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Object motor representation and reaching–grasping control
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Abstract

The following two competing hypotheses were tested in the present study. Is grasp guided by multiple representations of a single object,
each of which codes a different grasp motor act according to the physical properties of that item? Conversely, is grasp guided by a single
representation that codes all the possible affordances enabled by the object? Subjects reached different objects, but the object part used by
subjects to grasp them was identical. In experiments 1 and 2, two familiar objects (fruits) which varied for size and shape were presented.
Subjects grasped their stalks whose size and shape were equal. In experiments 3–7 the presented objects were geometrical solids, which
varied, respectively, for weight, volume, intrinsic height, centre of mass and shape. Nevertheless, in all experiments the object portion
where subjects’ fingers grasped it had the same physical features. Finally, experiment 8 was a control experiment in which subjects reached
and grasped equal handles of bells of the same shape, but different size. Volume, shape, and familiarity of the object influenced the
grasp kinematics, even if the features of the grasped object part did not change. Variation in intrinsic object height and weight influenced
final reach kinematics. Variation in centre of mass influenced neither grasp nor reach kinematics. Data are discussed in support of the
hypothesis that a single object motor representation, which codes all the object affordances, is involved in grasp kinematic implementation.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

When grasping an object, a particular type of grip has
to be selected. In addition, when hand approaches the tar-
get, the fingers are shaped (grip aperture phase) and, then
closed on the object (grip closure phase). Behavioural studies
[8,11–13] showed that intrinsic object properties influence
both the selection of the type of grip and the grasp kinematic
implementation. These properties are referred as to object
affordances, i.e. motor representations eliciting particular
types of interaction with the object. Object features can be
related to a single object affordance, and, consequently, to
a specific type of grip and grasp motor pattern. Conversely,
object features can be related to different affordances, hence
to different types of grip and grasp motor patterns. For ex-
ample, the wineglass shape and volume are usually related
to affordances eliciting grasping its goblet or its stem. Thus,
which visual analysis occurs when an object is about to be
grasped? A first hypothesis assumes that the visual analy-
sis extracts separately each affordance from the object. As
a consequence, it analyses the same object from different
motor points of view in order to code multiple and indepen-
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dent representations of the same object. If this hypothesis
is correct, when an object portion is selected in order to be
grasped, according to the agent’s intention, only the corre-
sponding affordance will activate a specific type of grip and
will affect the grasp implementation. A second hypothesis
assumes that the visual analysis extracts concurrently all the
affordances from the same object and codes a single motor
representation formed by all the types of interaction with
the object. If this hypothesis is correct, the activated type of
interaction with the object will be influenced also by object
affordances different from the congruent one.

The behavioural predictions arising from the two hypothe-
ses will be the following. If the first hypothesis is correct,
the kinematics of reaching–grasping a complex object will
be affected only by the affordance related to the opposition
space [2,3]. Opposition space is the space surrounding the
object portion, which the hand interacts with. It is charac-
terised by the axis along which the fingers and/or the hand
palm approach and touch the object. Should the second hy-
pothesis be correct, the reaching–grasping kinematics would
be affected also by other object affordances. The two hy-
potheses were tested in the present kinematic study. In all
experiments the opposition space of the reaching–grasping
the target–object did not change. However, the features, and
the corresponding affordances of the whole object changed.
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In addition, in some experiments familiar objects were pre-
sented. It was assumed that familiar objects automatically
elicit habitual type of interactions, which the agent inhibits
with difficulty. These potential interactions could influence
a different actual grasp. Results of the present study showed
that features of the whole object differentially affected the
kinematics of the reach and the grasp components.

2. Experiment 1

The target–objects of the present experiment were two
fruits (apple and strawberry). Subjects grasped their stalks,
which were of the same volume and shape. In contrast, the
two fruits differed for both volume and shape. These elicited
different affordances and, consequently, different types of
interaction. Familiar objects were chosen in order to elicit
the habitual types of grasp. If the actual grasp was different,
these were probably inhibited with difficulty by the agent.

2.1. Materials and methods

Six right-handed (according to the Edinburgh Inventory)
[16] subjects (four women and two men, age 22–24 years)

Fig. 1. The presented target–objects and the kinematic parameters analysed in experiment 1. Upper row: examples of arm velocity profiles and of grasp
time course during reaching–grasping the stalks of the apple (black circles) and of the strawberry (white circles). Middle row: mean kinematic parameters
of reach. APA: arm peak acceleration; APV: arm peak velocity; PDT: percentage of deceleration time; RT: reach (movement) time. Lower row: mean
kinematic parameters of grasp and the presented target–objects (the rightmost panel). PVFA: peak velocity of finger aperture; PTMFA: percentage of time
to maximal finger aperture; MFA: maximal finger aperture. White and black bars refer to reaching–grasping the stalks of the apple and of the strawberry,
respectively. Bar markers are S.E. Asterisks indicate statistical significance. Note that, for a better object presentation, the strawberry is shown with only
one supporting rod.

participated in the experiment to which they gave their in-
formed consent. They had normal or correct-to-normal vi-
sion, and were naive as to the purpose of the experiment.

In a dark and soundproof room subjects sat in front of a
black table. They placed their right thumb and index finger,
held in the pinch position, on a flat disk located on the table
plane (starting position, SP), 15 cm distant from its edge.
The presented objects were two plastic fruits: a green apple
and a red strawberry (the rightmost panel in the lower row
of Fig. 1). The diameters of the apple and the strawberry
were approximately 7.0 and 3.0 cm. The stalks of the two
fruits were green wooden rods of equal dimensions (diameter
0.5 cm, height 2.0 cm). The weights of the apple and the
strawberry were 42.0 and 5.0 g, respectively. One fruit was
placed on the plane of the table along the subject’s sagittal
axis. The lowest part of the fruits touched the plane and, in
addition, the strawberry had three thin rods in order to allow
a sure placement. The distance of the objects from SP along
the subject’s sagittal axis could be at random either 15 cm
(near position) or 30 cm (far position).

Subjects were required to reach and grasp the stalk of
the fruit with their right thumb and index finger and to lift
it. Objects were visible to the subject as soon as the room
was illuminated. Illumination was commanded by a PC and
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it was the signal for the movement to begin. Subjects were
required to move with the maximal velocity compatible with
the accuracy required by the task. The experimental session
consisted of 24 trials. Six trials for each of the two positions
and for each of the two fruits were run in pseudo-random
order.

Movements of arm and hand were recorded using the
three-dimensional optoelectronic ELITE system (B.T.S.
Milan, Italy). It consists of two TV cameras detecting
infrared reflecting markers at the sampling rate of 50 Hz.
Three-dimensional movement reconstruction and computa-
tion of the kinematic parameters are described in a previous
work [9].

In the present study four markers were used. The first
marker was placed on the styloid process of the radium at
the wrist; the second and the third markers were placed on
the base of the nail of the thumb and the index finger, re-
spectively. The fourth marker was placed on the plane of the
table along the subject’s sagittal axis, 5 cm from the chest,
in order to provide a reference point. The marker placed on
the subject’s wrist was used to analyse the reach component.
The following kinematic parameters were analysed: arm
peak acceleration (APA), arm peak velocity (APV), percent-
age of deceleration time with respect to reach time (PDT),
and reach (movement) time (RT). The grasp component
was studied by analysing the time course of the distance be-
tween the thumb and the index finger. The measured grasp
kinematic parameters were peak velocity of finger aperture
(PVFA), percentage of time to maximal finger aperture
with respect to grasp time (PTMFA), and maximal finger
aperture (MFA). The procedure to calculate beginning and
end of reaching–grasping is described in a previous work
[10].

The experimental design included two within-subjects
factors (fruit: apple versus strawberry; object position: near
versus far). Separate ANOVAs were carried out on mean
values of the analysed reaching–grasping parameters. The
Newman–Keuls post-hoc test (P < 0.05) was used.

2.2. Results

2.2.1. Reach component
The upper left panel of Fig. 1 shows examples of arm

velocity profiles during reaching the apple stalk and the
strawberry stalk. APA showed a trend to increase (F(1, 5) =
5.8, P = 0.06), and APV (F(1, 5) = 40.4, P < 0.001)
increased when reaching the apple stalk in the comparison
with reaching the strawberry stalk (Fig. 1, middle row). Cor-
respondingly, RT (F(1, 5) = 6.2, P = 0.05) decreased. The
statistical effects of target position on reaching–grasping are
shown in Table 1.

2.2.2. Grasp component
The upper right panel of Fig. 1 shows examples of the time

course of grasping the apple stalk and the strawberry stalk.
PVFA (F(1, 5) = 6.2, P = 0.05) and MFA (F(1, 5) =

6.8, P < 0.05) were greater when grasping the apple stalk
(Fig. 1, lower row).

2.3. Discussion

Although the opposition space of the two target–objects
(i.e. the stalks) was the same, the reaching–grasping kine-
matics changed. This finding supports the hypothesis that
affordances related to other object features influenced
reaching–grasping kinematics implementation. It is known
that hand shaping is enlarged, and reach is fastened when
reaching and grasping larger objects [8,12]. The same re-
sults were found when the fruit was larger. Consequently, it
is possible that the volume (three-dimensional size) of the
whole object influenced reaching–grasping. This hypothe-
sis was verified in experiment 4 in which subjects reached
and grasped equal rods fixed to the top of two spheres of
different volume.

However, two further alternative hypotheses can account
for the results of experiment 1. First, the two stalks were
differently high with respect to SP (Fig. 1). It is known that
reach and grasp are influenced by target position [8,12,13].
The hypothesis that height, and consequently, the position
of the object opposition space with respect to SP (extrinsic
height) influenced reaching–grasping, was verified in exper-
iment 2 in which the stalks of the two fruits were equally
high. Second, the two fruits had a different weight. The
weight could influence reaching–grasping since accuracy re-
quirement during approaching the target can vary, due to the
different grip force requested to hold the object to be lifted.
This hypothesis was tested in experiment 3, in which sub-
jects reached and grasped two spheres of the same volume,
but different weight.

3. Experiment 2

It was verified whether in experiment 1 the height
(position) of the opposition space with respect to SP (ob-
ject extrinsic height) affected the kinematics of reaching–
grasping. In experiment 1 the position (height) of both
the object opposition space and the object centre of mass
(COM) with respect to SP differed (Fig. 1). In experiment
2, the position of the object opposition space did not differ,
whereas that of the object COM differed. As in experiment
1, familiar objects (i.e. fruits) were presented.

3.1. Materials and methods

A new sample of six right-handed (according to the Ed-
inburgh Inventory) [16] subjects (four women and two men,
age 21–25 years) participated in the experiment to which
they gave their informed consent. They had normal or
correct-to-normal vision, and were naive as to the purpose
of the experiment.
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Fig. 2. The kinematic parameters analysed in experiment 2. Conventions as in Fig. 1.

Apparatus and target–objects were the same as in exper-
iment 1. One of the two fruits could be randomly placed at
two positions whose distances from SP along the subject’s
sagittal axis were the same as in experiment 1. However, the
strawberry was located on a 4 cm high support-plane placed
on the plane of the table in order to equalise the height of
the two fruit stalks with respect to SP.

Procedure, data recording and analyses were the same as
in experiment 1.

3.2. Results

3.2.1. Reach component
Examples of arm velocity profiles during reaching the ap-

ple stalk and the strawberry stalk are shown in the upper left
panel of Fig. 2. Note no fruit effect on peak velocity. Per-
centage of deceleration time (F(1, 5) = 6.1,P = 0.05), and
RT (F(1, 5) = 17.9, P < 0.01) decreased when reaching
the apple stalk with respect to the strawberry stalk (Fig. 2,
middle row). Table 1 shows the effects of target position on
reach parameters.

3.2.2. Grasp component
Examples of the time course of grasping the apple stalk

and the strawberry stalk are shown in the upper right panel
of Fig. 2. PVFA (F(1, 5) = 10.3, P < 0.05) and MFA
(F(1, 5) = 16.5, P < 0.01) were greater when grasping

the apple stalk with respect to the strawberry stalk (Fig. 2,
lower row). PVFA decreased when grasping the far targets
(Table 1).

3.3. Discussion

The comparison between the results of experiments 1 and
2 suggests that in experiment 1 the different height of the two
stalks with respect to SP affected initial reach kinematics. It
is known that target position affects initial reach kinematics
[8,13]. Initial reach kinematics varied when the positions of
the object opposition space with respect to SP (i.e. stalks)
were different (experiment 1), whereas it did not vary for
equal positions of the object opposition space (experiment
2). In contrast, initial reach kinematics was not affected
by varying position of the object COM with respect to SP
(experiment 2). Summing up, position of the opposition
space, but not that of the object COM, affects initial reach
kinematics.

4. Experiment 3

Did the weight of the target–objects affect the reach and/or
the grasp kinematics in experiment 1? This possibility was
verified in the present experiment in which subjects reached
and grasped the rods fixed on the top of two spheres of the
same volume, but different weight.
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Fig. 3. The presented target–objects and the kinematic parameters analysed in experiment 3. Black and white symbols refer to reaching–grasping the
rods of the heavy and the light sphere, respectively. Other conventions as in Fig. 1.

4.1. Materials and methods

A new sample of six right-handed (according to the Ed-
inburgh Inventory) [16] subjects (four women and two men,
age 20–24 years) participated in the experiment to which
they gave their informed consent. They had normal or
correct-to-normal vision, and were naive as to the purpose
of the experiment.

Apparatus was the same as in experiment 1. Subjects
reached and grasped the rods fixed on the top of two spheres
of identical volume (the rightmost panel in the lower row
of Fig. 3). The volume was approximately that of the straw-
berry (sphere diameter= 3.0 cm). The rods were the same
stalks used in experiments 1 and 2. The weights of the two
spheres were those of the apple (42 g) and of the strawberry
(5 g) grasped in experiments 1 and 2. The heavy sphere
was coloured in green (like the apple), whereas the light
sphere was red (like the strawberry). One of the two spheres
could be randomly placed at the same positions used in
experiment 1.

Procedure was the same as in experiments 1 and 2. How-
ever, before the experimental session subjects performed a
training session constituted by 20 trials in which they ran-
domly grasped the heavy and the light sphere. The experi-
mental session started only when subjects reported that the
green sphere was heavier than the red one. Data recording
and analyses were the same as in experiments 1 and 2. In
the ANOVAs the within-subjects factors were object weight
(heavy versus light) and object position (near versus far).

4.2. Results

4.2.1. Reach component
The upper left panel of Fig. 3 shows examples of arm

velocity profiles during reaching the rods of the heavy and
the light sphere. Note no weight effect on peak velocity.
Percentage of deceleration time showed a trend to increase
(F(1, 5) = 5.2, P = 0.06), and movement time (F(1, 5) =
6.0, P = 0.05) increased when reaching the rod of the
heavy sphere (Fig. 3, middle row). Reach parameters were
significantly affected by object position (Table 1).

4.2.2. Grasp component
The upper right panel of Fig. 3 shows examples of the time

course of grasping the rods of the heavy and the light sphere.
Object weight did not significantly affect grasp kinematics.

4.3. Discussion

Target weight did not influence the grasp kinematics. This
datum indicates that modification in grasp kinematics ob-
served in experiments 1 and 2 did not depend on fruit weight.

Final reach lengthened when reaching the heavier sphere.
In experiment 2, the final reach significantly lengthened
when reaching the strawberry. Also in experiment 1 it length-
ened even if this was not significant probably because of an
opposite effect due to the lower extrinsic height (i.e. nearer
position) of the strawberry with respect to SP. Strawberry
was lighter than the apple. The comparison of the results of
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the present experiment with those of experiments 1 and 2 in-
dicates that the variation in the final reach observed in exper-
iments 1 and 2 were not due to target–object weight. In the
present experiment lengthening of the final reach directed to
the heavier sphere could be consequent to the fact that the
variation in weight corresponded to no variation in size. This
could induce uncertainty in exactly evaluating target weight
before holding it, even if subjects were aware that the green
object was heavier than the red one. This could increase ac-
curacy requirement and slow down final reach, especially
for the heavier object. In fact, the object had to be firmly
held when it was lifted. This possibility is supported by the
finding that the lack of congruence between size and weight
induces the well known size–weight illusion [4]. It can ex-
plain also the reason why in experiments 1 and 2 in which
there was congruence between size and weight, the heav-
ier fruit did not cause an increase in accuracy requirement.
In addition, it is possible that in experiments 1 and 2 other
factors masked an object weight effect (see experiment 5).

5. Experiment 4

It is known that hand shaping enlarges when grasping
larger objects and final reach lengthens when reaching to
grasp smaller objects [8,13]. Consequently, it is possible that
in experiments 1 and 2 the volume of the two fruits affected
the control of reaching–grasping their stalks. In other words,
subjects might automatically activate a reaching–grasping

Fig. 4. The presented target–objects and the kinematic parameters analysed in experiment 4. Black and white symbols refer to reaching–grasping the
rods of the great and the small sphere, respectively. Other conventions as in Fig. 1.

program directed to the fruit, which influenced the control
of reaching–grasping the stalk. The possibility of a volume
effect was tested by requiring subjects to reach and grasp
two equal rods fixed on the top of two spheres of different
volume.

5.1. Materials and methods

A new sample of twelve right-handed (according to the
Edinburgh Inventory) [16] subjects (seven women and five
men, age 19–23 years) participated in the experiment to
which they gave their informed consent. A larger sample
than that employed in the previous experiments was tested
in order to increase the power level of the statistical analyses
(see Section 5.2). Subjects had normal or correct-to-normal
vision, and were naive as to the purpose of the experiment.

Apparatus was the same as in experiment 2. Subjects
reached and grasped the green rod fixed on the top of two
plastic spheres of different volume (the rightmost panel in
the lower row of Fig. 4). The volumes were approximately
those of the apple (sphere diameter= 7.0 cm) and of the
strawberry (sphere diameter= 3.0 cm). Weight and colour
of the spheres were the same as those of the corresponding
fruits. The green rods were of the same dimensions as those
used in experiments 1–3. One of the two spheres could be
randomly placed at the same positions as in experiment 2.

Procedure, data recording and analyses were the same as
in experiments 1 and 2. In the ANOVAs the within-subjects
factors were object volume (small versus great) and object
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position (near versus far). In addition, values of the grasp
parameters were compared with those collected in experi-
ment 2. In the new ANOVAs the between-subjects factor was
object (fruit versus sphere) and the within-subjects factors
were object volume (small versus great) and object position
(near versus far).

5.2. Results

5.2.1. Reach component
The upper left panel of Fig. 4 shows examples of arm

velocity profiles during reaching the rods of the great and
the small sphere. RT (F(1, 11) = 6.4, P < 0.05) increased
when reaching the small sphere (Fig. 4, middle row). Note in
Fig. 4 a not significant increase in percentage of deceleration
time when reaching the small sphere. The statistical effects
of object position on reach parameters are shown in Table 1.

5.2.2. Grasp component
The upper right panel of Fig. 4 shows examples of the time

course of grasping the rods of the great and the small sphere.
PVFA (F(1, 11) = 4.4, P = 0.06) and MFA (F(1, 11) =
4.0, P = 0.07) increased when grasping the rod of the great
sphere. However, only a trend to statistical significance was
observed, even if the sample of subjects was larger than that
tested in the previous experiments. The comparison of data
with those collected in experiment 2 showed a trend to signif-
icance for the interaction between object and object volume
(PVFA, F(1, 16) = 3.3, P = 0.08, MFA, F(1, 16) = 3.8,
P = 0.07). The factor object volume was significant (PVFA,
F(1, 16) = 16.1,P < 0.001, small object 248.6 mm/s, great
object 275.4 mm/s, MFA,F(1, 16) = 12.7, P < 0.005,
small object 36.2 mm, great object 38.5 mm).

5.3. Discussion

The volumes of the two spheres influenced the grasp and
the final reach similarly to the fruits presented in experiment
2. However, the volume effect on grasp was less evident
than the fruit effect. In fact, even if statistical power level
was increased, only a trend to significance was observed
in the ANOVAs performed on the grasp parameters. In ad-
dition, a trend to a greater volume effect for the fruit was
found in the comparison with data of experiment 2. These re-
sults suggest that additional factors could be involved along
with object volume in the kinematic modification observed
in experiment 2. They could be the following: the first fac-
tor is intrinsic height of the fruit. Although stalk heights
were equal, height of the fruit (intrinsic height) was differ-
ent. It is possible that intrinsic target height is computed
when implementing reaching–grasping. This possibility was
tested in experiment 5. The second factor is the centre of
mass (COM). Goodale et al. [11] observed that when an ob-
ject is grasped the final finger position is influenced by its
COM. Indeed, they found that the line joining thumb and
index finger at the end of a precision grip usually crossed

the COM. In experiments 1, 2, and 4, the final finger posi-
tion was nearer to the COM when the object was smaller.
It is possible that the relative position between final finger
position and object COM influenced grasp. This possibil-
ity was tested in experiment 6. The third factor is target
shape. Although similar, the shapes of the two fruits could
automatically activate different reach and grasp programs,
which interfered with reaching–grasping the stalks of equal
volume and shape. This possibility was tested in experiment
7. The fourth factor is object familiarity. Since the fruits,
but not their stalks, are usually grasped, their presentation
could automatically activate the usual reach and grasp pro-
gram, which influenced reaching–grasping the stalks. This
possibility was tested in experiment 8.

6. Experiment 5

The possible influence of object intrinsic height on
reaching–grasping movements was tested. Objects to be
reached were two rods of different height. Their upper part
whose contact surface was equal was grasped. The variation
in volume of the two target–objects was minimal.

6.1. Materials and methods

A new sample of six right-handed (according to the Edin-
burgh Inventory) [16] subjects (three women and three men,
age 21–25 years) participated in the experiment to which
they gave their informed consent. Subjects had normal or
correct-to-normal vision, and were naive as to the purpose
of the experiment.

Apparatus was the same as in experiment 2. The green
upper part of two wooden rods was reached and grasped
(dark part of the rods in Fig. 5, the rightmost panel in the
lower row). The area of the rod section and the length of
the green upper part were the same as those of the stalks
grasped in experiments 1 and 2. The white lower parts (light
part of the rods in Fig. 5) were as high as the apple and
the strawberry, respectively. The weights of the high and
low rods were 3.2 and 2.6 g, respectively. The support bases
of the two rods had equal dimensions (3.0 cm× 3.0 cm×
0.1 cm). One of the two rods could be randomly placed at
the same positions used in experiment 2.

Procedure, data recording and analyses were the same as
in experiments 1 and 2. In the ANOVAs the within-subjects
factors were intrinsic target height (small versus great) and
object position (near versus far).

6.2. Results

6.2.1. Reach component
The upper left panel of Fig. 5 shows examples of arm

velocity profiles during reaching the low and the high rod.
APV (F(1, 5) = 9.7, P < 0.05), PDT (F(1, 5) = 38.8,
P < 0.005), and RT (F(1, 5) = 5.8,P = 0.06) were greater
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Fig. 5. The presented target–objects and the kinematic parameters analysed in experiment 5. Black and white symbols refer to reaching–grasping the
high and the low rod, respectively. Other conventions as in Fig. 1.

when reaching the low rod (Fig. 5, middle row). The effect
of rod height on PDT was more evident for the far object
(interaction between intrinsic target height and object posi-
tion, F(1, 5) = 8.4,P < 0.05). Object position significantly
affected reach parameters (Table 1).

6.2.2. Grasp component
The upper right panel of Fig. 5 shows examples of the

time course of grasping the low and the high rod. In-
trinsic target height affected no parameter (Fig. 5, lower
row).

6.3. Discussion

Although intrinsic target height is an intrinsic object prop-
erty, it appeared to affect reach, but not grasp. The high rod
probably increased difficulty in precisely localising its upper
part during initial reaching. This can explain the decrease in
APV. This effect was not observed in experiments 1, 2, and 4
probably because the lower object part was larger and it was
a more reliable reference in order to localise precisely the
end point of fingers. The low rod could induce an increase
in accuracy requirement during final reach. This could be
due to the necessity of the agent’s hand to avoid the contact
with the table plane. This can explain the increase in reach
deceleration time. Summing up, the results concerning the
final reach found in experiments 1, 2, 4 were probably due
to intrinsic target height.

The difference in volume of the two objects did not in-
fluence grasp. In fact, the sizes of the sides by which the
rod lower parts could be grasped were equal. They prob-
ably elicited an equal affordance in both the objects. In
experiments 1, 2, and 4 the sizes of the graspable sides of
the object lower parts varied, and, probably, different object
affordances were elicited.

7. Experiment 6

The aim of the experiment was to determine whether
in experiments 1 and 2 the different position of the COM
(centre of mass) of the fruits with respect to the opposi-
tion space was responsible for the modifications observed
in the reaching–grasping kinematics. Subjects reached and
grasped the upper part of two objects of the same volume
and intrinsic height. The positions of the object COMs with
respect to the opposition space were different.

7.1. Methods

A new sample of six right-handed (according to the Edin-
burgh Inventory) [16] subjects (three women and three men,
age 23–27 years) participated in the experiment to which
they gave their informed consent. Subjects had normal or
correct-to-normal vision, and were naive as to the purpose
of the experiment.
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Fig. 6. The presented target–objects and the kinematic parameters analysed in experiment 6. Black and white symbols refer to reaching–grasping the
object with high and low COM, respectively. Other conventions as in Fig. 1.

Apparatus was the same as in experiment 2. The green
upper part of two wooden rods was reached and grasped
(dark part of the rods in Fig. 6, the rightmost panel in the
lower row). The area of the rod section and the length of
the green upper part were the same as those of the stalks
grasped in experiments 1 and 2. The white lower parts (light
part of the rods in Fig. 6, the rightmost panel in the lower
row) were as high as the apple and passed through the cen-
tre of a red sphere (diameter= 4.0 cm). The sphere could
be positioned either on the high part (left object in Fig. 6,
the rightmost panel in the lower row) or in the low part
(right object in Fig. 6, the rightmost panel in the lower
row) of the white rod. The support bases of the two rods
had equal dimensions (3.0 cm× 3.0 cm× 0.1 cm). Conse-
quently, the two objects were of the same volume, and in-
trinsic height, but the COMs were differently located. That
of the right object shown in Fig. 6 (the rightmost panel in
the lower row) was higher than that of the left object. In
other words, the COM of the right object was nearer to the
grasped object part with respect to that of the left object, like
the COM of the strawberry was nearer to the grasped object
part with respect to that of the apple. One of the two ob-
jects could be randomly placed at the same positions used in
experiment 1.

Procedure, data recording and analyses were the same as
in experiments 1 and 2. In the ANOVAs the within-subjects
factors were COM position (low versus high) and object
position (near versus far).

7.2. Results

7.2.1. Reach component
The upper left panel of Fig. 6 shows examples of arm

velocity profiles during reaching the two objects. COM po-
sition affected no reach parameter (Fig. 6, middle row),
whereas object position significantly affected reach param-
eters (Table 1).

7.2.2. Grasp component
The upper right panel of Fig. 6 shows examples of the time

course of grasping the two objects. COM position affected
no parameter (Fig. 6, lower row).

7.3. Discussion

The COM position affected neither reach nor grasp pa-
rameters. Note that the distance between the COMs of the
two objects presented in the present experiment was greater
than that of the two fruits presented in experiments 1 and
2. Consequently, if the COM locations were responsible for
the kinematic modification observed in experiments 1 and 2,
the same modification should be observed also in the present
experiment. This did no occur.

By the comparison of the results of the present experiment
with those found by Goodale et al. [11] it can be suggested
that only the COM of the object part related to the opposition
space influences grasp.
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8. Experiment 7

The aim of the experiment was to determine whether in
experiments 1 and 2 the shape of the two fruits influenced
reaching–grasping. In general, the aim of the present exper-
iment was to dissociate the possible effects of object shape
on grasp from those of object volume. Subjects reached and
grasped the rods fixed on the top of two objects of the same
volume, but different shape. Shapes different from those of
the apple and the strawberry were chosen because shapes
equal to the two fruits could be automatically associated
to the corresponding familiar objects. Consequently, in this
case shape could not be dissociated from familiarity.

8.1. Materials and methods

A new sample of six right-handed (according to the Edin-
burgh Inventory) [16] subjects (three women and three men,
age 22–25 years) participated in the experiment to which
they gave their informed consent. Subjects had normal or
correct-to-normal vision, and were naive as to the purpose
of the experiment.

Apparatus was the same as in experiment 2. Subjects
reached and grasped the rod fixed on the top of a green
sphere and a red disk (Fig. 7, the rightmost panel in the
lower row). The major and the minor axes of the disk were
9.0 and 3.6 cm long, respectively. The sphere diameter was
6.5 cm long. The volume of the two objects was equal. Since
objects were made by the same material (plastic), also their

Fig. 7. The presented target–objects and the kinematic parameters analysed in experiment 7. Black and white symbols refer to reaching–grasping the
rods of the sphere and the disk, respectively. Other conventions as in Fig. 1.

weight did not differ. The rods were those used in experi-
ments 1–5. A flat circular surface (diameter= 2.9 cm) al-
lowed placement of the disk on the table plane, whereas the
heads of three thin rods arranged at the vertices of a triangle
(side= 1.5 cm) allowed placement of the sphere. One of the
two objects could be randomly placed at the same positions
as in experiment 2.

Procedure, data recording and analyses were the same as
in experiments 1 and 2. In the ANOVAs the within-subjects
factors were object shape (disk versus sphere) and object
position (near versus far).

8.2. Results

8.2.1. Reach component
The upper left panel of Fig. 7 shows examples of arm

velocity profiles during reaching the rods of the disk and of
the sphere. PDT showed a trend to increase (F(1, 5) = 5.8,
P = 0.06) when reaching the rod of the disk (Fig. 7, middle
row). Also RT increased, although not significantly. Target
position significantly affected reach parameters (Table 1).

8.2.2. Grasp component
The upper right panel of Fig. 7 shows examples of the

time course of grasping the rods of the disk and of the
sphere. Factor object shape affected PVFA (F(1, 5) = 48.8,
P < 0.001) and MFA (F(1, 5) = 112.6, P < 0.0001).
Hand shaping was larger when grasping the rod of the sphere
than the rod of the disk (Fig. 7, upper right panel and lower
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panels). Hand shaping was affected also by object position
(Table 1).

8.3. Discussion

Hand shaping was smaller when grasping the disk rod
with respect to the sphere rod. This result can be interpreted
in the following way. The sphere evoked only one affordance
related to the sphere diameter. This affordance influenced
grasping the upper placed rod. In contrast, the disk evoked
two affordances related to the lengths of the two disk axes.
The lengths of the major and minor axes were, respectively,
greater and less than the sphere diameter. Probably, grasp-
ing the disk by using the minor axis as opposition space was
automatically chosen, affecting the control of grasping the
rod. Indeed, such a grasp allows a larger contact surface at
the end of grasp and requires the use of the thumb and index
finger (precision grip) like grasping the upper rod. In con-
trast, the natural grasp of the disk by the major axis requires
the use of more than two fingers. Note that in experiment 6
the two objects had different shapes. Nevertheless, they did
not modify grasp kinematics. This result can be explained
by considering that the two objects, although different for
shape, afforded the same types of interactions.

It can be suggested that in experiments 1, 2, and 4 the
probability that the small object slipped and/or fell on the
table plane could be higher, if one finger inadvertently
knocked against the rod during the last phase of grasp. This
possibility could induce subjects to close more slowly their
fingers and to use smaller grip apertures. Results of the
present experiment and of experiments 3 and 5 disprove
this possibility. Smaller contact surface between object and
table plane and/or lighter objects increase the possibility
of slipping since friction force is lower. Smaller contact
surface when the two objects were of the same weight
(sphere in comparison with disk in the present experiment)
and smaller weight when the two objects had the same
contact surface (light in comparison with heavy sphere in
experiment 3) did not induce a decrease in hand shaping.
Higher ratio between object height and contact surface area
increases the possibility of falling when object weights do
not vary. Indeed, the threshold for a rotation movement due
to a force applied to the top of an object decreases. Higher
ratios in the present experiment (sphere in comparison with
disk) and in experiment 5 (high in comparison with low
rod; the weight of the two objects poorly varied) did not
induce a decrease in hand shaping.

9. Experiment 8

The results of experiments 4 and 7 suggest that the fruit
effects (experiments 1 and 2) observed on the grasp kine-
matics can be due to both volume and shape of the whole
object. However, also familiarity of the object could be re-
sponsible for the observed grasp kinematic modification. In

fact, the object volume was less effective than the fruit in
modifying grasp, even if the difference in volume of the two
fruits was the same as that tested in experiment 4. Moreover,
in experiment 7 the tested object shapes were very different,
whereas those of apple and strawberry were similar. Indeed,
both of them could be approximately associated to spherical
shapes. The hypothesis that object familiarity affects grasp
was again tested by presenting two familiar objects of the
same shape, but different volume. Alternatively, an experi-
mental paradigm might be chosen in which two objects of
the same shape and volume, but different familiarity were
presented. However, volume and shape are the main features
characterising a familiar object. Consequently, two objects
of the same shape and volume even if differing for other
features (i.e. material, colour, weight, texture), can be auto-
matically perceived as belonging to the same semantic cat-
egory, and, probably, activate the same type of interaction.

9.1. Materials and methods

A new sample of 12 right-handed (according to the Edin-
burgh Inventory) [16] subjects (seven women and five men,
age 21–26 years) participated in the experiment to which
they gave their informed consent. Subjects had normal or
correct-to-normal vision, and were naive as to the purpose
of the experiment.

Apparatus was the same as in experiment 2. Objects to
be reached and grasped were the handles of a great green
bell and of a small red bell (Fig. 8, the rightmost panel in
the lower row). The volumes of the two bells corresponded
approximately to those of the apple and the strawberry pre-
sented in experiments 1 and 2. The handle dimensions were
the same as those of the previously presented stalks. One of
the two bells could be randomly placed at the same positions
as in experiment 2.

Six subjects were required to reach and grasp the bell
handle and to lift it. The other six were required to reach
and grasp the bell and to ring it by shaking the handle.
Procedure, data recording and analyses were the same as in
experiments 1 and 2. In the ANOVAs the between-subjects
factor was action (grasp-and-lift versus grasp-and-ring) and
the within-subjects factors were bell volume (great versus
small) and bell position (near versus far).

9.2. Results

At the end of the experimental session each subject was
required to show how she or he would spontaneously grasp
the two bells. All subjects grasped the small bell by the
handle, and the great bell by the vessel.

9.2.1. Reach component
The upper left panel of Fig. 8 shows examples of arm ve-

locity profiles during reaching the handles of the small and
the great bell. PDT (F(1, 10) = 6.9, P < 0.02) and RT
(F(1, 10) = 69.3, P < 0.00001) increased when reaching
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Fig. 8. The presented target–objects and the kinematic parameters analysed in experiment 8. Black and white symbols refer to reaching–grasping the
handles of the great and the small bell, respectively. Other conventions as in Fig. 1.

the handle of the small bell (Fig. 8, middle row). Bell posi-
tion significantly affected APA, APV, and RT (Table 1).

9.2.2. Grasp component
The upper right panel of Fig. 8 shows examples of the time

course of grasping the handles of the small and great bell.
PVFA (F(1, 10) = 23.6,P < 0.0007) and MFA (F(1, 10) =
45.8, P < 0.00001) increased when grasping the handle of
the large bell (Fig. 8, lower row). MFA was affected also by
bell position (Table 1).Factor action was not significant in
all analyses.

9.3. Discussion

The following arguments are in favour of the hypothesis
that object familiarity affects grasp. The effects of bell vol-
ume on grasping their handle were the same as those of fruits
on grasping their stalks (experiments 1 and 2). The effects of
sphere volume on grasping the upper fixed rods (experiment
4) were lower than those of the fruits (experiments 1 and 2)
and the bells. The two fruits differed in volume and slightly
in shape, whereas the two bells differed only in volume.

The bell effect can be explained by postulating that vision
of the two bells could automatically afford two different
types of interaction, which influenced grasping the handle.
Indeed, subjects spontaneously grasped the small bell by
the handle and the large bell by the vessel. Grasping the
large bell by the vessel could be due to the fact that subjects

automatically estimated the rod too short with respect to the
vessel and not enough reliable for a stable pinch.

10. General discussion

The results of the present study show that object affor-
dances different from that related to the actual opposition
space [2,3] influenced the kinematics of reaching–grasping.
This finding may be interpreted as an interference effect sim-
ilar to that found when a target is presented simultaneously
with a distractor [5,6,7,20]. However, the following differ-
ences with respect to the other studies should be considered.
First, those studies found that movement frequently slowed
down in presence of a distractor, probably because of an in-
hibition of the motor program towards it, in agreement with
Tipper’s interpretation [20]. Slowing down was stronger for
higher distractor salience [6,7,20]. This was not observed in
the present study. In fact, movement did not slow down when
the whole object was larger, and, consequently more salient.
Second, in the present study the effects of the whole object
on grasp were highly consistent. In contrast, in the previous
experiments [6,7,20] they depended on extrinsic (position)
and intrinsic (lightness, colour) properties of the distractor
and on the experimental conditions (i.e. on the possibility
that the distractor could be either the actual movement target
or the target of a successive movement). More importantly,
if in the present study an interference effect similar to that
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observed during the simultaneous presentation of target and
distractor was present, the effect should be evident when the
interfering part of the object was nearer to the object por-
tion related to the finger opposition space. This condition
was present in experiment 6 in which the possibly interfer-
ing part of the object (the red sphere) was differently lo-
cated with respect to the object part related to the opposition
space. Nevertheless, no interference effect was observed on
reaching–grasping. Finally, the aim of the present study was
different from that of the other studies. The present study
aimed to determine whether the actual interaction with an
object is influenced by other potential types of interaction
with the same object, whereas the other studies aimed to de-
termine whether the interaction with an object is influenced
with the potential interaction with another object. In other
words, the present study aimed to determine whether, when
an object is visually presented, a single motor representation
of the whole target–object is coded. Conversely, the other
studies aimed to determine how a target–object is isolated
from environment (process of selection-for-action) [1].

The results of the present study might be interpreted as
determined by an attraction of attention towards the object
core which was meaningful to the viewer, i.e. the fruit which
could be eaten, and the bell vessel which could ring. How-
ever, the effect was found also when the object core was se-
mantically meaningless, that is when a sphere or a disk was
presented. In addition, the grasp modification was always
congruent with the type of interaction with the object core.
In brief, if attention played a role, this was strictly related
to the processes of visuo-motor transformation [6].

Intrinsic object properties of the whole target–object af-
fected reach and grasp even if in all experiments the proper-
ties of the object portion related to the opposition space did
not vary. Object volume (in particular the size of the gras-
pable side) and shape affected grasp. The influence of ob-
ject volume on grasp kinematics is well known (for a review
see [13]). Consequently, it is plausible that the affordances
related to the volume of the fruits (experiments 1 and 2),
spheres (experiment 4), and bells (experiment 8) interfered
with the affordance related to the rod. Till now, the influence
of object shape on grasp kinematics has been poorly studied
[11]. However, the presented object shapes (i.e. sphere and
disk) elicited stereotyped types of grasp. The results were
congruent with their possible influence on the control of the
actual grasp. In the present study enlarging hand shaping
was associated to presentation of a green object. However,
if colour played a role [7], enlarging hand shaping should
be observed for red objects.

Intrinsic height of the object affected the final reach, but
not the grasp. It is interesting to note that extrinsic height of
the opposition space, i.e. height with respect to the agent,
affected the initial reach. Although extrinsic height is likely
to affect the reach planning phase, whereas intrinsic object
height likely affected the control of reach execution, both
properties related to the location of the opposition space
affected reach, but not grasp. Both these results and those

concerning the effects of the whole object volume and shape
on grasp are in favour of the hypothesis that the “visuo-motor
channels” for the reach and grasp control are independent
[8,13].

The volume effect was stronger when grasping familiar
objects (fruit, bell) than spheres (geometrical solid). These
results can be explained as due to a greater subjects’ capa-
bility to separate visually the rod from the sphere rather than
the stalk from the fruit or the handle from the bell. In fact,
the latter stimuli are semantically single objects. At variance
with this explanation the shape effect was strong even if ge-
ometrical solids were presented. A complementary explana-
tion is that familiar objects automatically activate habitual
types of interactions, which very strongly influence grasp
implementation. It can be argued that, from a motor point of
view, familiar objects can be represented by the type/types
of interaction that we habitually have with them.

Neurophysiological studies showed that both AIP (ante-
rior part of intraparietal sulcus) [15,19] and F5 premotor
[14,17] areas of monkey are involved in the control of grasp
movements. The two areas are reciprocally connected [18].
The majority of AIP neurons are active during the entire
motor act of grasp (motor-dominant neurons). Many neu-
rons have visual responses (visual-dominant neurons). They
fire during target–object fixation, and some of them fire also
without a subsequent grasping act. Frequently, their dis-
charge is selective for target size and/or shape. Others require
other visual stimuli, such as the view of the moving hand.
Conversely, F5 neurons are active during specific phases of
grasp and are selective for a particular type of grip. Some of
them respond to visual stimuli. Three-dimensional objects
are effective in eliciting neuron discharge provided that their
sizes are congruent with the type of grip coded by the neu-
ron.

In agreement with these data it has been proposed a model
according to which area AIP sends visual signals of object
properties to area F5 for selecting the type of grip and the
pattern of hand movements, and area F5 sends back the refer-
ence copy of the selected motor command to area AIP [19].
This feedback loop plays a role in the control of movement
execution, i.e. in matching, during grasp, the pattern of hand-
grip with the features of the target–objects and, in particular,
with the corresponding affordance. However, usually more
affordances can be extracted from the same object. Does the
AIP-F5 circuit extract each affordance separately or a mo-
tor representation of the whole object is coded? Data of the
present study support the second hypothesis. The AIP-F5 cir-
cuit concurrently extracts all the possible affordances from
the object when it is presented. It is possible that this occurs
at level of single AIP neuron. However, I propose that, when
an object is presented, AIP neurons code separately each
object affordance. They send information on affordances to
F5 neurons involved in both selecting different types of grip
and implementing different grasp kinematics. The large dis-
tribution of affordance information to F5 neurons is due to
the possibility of choosing grasps even different from that
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congruent with the actual affordance. For example, large
objects are occasionally grasped with only the thumb and
index finger. In addition, the concurrent activation of dif-
ferent affordances and the large distribution of information
can have an adaptive function. In the case the grasp cannot
be completed, other interactions with the object can be ac-
tivated (e.g. in experiments 1 and 2 the apple rolls from the
table and needs to be fetched at its base). However, I assume
that the connection between neurons coding an affordance
and neurons coding the congruent type of grip and grasp
kinematics is stronger. Signals are sent back to AIP from F5
and again to F5 from AIP till grasp is accomplished. Conse-
quently, in some circumstances this reverberating circuit can
be strengthened until achieving activation of grasp patterns
different from the actual one.
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