

Fig. 2 a The average velocity of grip closure near movement oV-
set. Dashed lines represent movements towards the Wns-out con-
Wguration of the Müller–Lyer Wgure. Solid lines represent
movements towards the Wns-in conWguration. Each line is the
average over all subjects, bar lengths and starting positions. Time
is relative to movement oVset. The insets show the predictions for
the illusory size hypothesis (left panel) and the illusory accuracy
hypothesis (right panel). The hypotheses predict similar changes
in peak grip aperture and its timing (not shown), but they diVer in
their prediction for the velocity of the grip closure near contact.
b–d The average peak grip aperture, movement time and time to
peak grip aperture (as a proportion of the total movement time)
for the two conWgurations of the Müller–Lyer illusion
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expect for misjudging the object’s size (Fig. 2). The
illusion’s inXuence is consistent with the predictions
based on the assumption that the Wns change the
judged required precision. The observed inXuence of
the conWguration on the movement time was smaller
than we assumed in the model calculations. For the
illusory size hypothesis this could only be achieved if
the grip closure was faster than we predicted with the
digit model. If so, this would lead to more extreme
diVerences in the Wnal velocity proWles between the
conWgurations. However, we found peak velocity
slightly earlier (at 68%) than the model predicted
(72%), so the grip closure was slightly slower than pre-
dicted. So the small eVect on movement time argues
against the illusory size hypothesis. For the illusory
accuracy hypothesis, a smaller diVerence in movement
time increases the extent to which the predicted clo-
sure velocity is faster for the Wns out conWguration a
bit. So the fact that the diVerence in movement time
was smaller than we predicted does not change our
conclusion.

In our analysis, we did not consider the possibility
that the visual information that is used changes during
the movement. One might argue that our results are
compatible with the illusory size hypothesis, because
changes in the used information during the movement
could be responsible for the observed velocity pro-
Wles. For instance, subjects might gradually shift from
using information that is susceptible to illusions to
using information that is not (e.g. from object size to
feedback about the distance between the digits and
the object), as has been suggested by Glover (2004),
which could also explain why full visual information
reduces (rather than abolishing) the eVect of the illu-
sion on peak grip aperture. However, by modelling
some of the conditions that have been used as support
for a diminishing inXuence of illusions during actions,
we have shown that it is not necessary to assume that
the use of visual information changes during the
movement, because inXuences of the illusion on cer-
tain but not on other attributes of the target predict
that the eVects of the illusions will diminish during the
movement without any change in the information that
is used (Smeets et al. 2002, 2003). Direct experimen-
tal evidence also indicates that subjects do not neglect
context elements later in the movement. For instance,
the Xankers in the Ebbinghaus illusion have an eVect
on grip orientation at the moment of peak grip aper-
ture (de Grave et al. 2005). This eVect on grip orienta-
tion did not diminish at the end of the movement, but
even increased after the moment of peak grip aper-
ture, although subjects in this study had full visual
information.

The illusory precision hypothesis is consistent with
the results found for the Müller–Lyer illusion (this
study), and can also explain the eVects of the Ebbing-
haus illusion on grip aperture (Smeets et al. 2003). For
the Ponzo illusion, we are not aware of any reports of
the misperceived size inXuencing grip aperture (Bren-
ner and Smeets 1996; Jackson and Shaw 2000). The
converging lines in the Ponzo illusion are generally
further from the bars whose length they inXuence, and
the lines are less obstacle-like than the Wns of the
Müller–Lyer illusion and the surrounding disks in the
Ebbinghaus illusion, so their negligible eVect on grip
aperture is consistent with the illusory precision
hypothesis because there is little reason to expect a
change in the estimated required precision. That size
illusions do not only aVect grasping through their inXu-
ence on the perceived size is unfortunate because it
makes it more diYcult to use size illusions as a tool for
studying whether (and how) size judgments are used to
guide human grasping (de Grave et al. 2004).
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