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Abstract Nine years after proposing our ‘‘new view on grasping’’, we re-examine
the support for the approach that we proposed. This approach consisted of two
steps. The first step was to formulate three assumptions that made it possible to
model grasping in the same way as one would model movements of a single digit.
The second step was to implement an existing model for movements of a single
digit (minimum jerk model) in accordance with these assumptions. In both cases
we applied Occam’s razor: we used as few entities as possible to explain as many
phenomena as possible. Here we evaluate both steps in the light of recent experi-
mental results. We show that there is ample support for assuming that the move-
ment of the fingertip is controlled in the same way in a reach-to-grasp movement
as in other movements performed to interact with objects. The predictions based
on the implementation of the minimum jerk model were surprisingly good in
many situations, although they were clearly wrong in some other situations. Since
more complicated models do not perform better, we conclude that currently our
approach gives the best description of grasping.

Introduction

Pluralitas non est ponenda sine neccesitate are the famous words of the English
philosopher William of Ockham (ca. 1285–1349), which can be translated into
‘‘one should not increase, beyond what is necessary, the number of entities
required to explain anything’’. In this chapter, we will discuss how these words
relate to using models to understand motor control in general, and grasping in
particular.

There are two ways to look at motor control. The first one is that movements
are shaped by properties of the substrate. Some of these properties are biome-
chanical: bones are connected with each other by joints that allow only specific
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movements, muscles have limited forces, and the forces cannot change faster than
certain time constants allow. The fact that the brain is highly structured is also a
very relevant fact for this perspective and analysis. The brain is not a homo-
geneous general-purpose computer but is divided into substructures such as
cerebellum and basal ganglia. Each substructure has a well-defined architecture
that seems designed to perform specific operations. This leads to well-known
divisions of functions over different parts of the brain (for a recent review, see
Castiello, 2005). For instance, grasping has been shown to be mainly controlled
by the contralateral motor cortex (Brinkman and Kuypers, 1973), and the
primary motor cortex exerts more direct control on the intrinsic hand muscles
than on the more proximal extrinsic muscles (Lemon et al., 1995).

If you want to build a model of grasping that takes all these properties into
account, one could simulate the interaction between all structures involved in
the task, and see whether the model can mimic observed motor behavior. Such
models can help us determine whether a certainmode of control is feasible given
our knowledge of anatomy and neurophysiology. In this manner, it has been
shown that both equilibrium point control (Feldman and Levin, 1995; Gribble
and Ostry, 2000; Kistemaker et al., 2006) and vector integration to endpoint
(Bullock and Grossberg, 1991) are plausible models for motor control. These
models show how all known elements could work together to yield certain
behavior. Such models are not supposed to survive Occam’s razor. If you can
for instance explain all grasping behavior equally well with a model that ignores
tendon compliance as with a model that considers this property, nobody will
argue that the model that neglects this property is better because it contains
fewer parameters.

Another approach to motor control is confined to the level of behavior
(positions, velocities, angles), without reference to the anatomy and physiology
of the underlying neuromuscular apparatus. One of the arguments for using this
approach is that evolution only selects at the level of behavior. One can therefore
assume that the anatomy and neuronal control has evolved to perform everyday
tasks optimally. Both, the vector integration to endpoint and equilibrium point
controlmodels can also be formulated at this level of description (e.g. deLussanet
et al., 2002).Models rooted in this way of thinking ignore the question of how the
movements are made, but rather study the regularities in the movements, inde-
pendent of the underlying neurophysiology. For example, movements are found
to be smooth (Hogan and Flash, 1987) and precise (Harris and Wolpert, 1998)
and they slow down when curving (Lacquaniti et al., 1983). Such models gene-
rally optimize some behavioral variable (Todorov, 2004). They yield insights that
are complementary to the first group of models: they teach us why we behave as
we do. In other words, they examine what the evolution and the fine-tuning
during motor development do to behavior. The fact that movements are smooth
is thus not considered to be caused ‘‘accidentally’’ by simple properties of control
combined with special hardware, but to be the result of optimizing the hardware
together with the control signals to achieve this important property. The chal-
lenge is to figure out why smoothness is important, and thus why the minimum
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jerk model is so successful. Other models in this category are those that consider
nonlinear dynamical properties of behavior essential, as for example demon-
strated by Kelso, Turvey and colleagues in interlimb coordination (Haken
et al., 1985). The trade-off between speed and accuracy formulated in Fitts’ law
(Fitts, 1954) is another model with a simple account of observed behavior. These
models are deliberately simple, although they could also be made more complex
in order to improve the fitting of the data. Occam’s razor can therefore be applied
to such models.

All the above models were developed based on tasks that were analyzed in
only one or two dimensions. Does a 3D analysis of motor behavior change the
performance of various models? For some models, going from 2D to 3D is a
very easy exercise. For instance, the minimum jerk model is formulated indepen-
dently for each dimension (Flash and Hogan, 1985). When this model is applied
to three dimensions, the results of the 2D model can be extended simply by
adding one more dimension. The reason for this simplicity is that this model
requires constraints for each degree of freedom, i.e., position, velocity and accele-
ration at two instances of the movement. If a degree of freedom is added or
removed, the constraints associated with this degree of freedom are also added or
removed. For other models, adding more dimensions is not so straightforward.
For instance, the information content of a movement is easily defined in one
dimension, but this definition becomes more problematic in two or three dimen-
sions, making it difficult to extend Fitts’ Law tomore dimensions (Smyrnis et al.,
2000; Murata and Iwase, 2001; Bohan et al., 2003).

The problem is that many tasks that are well specified in 2D become under-
specified in 3D. An example is pointing in a certain direction with an extended
arm. In this task, only two angles of the arm are relevant: its azimuth and
elevation. However, the extended arm has a third degree of freedomwhich is the
rotation around its own axis, i.e., supination and pronation the hand. A 3D
analysis of this task can reveal the rule that determines the third degree of
freedom in terms of the two specified degrees of freedom. Testing models by
examining such rules is of course only valid for models that take into account
the orientation of body segments. Hence, a model that only describes pointing
in terms of positions and not orientations (like the minimum jerkmodel) cannot
be tested in this way (see also the chapter by Gielen).

Grasping as an Example of a Complex Movement

Jeannerod was the first one to realize that a graspingmovement, also referred to
as prehension, is a good example of coordination between body segments. In his
initial publication, he suggested that grasping could described as consisting of
information processing in two visuomotor channels (Jeannerod, 1981). He
argued that one channel related visual information of egocentric object proper-
ties (such as position and orientation) to controlling the transport of the arm by
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proximal muscles. A second channel related intrinsic object properties (such as
shape and size) to the control of grip aperture by distal muscles. In this approach,
modeling grasping movements has to include descriptions how these two com-
ponents are coordinated (Hoff and Arbib, 1993; Zaal et al., 1998). This descrip-
tion with its relation of anatomical and neurophysiological findings to behavior
has become the standard approach to understand grasping.

Grasping behavior has some characteristics that are always present, indepen-
dent of the exact nature of the task (reviewed in Smeets and Brenner, 1999b).
The best known of these characteristics is that the hand does not always open to
the same maximum aperture before closing around the object: the peak grip
aperture scales with object size. Interestingly, this scaling is not complete but
has a gain of 0.8: if the object is 10mm larger, the peak grip aperture is only
8mm larger. Another robust finding is that the peak grip aperture occurs in the
second half of themovement, between two-thirds and three-quarters of the total
movement time. The peak grip aperture occurs slightly later when grasping
larger objects. Moreover, some studies have tried to make grasping more
difficult, for instance by imposing time constraints, by making the surface
slippery, or by removing (part of the) visual information. Such manipulations
generally lead to a larger peak grip apertures earlier in the movement. A last
important finding is that the two visuomotor channels seem to be independent:
changing object size does not affect the transport component, and changing the
distance to the object leaves the grip formation unaffected.

Is grasping as undetermined as pointing? For grasping circular objects, the
orientation of the hand is unconstrained even in 2D; the hand can be oriented in
any direction. Yet, it has been shown that the orientation of the hand depends
on the position of the object in the workplace (Paulignan et al., 1997) and the
direction of approach (Roby-Brami et al., 2000). These results can be interpreted
in terms of ‘‘comfort’’, but this aspect has never been modeled. If the objects are
not circular but elongated, the task becomes much more determined: only grasps
to the major and minor axis are stable. Whether the major or minor axis will be
chosen depends on the orientation of the object relative to the orientation in
which circular objects are grasped, with a preference for grasping the minor axis
(Cuijpers et al., 2004). The finding that the choice of the grip depends on the
orientation of the objectmeans that the grip aperture cannot be based on intrinsic
object properties only. Evidently, if the object is grasped along the long axis, the
grip aperture must be much larger than if it is grasped along the minor axis. This
means that at the behavioral level, the distinction between the visuomotor
channels is not clear-cut. In the next section wewill introduce an alternative view.

In most studies objects are grasped with a precision grip (using only index
finger and thumb) and the movements are analyzed in two usually horizontal
dimensions. Many studies examine the whole-hand grip and analyze the move-
ment in the vertical plane only. Deviations of the transport component from a
straight line and the orientation of the grip are typically not considered. For the
undetermined situation (grasping spheres) the analyses have never been extended
to three dimensions. In this case, the analysis would be six-dimensional: three
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dimensions for transport and three for grip. The reason for not performing this
complex analysis is probably that objects that are generally used in grasping tasks
(cylinders or bars) are extended in the direction that is not analyzed. Adding this
direction to the analysis does not lead to an infinite but only two additional
final orientations of the hand: supination or pronation. The choice between
these orientations has been studied and comfort seems to determine the choice
(Rosenbaum et al., 1992). However, the focus of Rosenbaum’s research was
not the inclusion of the third dimension, but rather the demonstration that
comfort at later stages of the movement, i.e., the ease with which the grasped
object is placed on a table, is taken into account at the onset (see also
Rosenbaum et al. in this section). Hence, although this study examined move-
ments performed unconstrained in three dimensions, it has not shed light on
the coordination of the two components in 3D. Whether the same holds for
models of grasping will be discussed later in this chapter.

The New View on Grasping

In 1999, we published a model for grasping with a precision grip (Smeets and
Brenner, 1999b). The aim was to account for the various experimental findings on
grasping with thumb and index finger by one simple model based on optimizing
behavior, rather thanon the characteristics of the underlying substrate.As discussed
above, the behavioral distinction between transport and grasp is not clear. We
therefore chose another approach and argued that the entities that are controlled
might be the thumb and index finger instead.We wondered whether optimizing the
movements of the two digits that touch the object would simulate behavior that is
similar to natural grasping. In doing so we formulated three assumptions:

(1) The selection of target positions for touching the object is a separate process
from making the movement; it is therefore not part of the model.

(2) Grasping an object with a precision grip is equivalent to simultaneously
touching the object with index finger and thumb. Cast in terms of Occam’s
razor: modeling grasping does not require other entities than modeling
touching movements of a single digit.

(3) Touching an object is most precise if the surface is approached perpendi-
cularly; the movements of the digits in touching and grasping will therefore
tend to end perpendicular to the surface.

In order to formulate testable predictions based on these assumptions, we
need amodel for the digits’ movements. Theminimum jerkmodel was chosen as
description of smooth movements, because it yields an analytical description of
the digits’ trajectories that can be easily compared with experimental data
(Flash and Hogan, 1985). However, as will be seen later in this chapter, this
choice is not essential. The input for the resulting ‘‘digit model’’ for grasping is the
start position and the contact position at the object (for each digit), the orienta-
tion of the object’s surface at the contact position, and one free parameter: the
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so-called approach parameter ap. The model produces smooth trajectories that
tend to end perpendicular to the object’s surface; a large value of ap leads to an
approach that is close to perpendicular.

The digit model produces the complete trajectories of both digits as a func-
tion of time (expressed as a fraction of the total movement time). We could
show that this very simple model yields an analytical description of grasping
behavior that matches the main findings in the grasping literature (Smeets and
Brenner, 1999b):

(1) An apparent independence of transport and grip components.
(2) An increase of peak grip aperture with object size with a slope of 0.8, and a

later peak grip aperture for larger objects.
(3) An increase in peak grip aperture for more difficult movements, and an

earlier peak grip aperture for more difficult movements.

One of the important conclusions from the original paper is that a model based
on the control of individual digits results in behavior that is quite complex for those
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individualdigits: it results in curvedmovementpaths andasymmetric speedprofiles
which can havemultiple peaks (see Fig. 1). These trajectories can be used to predict
trajectories for the transport component (the average of index finger and thumb)
and the grip component (the distance between index finger and thumb).

To emphasize, the model optimizes the trajectories of the individual digits,
hence the transport and grip components are emergent properties. Nevertheless,
the predicted behavior is much simpler in terms of a transport and grip compo-
nent: a straight line with a bell-shaped velocity profile for the transport compo-
nent and a single-peaked grip-aperture. Moreover, changes in one of the input
parameters of the model (like object-size or distance) only affect one of the two
components. Thus, the digit model’s behavior gives the impression (as does
human behavior) that the transport and grip are controlled through independent
visuomotor channels (Jeannerod, 1981, 1999). However, unlike in human move-
ments, in the model we know exactly how the trajectories are generated: they are
not based on such channels but on the control of the individual digits. Conse-
quently, the experimental finding that grip aperture changes independently from
the hand transport is not evidence against the digit model. Stated more generally:
regularities in behavior of some variables do not imply that these variables are
controlled. St-Onge and Feldman (2003) formulated this as: ‘‘synergies can
emerge without special central commands’’.

Additional Model Predictions: Perturbations and Visual Illusions

After we published the digit model, we realized that it could predict more than
ordinary grasping.We subsequently applied the model to two other domains: the
response to changes in object properties and visual illusions. Experiments on the
effects of changing size and location of an object during prehension movements
are among the classics in the grasping literature (Paulignan et al., 1991b,a). The
main result of these experiments is that if an object changes position at the onset
of a reach-to-graspmovement, both the transport speed and the grip aperture are
adjusted. In contrast, if the size of an object is changed at the onset of the
movement, only the grip aperture is adjusted (Fig. 2A–D). The authors inter-
preted these results as indicating that the two assumed visuomotor channels were
organized hierarchically: the transport channel does not run in parallel with the
grip channel, but is at a higher level: what happens in the transport channel
influences the grip channel, but not the other way around. The authors thus
introduce an additional entity (hierarchical interaction) to explain their results.

This difference in effect between perturbing object size and perturbing posi-
tion seems to contradict the digit model because the end-positions of the two
digits change after both perturbations. In order to see whether this experimental
finding is really in conflict with the model, we simulated these experimental
conditions (Smeets et al., 2002a). We implemented both changes as changes in
the digits’ target positions using the abort-and-replan scheme for minimum jerk
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movements (Henis and Flash, 1995). According to this scheme, a new move-
ment replaces the old movement at a certain instant. In our simulation the
timing of this replacement was the same for both digits and both perturbations.
Although the same scheme governed the formation of each digit’s trajectory in
both cases, the shape of the combined response was different because it
depended on the direction in which the digits’ targets shifted. They either shifted
in the same direction (object position perturbation) or in opposite directions
(object size perturbation); hence, the transport and grip components of our
model movements looked quite different for the two object perturbation con-
ditions. Our model of the individual digits’ movements predicted that only the
grip aperture changed for perturbations of size, whereas it predicted that both
the grip aperture and transport component changed for perturbations of posi-
tion (Fig. 2E–H). Therefore, our model accounted for the data of Paulignan
et al. (1991b,a) without the introduction of additional entities.

Over the last decade, grasping has frequently been taken as an example that
supported the proposed separation between visual information processing for
perception and action. This is because peak grip aperture is generally much less
affected by illusions than one might expect on the basis of the perceptual effects
(Aglioti et al., 1995; Carey, 2001). In earlier workwe argued that in principle there
is no reason to assume such separate processing to explain experimental results
that indicate separate processing for perception and action (Smeets and Brenner,
1995; Brenner and Smeets, 1996). The first step in our argument is realizing that
what we perceive does not necessarily obey the laws of physics: if an illusion
affects the perceived size of an object, it need not affect the perceived locations of
points on the object’s surface (Gillam and Chambers, 1985; Smeets et al., 2002b).
We explained the lack of effect of size illusions on grasping by arguing that
according to our model the size of an object is irrelevant; the locations of the
intended contact points are used instead (Smeets and Brenner, 1999b).

Unfortunately, if different attributes are influenced by an illusion in different
degrees, it is very difficult to make predictions for its effect. One needs to know
which attributes are used for the task (de Grave et al., 2004), and that the
elements that cause the illusion have no other effects than the ones under study
(e.g. changes in the perceived size). Some authors have argued that the context-
elements that are responsible for the illusion might be regarded as obstacles for
goal-directed actions such as grasping, which might influence grip aperture
(Haffenden et al., 2001; de Grave et al., 2005). We cannot be sure why an
influence is found, but we can evaluate various assumptions (e.g. our model
assumes that the attribute ‘‘size’’ is not used). Since our model predicts complete
trajectories, we can apply a more severe test than only evaluating the predic-
tions for peak grip aperture. In the next two paragraphs we will use our model
to evaluate the effect of two illusions.

As a first example, we consider a frequently studied size illusion called the
Ebbinghaus illusion (Fig. 3A). The idea behind this illusion is that adding
flankers influences the perceived size of the central object: the central object
seems larger if the flankers are small than if the flankers are large. It has
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frequently been reported that small flankers lead to a large grip aperture, in line
with the visual illusion (Aglioti et al., 1995; Pavani et al., 1999; Franz et al.,
2000; Glover and Dixon, 2002; de Grave et al., 2005). According to our model
this size illusion should not lead to a larger peak grip aperture because, accord-
ing to the model, subjects move their digits to positions. We assume that
locations on the object’s surface are perceived correctly, irrespective of the
size of the flankers. We can only explain the effect of flankers by assuming
that they influence the approach parameter, although we have no reason why
this should occur; perhaps small flankers make you move more carefully.
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In Fig. 3Bwe show an example of the effect of a change in ap and a change in object
size. The effect is initially similar, but a change in ap has a decreasing effect on the
last part of themovement, whereas the effect of object size increasesmonotonically.

In order to quantify the effect of an illusion on grasping, one can convert the
additional grip aperture caused by the illusion into an equivalent change in
object size (i.e. one can find the change in object size that would have the same
effect on grip aperture). This scaled illusion effect can be determined for every
instant during the movement. The model predicts that if the larger grip aperture
arises from an increased ap, the effect of the manipulation will gradually
decrease during the movement (see Fig. 3C). This is what was observed in a
grasping experiment using the Ebbinghaus illusion (Glover and Dixon, 2002).
However, other authors (Danckert et al., 2002; Franz et al., 2005) did not find
such a time-dependent effect of the Ebbinghaus illusion on grip aperture. Our
model can explain these discrepancies in the experimental results in terms of
differences in the data analyses: different studies used different procedures to
align the different movements in time. In the above, we scaled themovements so
that both movement onset and contact with the object were aligned. In accor-
dance with an increase in ap, the model predicts that peak grip aperture occurs
earlier for larger grip apertures (Smeets et al., 2003). If one scales the same
model movements in such a manner that the moment of peak grip aperture is
aligned (following the method used by Danckert et al., 2002), one thus com-
pares different points with each other. The result of this seemingly minor change
in data analysis is that the effect of the flankers no longer decreases, but seems
to remain constant in time (Smeets et al., 2003).

The time-dependency of illusion effects is not only observed for the well-
known Ebbinghaus figure. It was originally observed for the simultaneous tilt
illusion (Fig. 3D). The background of the tilted lines leads to an error in
perceiving orientation of the central bar, while not affecting the perception of
its location. It has also been shown that the effect of the illusion on the
orientation of the hand decreases during the movement (Glover and Dixon,
2001b,a). The digit model can easily simulate the grasping of the central bar: a
change of the tilt of the background lines does not change the positions for the
model movements but only the direction of approach. Can the model also
predict the changing effect throughout the movement? We performed the
model calculations using a constant approach parameter, and a misjudgement
of approach direction depending on the tilt of the background lines (Smeets
et al., 2002b). The result was that the effect of the background tilt on grip
orientation decreases in the second half of the movement (continuous curve in
Fig. 3E). The effect of an actual orientation change (in the model a change in
both end-positions and approach direction) on grip orientation increases
monotonically (dashed curve in Fig. 3E). Thus the time-dependent effects of
illusions on action can be explained by a constant perturbation of one of the
input variables of the model (approach parameter or approach direction).

In the research on illusionswemade three extreme assumptions: the illusion has
no effect on the perceived positions, the effect of the illusion was constant over
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time, and the illusion affects action in the same way as perception. This strategy
was guided byOccam’s razor: we removed all assumptions thatwere not necessary
to explain the data. Admittedly, we could not disprove that visual information is
processed separately for perception and action (Goodale et al., 1991) or for
planning and control (Glover and Dixon, 2001a; Glover, 2004), but we could
show that such assumptions are not necessary to explain the experimental results.

Are the Model Assumptions Implausible?

The experiments described above show the predictive power of the model, which
makes it a good model in terms of Occam’s razor: many experimental results can
be described reasonably well with a very simple model. As discussed in the
introduction, many scientists are more interested in describing what is happening
in the brain than accurately predicting behavior. Theymight argue that themodel
is not very valuable, because it is based on potentially implausible assumptions.
To counter these criticisms, we performed more experiments that yielded results
that showed that these assumptions were not so unreasonable after all.

One of the most counter-intuitive assumptions of the model is that grasping
is nothing more than pointing with two digits. This means that the two digits
play equivalent roles in grasping and that they should move more or less
independently. The first attempt to show that the digits move independently
in grasping was published two years after the initial development of the digit
model (Smeets and Brenner, 2001). In this experiment subjects were asked to
grasp circular objects of various sizes, on which we indicated the two desired
contact positions. We choose these positions in such a way that the distance
between start and contact was the same for the thumb and the index finger. For
this situation, the digit model predicts that the movements of the two digits will
be each other’s mirror image. We described the movement paths by the max-
imum deviation from a straight line to the centre of the object. As predicted by
the model, this deviation increased with object size with a slope of 0.8 for both
digits. The maximum deviations were, however, not exactly the same for the
two digits. They occurred earlier and were larger for the thumb than the index
finger. This corresponds (within the assumptions of the digit model) to the
thumb having a larger approach parameter. According to the reasoning behind
the digit model, a larger approach parameter is needed if the movements are less
precise. We therefore compared the precision of the two digits by analyzing the
standard deviations in the maximum deviation over repeated trials. These were
indeed significantly larger for the thumb than for the index finger.

A second prediction of the digit model is that the maximum deviation of the
index finger need not be correlated with that of the thumb. We determined for
individual subjects and conditions whether variations in the timing and ampli-
tude of the maximum deviation of the thumb were correlated with those of the
index finger (Smeets and Brenner, 2001). As predicted, we found no correlation
between the digits for the timing of the maximum deviation. For the maximum

510 J.B.J. Smeets et al.



deviation itself, there was a slight negative correlation (only significant for the

dominant hand). This means that the maximum deviation of the index finger

was larger in trials in which the maximum deviation of the thumb was smaller.

This was probably a consequence of the fact that the two digits were coupled to

each other as part of the hand. A similar small correlation has been reported

recently for responses to perturbations of target positions in grasping (van de

Kamp and Zaal, 2007). In situations where the position for one digit was

changed, something in the kinematics of the other digit changed too. However,

the effect was only visible in a combined measure, therefore it was not clear

what the change in the kinematics was. The fact that the correlation was so

small meant that we applied Occam’s razor correctly: adding a coupling

between the digits to the model would only explain a very small correlation.
The digit model assumes that grasping is equivalent to simultaneous pointing

with two digits. If subjects are asked to point simultaneously with both index

fingers where each finger has to move a different distance, then the finger that

has to move the longer distance starts slightly earlier and ends slightly later than

the other finger (Boessenkool et al., 1999). If our assumptions are correct, a

similar effect should be present in grasping. We tested this in an experiment in

which we varied the starting position, while keeping the contact positions on the

object constant (Biegstraaten et al., 2006). We found that if the index finger and

thumb moved over the same distance, they moved more or less in synchrony. If

the thumb had to move over a longer distance because it had to pass the object,

the thumb started slightly earlier and ended 37ms later than the index finger.

This result is similar to the effect of starting position on contact times in

bimanual pointing movements. One would not expect this result if subjects

transported their hand and separately controlled the opening and closing of

their grip, as is generally assumed.
The second assumption of the model is even more stringent than just stating

that the digits move independently. In order not to introduce any additional

entity to explain grasping, we assumed that the movements of each digit

involved in grasping are the same as those when that digit moves alone. This

assumption seems invalid at first sight: if you move any one of your fingers

alone, your movements are straight, unlike when your fingers are engaged in

grasping. However, this is not a fair comparison; rather, one should compare

movements of the finger for which the constraints at contact are similar. There-

fore, we reasoned that the constraints when touching an object without moving

it or when pushing it away can be made to be similar to those when grasping. In

grasping, similar to pushing, the actor intends to exert forces on the object. On

the other hand, unlike in pushing, the actor does not intend to move the object

laterally, which makes it more like touching. Touching and pushing, however,

differ from grasping in what the other digit has to do. In touching and pushing

the movements of the other digit are irrelevant, as long as it avoids contact with

the object. In grasping, the other finger has to contact at the same time, exerting

force in the opposite direction. To investigate whether this difference has an
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effect on the movements we compared these three tasks for each subject using
exactly the same set-up and configuration in all three tasks.

The set-up was designed in such a way that when grasping the 5 cm cube, or
touching the indicated side, the finger and thumb would end on positions that
were suited to push the cube perpendicular to the movement direction. The
horizontal components of the resulting movements, averaged over all subjects,
are given in Fig. 4. Themovement paths of the finger and thumb are similar in all
three tasks, although they are not each other’s mirror image as predicted by the
model (right lower panel). The finger starts with a slight outward curve, whereas
the thumb starts with a light inward curve. The same is seen in the other two
tasks: pushing and touching. In these tasks, the irrelevant digit (dashed curves)
moves in a completely different way than when it is relevant, so the asymmetry
between finger and thumb cannot be a consequence of the way grasping is
controlled, as has been suggested by several authors (Haggard and Wing, 1997;
Mon-Williams andMcIntosh, 2000). Themain difference between the three tasks
is that the grip aperture is on average a little bit smaller than expected on the basis
of the movements of the digits in the one-digit tasks. This might be due to the fact
that (some) subjects cannot open their hand with a distance of more than 10 cm
between the finger pads.

The third assumption of the model is that the digits approach the surface
perpendicularly. We provided two arguments for this assumption. Firstly, a

−10

−5

0

5

10

y 
(c

m
)

Grasp

Touch

−10

−5

0

5

10

y 
(c

m
)

x (cm)
0 5 10 15 20 25 30

x (cm)
0 5 10 15 20 25 30

Push

Model

Index finger
Thumb

Top view

Fig. 4 Movement paths of the finger (thin curves) and thumb (thick curves). Mean measured
paths in three tasks and predictions of the minimum jerk model (for ap=2m). In the ‘‘touch’’
and ‘‘push’’ tasks, the curves originate from two different sessions where one digit had to push or
touch the object (continuous curves), and the other (dashed curves) only had to avoid contacting
the object. The thick dashed curves are from the same session as the thin continuous curves and
vice versa

512 J.B.J. Smeets et al.



perpendicular approach helps in placing the digit accurately: the shallower the
angle of approach, the larger is the effect of an error in the digit’s path on the
accuracy. Secondly, a perpendicular approach helps preventing the digit from
slipping when the force increases after contact. The perpendicular approach
may appear trivial because closing the grip on the object also seems to require
that the digits approach the surface perpendicularly. However, this is only true
if the surfaces are perpendicular to the line between the contact points, as they
would be for optimally stable grasp positions (Cuijpers et al., 2004). Such
positions are present for instance on cubes and cylinders, but may be absent
on objects with less symmetric shapes. If the contact positions are not on two
parallel surfaces, placing the digits accurately still involves a perpendicular
approach, but applying adequate grip forces and closing the grip involves
movements in opposite directions at contact. Because only one of the arguments
for arriving perpendicularly holds for non-parallel surfaces, control of the digits
predicts a tendency to approach perpendicularly, whereas grip control predicts
no effect of surface orientation.

In a recent study (Kleinholdermann et al., 2007) we asked subjects to grasp
objects in which the angle of the grasping surfaces ranged between –20 and 208;
their shape viewed from the top was thus a trapezoid (see Fig. 5A). Subjects
grasped these objects starting from a position above the objects such that the
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corners of the object did not pose obstacles. As seen in Fig. 5B the approach
angle varied systematically with the orientation of the contact surface (unlike
the prediction of grip-closure). The effect was much larger than for pointing
movements that had no contact requirements and it is the consequence of our
hypothesis that the trajectories contact the surface perpendicularly (Brenner
and Smeets, 1995). This feature varied between subjects, from changing the
approach direction as much as the surface orientation to no significant correla-
tion between approach direction and surface orientation at all (the latter was
the case for 3 of our 23 subjects). This interindividual difference might be
related to the relative importance that subjects ascribe to the spatial accuracy
and avoidance of slip.

Other New Experimental Results

One of the interesting critiques of the original paper was that the same pattern
of hand opening and closing was also seen in catching with a static hand as well
as in jaw movements during eating (Savelsbergh and van der Kamp, 1999). The
authors argued that these tasks cannot be interpreted as consisting of two
touching movements. If so, the fact that our model describes these movements
also very well would mean that the similarity between grasping and the model
predictions would not support our conclusion that grasping is a combination of
touching movements. We argued that eating and catching can also be regarded
as touching movements if we view the task in the object’s frame of reference
(Smeets and Brenner, 1999a). We regard the fact that quite different anatomical
structures such as the mouth and the hand yield a similar kinematic pattern as
clear support for our claim that this pattern is not caused by visuomotor
channels, but emerges from the constraints on contact. If the constraints on
contact with the surface are different, the grasping behavior should be quite
different. A way to remove the constraints at contact is to let subjects grasp
virtual objects that have no physical contact surface. It has been shown several
times that the normal grasping pattern is not found in this task: the hand opens
much less than in normal grasping with a peak grip aperture occurring at the
end of the movement (Goodale et al., 1994; Bock, 1996). On the other hand,
changing anatomical relations should have little effect. When a person grasps
with a tool that he/she has to squeeze to open, the movements of the digits are
totally different from those in normal grasping; yet, the kinematics of aperture
of the tool are remarkably similar to the aperture of a human hand, supporting
the notion that some features of the grasp movement are coded independently
of the used effector (Gentilucci et al., 2004).

A last set of experiments that we would like to discuss relates Fitts’ law to
grasping. The idea for this experiment was that by placing obstacles on both
sides of the target, the grasping movement would slow down. The exact posi-
tions of the obstacles influence both the difficulty for controlling the digits
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(determined by the distance between target and obstacles) as well as the diffi-
culty for grip formation (determined by the distance between the two obstacles).
By varying the positions of the obstacles in a smart way, one should be able to
determine whether the obstacles constrain grip formation or the movements of
the individual digits. Mon-Williams and McIntosh (2000) performed such an
experiment. They concluded from their interpretation of the data that obstacles
constrain grip formation. In order to reach that conclusion, they assumed that if
the digits were constrained, the average difficulty would determine movement
time. We argued that it is more logical to assume that the most constrained digit
determines the movement time and that a better experiment would vary the
positions of both obstacles (Biegstraaten et al., 2003). Both our new experiment
and a re-analysis of the original experiments showed that the movement time
was better correlated with the difficulty for the most constrained digit than with
the difficulty of the grip.

Relation with Other Models

Since the publication of our digit model a few other models for (aspects of)
grasping have been proposed. The only modeling attempt that tries to capture
the complete grasping movement is that of Rosenbaum, Meulenbroek and
colleagues (Meulenbroek et al., 2001; Rosenbaum et al., 2001). Their posture
model (posture-based motion planning theory, see chapter by Rosenbaum)
contains many more entities than our digit model: it includes not only the tips
of the digits, but also limb segments and joints. They used a set of ‘‘hierarchical
constraints’’ to make the model grasp which has the same purpose as the
approach parameter of the digit model. Due to the rich set of entities it uses,
the posture model can describe aspects of the grasping movements that the
digit model cannot (e.g. joint angles); hence, it is definitely a valuable model.
But does the additional complexity of the model improve the predictions for
the movements of the tips of the digits? We have argued before that in some
situations the posture model makes the same incorrect predictions as the digit
model, such as when a grasping movement starts with the hand already open
(Smeets and Brenner, 2002). However, the predictions of the posture model
and digit model also differ in one aspect. The posture model predicts a peak
grip aperture at 50% of the movement for infinitely small objects (Fig. 7 of
Rosenbaum et al., 2001), whereas the digit model predicts peak grip aperture
to be at 60% (Fig. 6 of Smeets and Brenner, 1999b). A review of experimental
results shows that the digit model is closer to the average experimental result
(Fig. 7 of Smeets and Brenner, 1999b).

Simmons and Demiris (2006) proposed to combine our approach of con-
trolling the digits (Smeets and Brenner, 1999b) with the minimum variance
approach (Harris and Wolpert, 1998). The idea of the latter approach is to find
those patterns of muscle activation that render the most precise movement for
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given task requirements, assuming that noise in muscle force increases linearly

with the activation of muscles. For grasping Simmons andDemiris modeled the

task requirements in terms of the constraints at contact. In order to calculate the

effects of noise in muscle force, one has to include some anatomical details. This

model therefore reflects ideas from the classical approach to grasping: the

muscles that control grip aperture are different from the ones that transport

the hand. In order to let their model be able to grasp, the authors had to

introduce one additional parameter: a via-point for each of the digits, which

is equivalent to the approach parameter in the digit model. This hybrid model

yields predictions that are very similar to the ones of our digit model.
The model of Jiang et al. (2002) is a third model that is based on constraints.

It is the one that is closest to our approach; however, their implementation

differed in two aspects (Smeets and Brenner, 1999b): these authors chose a

different smoothness criterion (minimum acceleration instead of minimum

jerk) and a discrete-time instead of continuous-time controller. Despite these

changes, their model produced trajectories that were very similar to the ones

that our digit model produced. The fact that this model that capitalizes on the

constraints for the digits yields results that are similar to our digit model means

that the constraints on the digits are more fundamental for grasping behavior

than the way in which the digits are controlled to comply with these constraints.
With our digit model, it is not possible to use Occam’s razor any further than

we did. At least one free parameter is needed to incorporate the experimental

finding that for the same object size, the peak grip aperture depends on factors

such as movement speed and the amount of visual information. Yet, there is one

model that seems to be even simpler than our digit model: the ‘‘rule of thumb’’ for

the temporal relationship between the transport and grasp components (Mon-

Williams and Tresilian, 2001). However, the model’s simplicity is only in the

mathematical formulation, not in the number of entities needed to explain the

behavior. Both models need one additional parameter apart from object size to

account for observations: in the digitmodel it is the approach parameter, with the

peak grip aperture as its equivalent in the ‘‘rule of thumb’’. As the latter model

does not predict more aspects of the graspingmovement such as trajectory shapes

and peak grip aperture, it uses the same number of entities to explain less.

Moreover, even this single aspect is not simulated as accurately by the rule of

thumb as by our model (Mon-Williams and Tresilian, 2001, p. 1061); similar to

the results of the posture model discussed above, peak grip aperture is simulated

to occur at 50% of the movement for infinitely small objects.
A fifth model is evenmore limited: it only addresses howwell an experimenter

can predict the final grip aperture during the prehension movement (Hu et al.,

2005). Obviously, the accuracy of this prediction improves with the unfolding of

the movement. The authors show that a sigmoid captures the experimentally

observed increase in accuracy. If one assumes a bell-shaped velocity profile, this

sigmoidal increase with time corresponds to a linear increase of prediction

accuracy with distance, as observed by Cuijpers et al. (2004). The latter
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formulation might be more useful, as it is easier to predict the ‘‘where’’ than the

‘‘when’’ of the grasp, at least for grasping static objects.
A final interesting comparison is that between the minimum jerk model

(based only on the movement of the end-effector in extrinsic space) and the

minimum torque changemodel that takes into account the various properties of

the arm. These models have been compared for normal point-to-point arm

movements withmixed conclusions as to whether the movements are planned in

intrinsic or extrinsic co-ordinates (Uno et al., 1989; Wolpert et al., 1995). A

more recent study that incorporated constraints on the final velocity also could

not give a clear answer as both models could reproduce the movements quali-

tatively, but both made (different) systematic errors in their predictions (Klein

Breteler et al., 2001).

Going to 3 Dimensions

The digit model was presented as a 2D-model, following the tradition in grasp-

ing research of presenting a top-view of the experiment (Smeets and Brenner,

1999b). As this model is based on the minimum jerk model, an extension to

3 dimensions is straightforward as discussed above. The approach vector is still

perpendicular to the surface, and still has only one free parameter (its length). In

terms of Occam’s razor: we do not need an additional entity for describing the

third dimension. How good is this description? It is long known that for simple

point-to-point movements, adding the vertical dimension introduces important

changes: movements in the horizontal plane are predominantly straight

(Morasso, 1981), whereas movements with a vertical component are system-

atically curved and cannot be described by a minimum jerk model without

introducing additional constraints (Atkeson and Hollerbach, 1985).
For prehension movements starting at some position on a table and ending

on an object with vertical contact surfaces (like a cylinder or a cube) on that

table, the approach vector is horizontal. The constraints added in the vertical

direction are thus zero velocity and acceleration at both movement onset and

movement offset. Therefore, the model predicts a classic minimum jerk trajec-

tory with a bell-shaped velocity profile (Flash and Hogan, 1985) for the (small)

vertical component of the movement. The side-view of the movement should

therefore look like a straight line (lower right panel in Fig. 6). However, this is

not what we observed in experiments, irrespective of whether subjects grasped,

pushed or touched the object (other panels of Fig. 6). Hence, just as the

minimum jerk model cannot describe simple point-to-point movements in the

vertical plane, the digit model cannot be extended to include the vertical direc-

tion. This shortcoming held for grasping, pushing and touching. The only way

to extend the model without changing it fundamentally is by introducing

additional constraints.
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The large mismatch between model and experiment regarding the vertical
component does not imply that the digit-model is refuted. The fact that subjects
also touch surfaces by approaching them perpendicularly when moving in three
dimensions (Klein Breteler et al., 1998) gives support for the validity of the
model for 3D movements. Moreover, the fact that the deviations from the

minimum jerk model were equal for grasping, touching and pushing again
supports the basic assumption of the digit model that grasping is the combina-
tion of two digit movements. Our implementation with a minimum jerk model
that only considers the orientation of the contact surface might evidently be too
simple. Similar to how adding obstacles in the digits’ paths influences the
movements, we think that the third dimension when interacting with an object

introduces two additional constraints: gravity and the presence of a support
surface (the table). Subjects minimize the chances tomake contact with the table
during the movement and might have some general preference to approach
objects on a table from above, because this reduces the likelihood of pushing the
object away (Biegstraaten et al., 2006).

Formalizing such relationships would make the model much more complex,
and thus would not improve the model in the light of Occam’s razor. From a
modeling perspective it would be better to perform experiments in which the

effects of these additional constraints are minimized. For instance, when grasp-
ing an object from a table when starting from above the object, the movements
of the digits seem to follow the 3D minimum jerk trajectories much better than
is shown in Fig. 6 (unpublished observations).
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Conclusion

We showed that based on very few assumptions we could describe a wide range

of phenomena related to the reach to grasp movement. However, some clear

mismatches also showed that the digit model is not perfect and one might

suggest that we have reached the limits of being able to ignore the anatomy of

the hand and the complications of joints, forces andmuscles. However, wemust

not jump to this conclusion too fast, because models that take several of these

factors already into account do not perform better than the present incomplete

digit model in predicting the results of selected critical experiments.
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