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published July 24, 2019; doi:10.1152/jn.00123.2019.—1It is tempting to describe
human reach-to-grasp movements in terms of two, more or less independent
visuomotor channels, one relating hand transport to the object’s location and the
other relating grip aperture to the object’s size. Our review of experimental work
questions this framework for reasons that go beyond noting the dependence
between the two channels. Both the lack of effect of size illusions on grip aperture
and the finding that the variability in grip aperture does not depend on the object’s
size indicate that size information is not used to control grip aperture. An alternative
is to describe grip formation as emerging from controlling the movements of the
digits in space. Each digit’s trajectory when grasping an object is remarkably
similar to its trajectory when moving to tap the same position on its own. The
similarity is also evident in the fast responses when the object is displaced. This
review develops a new description of the speed-accuracy trade-off for multiple
effectors that is applied to grasping. The most direct support for the digit-in-space
framework is that prism-induced adaptation of each digit’s tapping movements
transfers to that digit’s movements when grasping, leading to changes in grip
aperture for adaptation in opposite directions for the two digits. We conclude that
although grip aperture and hand transport are convenient variables to describe
grasping, treating grasping as movements of the digits in space is a more suitable

basis for understanding the neural control of grasping.

coordination; index finger; motor; prehension; thumb

INTRODUCTION: VIEWS ON GRASPING

Picking up a glass of beer or a cup of coffee are regular
actions that we perform without many thoughts on how to
perform the reach-to-grasp part of the movement. These move-
ments require more coordination than, for instance, switching
the light on. Switching the light on is essentially moving one’s
index finger to a desired position. What is the essence of the
reach-to-grasp movement? It definitely involves selecting ap-
propriate positions to put our digits, but what is subsequently
coordinated? Since the pioneering work of Marc Jeannerod
(1981), grasping is generally regarded as a combination of
transporting the hand and adjusting the grip. For the best
studied grip, the precision grip, adjusting the grip is reduced to
the change in distance between the thumb and index finger.
The resulting simple description of grasping has made the
precision grip a very popular task to study motor coordination.
In this paper, we will review the literature on grasping to
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illustrate that this framework for describing grasping does not
correspond with the underlying control.

Initially, Marc Jeannerod (1981) proposed that the use of
transport and grip was not only a convenient way to describe
behavior, but also that the behavior was shaped by an “open-
loop control of independent visuomotor channels.” He ob-
served that “the hand assumes movements and postures that are
apparently independent of those assumed by the more proximal
segments of the limb” (Jeannerod 1988). He interpreted this
independence as the posture of the hand being related to
intrinsic object properties like size and shape (processed in the
temporal lobe of the cerebral cortex) and the movements of the
proximal segments being governed by extrinsic properties such
as location (processed in the parietal cortex). This led him to
propose that there are two specialized input-output modules
(visuomotor channels) that are independent of each other, in
terms of both anatomy and information processing. He argued
that this reduces the problem of visuomotor coordination in
grasping to a problem of coordinating these two modules.

This idea to divide tasks into relatively simple modules for
which control seems reasonably straightforward is widespread
in the study of motor control. For instance, the fact that our
body has many more degrees of freedom than are strictly
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required to control the end effector has led several authors to
propose solutions for this “degrees-of-freedom problem” (re-
viewed by Bruton and O’Dwyer 2018; Tresch and Jarc 2009).
In doing so, it is assumed that the abundance of possibilities is
a problem for the brain. If limitations of the computational
power of the brain are relevant, control needs to be simple.
Therefore, instead of taking advantage of the abundance of
options, the brain restricts itself to a limited set of synergies to
construct a whole repertoire of movements (d’Avella et al.
2003; Lee 1984; Soechting and Lacquaniti 1989; Ting and
Macpherson 2005; Tresch and Jarc 2009), also for reach-to-
grasp movements (Grinyagin et al. 2005; Mason et al. 2001).
This description of synergies as a limited set of fixed patterns
of muscle activation (i.e., modules) implies that not all theo-
retically possible movements can actually be performed. This
means that the existence of such synergies can be tested
(Berger et al. 2013; Lee 1984).

There are also arguments against the assumption that the
brain restricts its freedom to choose solutions. A first argument
is that if the chosen muscle activation patterns were restricted
to a set of general-purpose synergies, it would be remarkable if
the optimal solution for various motor tasks would never be
excluded by the use of such synergies. There is clear evidence
that humans exploit the abundance of possibilities that remain
when considering the task constraints (Latash et al. 2001, 2002;
van Beers et al. 2013), presumably in search for a better
solution. A second, related argument against the choice of
movement patterns being restricted is that studies that have
explicitly examined the chosen solutions have generally noted
that movement strategies are close to optimal in terms of task
performance, considering the precision and noise of the motor
apparatus (Harris and Wolpert 1998; Trommershéuser et al.
2005; Van Soest et al. 1994). Furthermore, experimental evi-
dence suggests that the spatial characteristics of movements are
planned before selecting the muscle activation patterns to
produce the desired trajectories (Kistemaker et al. 2014). This
hierarchy implies a primacy of the spatial trajectory of the end
effector in control. Indeed, visual distortions influence the
curvature of movement paths (Smeets and Brenner 2004;
Wolpert et al. 1994), whereas force-field perturbations leave
curvature unaffected (Kistemaker et al. 2010). A third argu-
ment against fixed patterns of muscle activation is that such
learned patterns would not transfer across effectors because the
anatomic constraints differ, which is in conflict with the phe-
nomenon of motor equivalence: many movement characteris-
tics remain invariant when executed by different effectors in
writing (Merton 1972; Wright 1990), pointing (Marteniuk et al.
2000), and grasping while walking (Marteniuk and Bertram
2001). A last argument against fixed patterns of muscle acti-
vation as the basis of motor control is that even spinal re-
sponses to perturbations are flexible. They can even reverse
sign depending on the detailed task constraints (Traub et al.
1980). Taken together, these arguments suggest that move-
ments are controlled in terms of the (spatial) restrictions of the
task (e.g., optimal trajectories of the end effector) rather than in
terms of restrictions at the anatomic level (e.g., limited sets of
muscle activation patterns or changes in joint angles). There-
fore, task constraints rather than neuromuscular constraints
probably limit behavior.

Not considering human motor behavior to be constrained by
the limited capacity of the brain has led to formulations of
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grasping in terms of physical task constraints, both by our
group (Smeets and Brenner 1999; Verheij et al. 2012) and by
others (Rosenbaum et al. 2001). These three papers each
described grasping by selecting an existing model for goal-
directed pointing movements and extending it to the control of
grasping without adding any further constraints. The selected
models generated pointing movements in three very different
ways: by minimizing jerk (Flash and Hogan 1985), by the
dynamics of a damped mass-spring system (e.g., Gribble et
al. 1998), and by following posture-based movement plans
(Rosenbaum et al. 1995). To apply these models to grasping,
the models had to somehow incorporate the fact that grasping
consists of making two of these pointing movements at the
same time. Two of the three models incorporated a physical
coupling between the end effectors (Rosenbaum et al. 2001;
Verheij et al. 2012). The third simply postulates that the
effectors move simultaneously (Smeets and Brenner 1999).
The three resulting models of grasping could all surprisingly
easily account for characteristics of grasping that were previ-
ously (Hoff and Arbib 1993) thought to be the result of an
explicit control strategy within one of the visuomotor channels
(e.g., maximum grip aperture is mapped to 4.55 + 0.75 X
object diameter) or to be the result of their temporal coordina-
tion (a separate mechanism for “time-based coordination” in
addition to the controllers).

We, therefore, have two frameworks to describe grasping: a
visuomotor-channel framework that describes grasping in
terms of constraints on the transport of the hand and constraints
on grip aperture and a digit-in-space framework that describes
grasping in terms of constraints on the digits’ movements in
space (Fig. 1). The aim of the present review of the behavioral
literature on grasping is to determine how well these two
frameworks can deal with various aspects of grasping. We will
start with two sections reviewing our knowledge of how the

Visuomotor channel

Digit-in-space

Fig. 1. The two frameworks that are used to describe grasping. In the visuo-
motor-channel framework (fop), the grip aperture (dashed line) is scaled to
object size (dotted line) and transported to the location of the object (arrow).
In the digit-in-space framework (bottom), both the thumb (black disk) and
index finger (white disk) move to their respective grasping points (arrows).
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positions at which digits will contact the object are selected and
how the digits generally move toward these positions. We then
focus on the control of grasping movements. We will discuss
how task constraints affect speed and precision and will also
discuss whether grasping movements are preplanned or con-
trolled in real time. The last two sections review how visual
information is used in grasping: adaptation to altered visuo-
motor relations and sensitivity to visual illusions.

SELECTION OF GRASPING CONFIGURATIONS

There are many ways in which one can place one’s digits on
an object to grasp it. This grasping configuration can be
described in terms of grasping points or in terms of a grasping
axis, depending on the framework (Fig. 2). The selection of a
grasping configuration can be regarded as an optimization of a
combination of various factors (Kleinholdermann et al. 2013).
A first factor is force closure. As soon as the two digits touch
the surface, they start to apply grip force. The forces that they
apply to hold the object should be directed along the grasping
axis (dashed line in Fig. 2). Forces that are parallel to the
object’s surface could lead to the digit slipping along the
object’s surface. How much parallel force can be tolerated
without the digit slipping depends on the friction coefficient.
This hard physical constraint can be formulated as requiring
that the grasping axis should lie within the cones of friction of
both digits (Iberall et al. 1986). The only freedom is the choice
of a safety margin: the minimal distance to the edges of the
cones of friction that are considered safe enough for the grasp.
A consequence of this constraint is that cylinders with an
elliptical base are grasped with a hand orientation that approx-
imately coincides with one of the principal axes (Cuijpers et al.
2004). Force closure does not appear to be considered to be a
very important factor because elliptical cylinders are only
approximately grasped along their principal axes and because
participants that can choose to grasp an object at a rough or

A * B

® Thumb grasping point
Grasping axis Q
O Finger grasping point
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slippery side only show a very minimal bias to select the rough
side (Glowania et al. 2017).

A second factor is the torque around the grasping axis
(Lederman and Wing 2003). Large torques can make the object
slip if not compensated for by increasing the grip force. A third
factor is the visibility of the object: grasping points are chosen
such that the grasping hand moves in a way that maximizes the
visibility of the object, so the right hand will grasp more to the
right than the left hand (Paulun et al. 2014). A fourth factor is
the comfort of the configuration, a term used to describe the
subjective preference for a certain grip configuration when
more grip configurations are possible (Rosenbaum et al. 1990).
For picking up cylindrical objects with a precision grip, people
clearly have a preferred grip angle (Cuijpers et al. 2004;
Lederman and Wing 2003), which depends on the object’s
position (Schot et al. 2010). A last factor that is considered in
the selection are the future forces and movement constraints
(Crajé et al. 2011; Lukos et al. 2008; Rosenbaum et al. 2006),
even including constraints on a subsequent task after having
released the object that is to be grasped (Hesse and Deubel
2010a). The relative importance of each of these factors de-
pends on many details of the task (Paulun et al. 2016).

As both visibility of the object at the time of the grasp and
future movement constraints influence the selected grasping
points, it seems reasonable to assume that visibility and con-
straints during the movement to the grasping points are also
considered in grasp-point selection. It might be particularly
useful to combine searching for an optimal grip configuration
with searching for an optimal trajectory. Rosenbaum and
colleagues (Elsinger and Rosenbaum 2003; Rosenbaum et al.
2001) have even argued that the choice of grip configuration is
based on evaluating the possible movements toward the object.
However, the grip configuration hardly depended on how digits
approached a cylindrical object when the trajectories were
manipulated by having the digits start at very different posi-

C

Fig. 2. Selecting the grasping configuration. Hands are indicated with the digits near the selected grasping points. Shown are 4 of the many possible ways to grasp
a single object in a given orientation. A and B: 2 configurations with the same grasping axis but grasping points that correspond to a different hand posture and
presumably comfort. C and D: 2 configurations with a grasping axis perpendicular to that in A and B. These configurations differ in their final grip size and the

required grip force.
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tions or when participants themselves chose to move over the
object rather than around it to reach the grasping points
(Voudouris et al. 2010). Obstacles placed near the trajectories
also hardly influenced the grasping points unless they were so
close to the otherwise preferred grasping points that they
physically constrained the movement (Garzorz et al. 2018;
Voudouris et al. 2012) or were on the same side as the arm and
so high that the arm could not move over them (Marotta and
Graham 2016). Considering how readily grasping points
change if the cylinder that is to be grasped is slightly elongated
(Cuijpers et al. 2004), the minimal influence of imposing
different trajectories suggests that the grasping points are
determined by the desired posture at the moment of the grasp
rather than by the postures throughout the movement.

Some authors have argued that the information required for
grasping must be computed in real time, so all planning must
occur just before movement onset (Westwood and Goodale
2003; Westwood et al. 2003). However, there is clear evidence
that we take visual information that was obtained up to a few
seconds before movement onset into account. For instance, as
we discussed above, a cylinder with an elliptical base is best
grasped along one of its principal axes. When asked to grasp a
cylinder with a circular base 2 s after having viewed a cylinder
with an elliptical base, people’s grasping orientation was in-
fluenced by the previously viewed object. Both the selected
grip orientation and the maximum grip aperture were affected
(Hesse et al. 2008). Such preview effects on grasping kinemat-
ics only occur when the object that is previewed resembles the
target (Roche and Chainay 2013) and only when the whole
object is previewed (Roche et al. 2015). Expectations can also
be set by experience, as has been observed for the effect of
object size on grip aperture (Volcic and Domini 2018).

All factors in grasp-point selection that were identified by
Kleinholdermann et al. (2013) can be regarded as task con-
straints. When executing a reach-to-grasp movement, one usu-
ally has to judge the task constraints based on visual informa-
tion. If the object is placed in a visual surrounding that shifts
the apparent position of the object’s center of mass (i.e., the
Judd illusion), the choice of grasping points follows this shift
(Ellis et al. 1999; Mon-Williams and Bull 2000). This implies
that the perceived task constraints are the basis of grasp-point
selection rather than the actual constraints (Cuijpers et al.
2006).

TIME COURSE OF GRIP-APERTURE FORMATION

As discussed in the introduction, the basis of the visuomo-
tor-channel framework was the hypothesis of “an open-loop
control of independent visuomotor channels” (Jeannerod 1981).
This hypothesis was attractive because it conceptually simpli-
fied control by separating the control of the digits’ positions
relative to each other from the control of the wrist’s position
relative to the trunk and at the same time separated the
time-invariant intrinsic object properties such as its size from
the time-dependent egocentric properties such as its location.
However, this hypothesis had to be rejected. Already in 1990,
the laboratory of Jeannerod published a paper with the title
“The coupling of arm and finger movements during prehen-
sion” (Paulignan et al. 1990). This paper and several others
published in the period between 1990 and 1999 showed that
various parameters of the wrist movement depend on object
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size and many parameters describing grip formation depend on
object distance (Jakobson and Goodale 1991; Kudoh et al.
1997; Marteniuk et al. 1990).

A quantitative analysis of experimental findings shows that
the coupling between the two visuomotor channels is consid-
erable. The original visuomotor-channel hypothesis predicts
that transport parameters such as movement time would only
depend on egocentric parameters such as object distance.
Movement time is predicted to be independent of intrinsic
object properties such as object size. The experimental finding
is that movement time increases with object distance (8.5
ms/cm; Kudoh et al. 1997), but it decreases to a similar extent
with object size (—6 ms/cm; Marteniuk et al. 1990). The
visuomotor-channel hypothesis also predicts that maximum
grip aperture would increase with object size but would be
independent of object distance. The experimental finding is
that the maximum grip aperture increases by 5 mm when object
size increases from 20 to 30 mm but also when object distance
increases from 20 to 40 cm (Table 1 of Jakobson and Goodale
1991). The experimental findings were thus clearly inconsis-
tent with the original visuomotor-channel hypothesis. To in-
corporate these results, the hypothesis was amended: instead of
assuming two independent visuomotor channels, it was now
assumed that the two channels interact.

Within the digit-in-space framework, there is no separate
control of transport and grip, as grip formation is described in
terms of how the digits move in space. Based on this frame-
work, we originally proposed an independent-digit hypothesis,
assuming as radical a separation as in the original visuomotor-
channel hypothesis. This independent-digit hypothesis consid-
ers the movements of the digits in space during grasping to just
be two simultaneous movements of digits to the sides of the
object (Smeets and Brenner 1999). Of course, there are limi-
tations to this radical version of the hypothesis because the
anatomy of the arm, and in particular the mechanical link
between the digits, cannot really be totally ignored. The most
obvious example is when there is an obstacle between the two
digits’ paths. In that case, each digit on its own could move
around the obstacle. If the digits were to take the same paths
during grasping, the hand would hit the obstacle. There are
obvious postural constraints on the independence of the digits’
movements. However, if we avoid circumstances in which
such constraints become important, we can make several test-
able predictions on the basis of the independent-digit hypoth-
esis.

The first prediction is that any peculiarity that is observed
during grip formation when reaching to grasp symmetric ob-
jects should be observed in the movements of both digits
because they both have similar constraints. The second is that
any peculiarities of the digits’ movements during grasping
should also be present when reaching to touch the side of the
object with a single digit because the constraints are the same.
These predictions of the independent-digit hypothesis differ
fundamentally from the predictions made by theories that claim
that grip aperture is controlled (on the basis of object size).
According to such theories, the single-digit reaching move-
ment should resemble the transport component of grasping.
This transport component could be the movement of the hand
(Jeannerod 1981, 1988). In that case, how grip formation is
distributed over the movements of the two digits is not speci-
fied, but they could move symmetrically in accordance with the
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first of the above-mentioned predictions. However, there is no
reason to expect the individual digits’ movements when touch-
ing the side of the object to resemble their movements when
grasping. Alternatively, the transport component could be the
movement of the thumb (Haggard and Wing 1997; Mon-
Williams and Tresilian 2001), in which case the thumb’s
movements when touching the side of the object should resem-
ble its movement when grasping, whereas the index finger’s
movement relative to the thumb should represent specific
characteristics of grip formation. We will discuss the experi-
mental findings related to these predictions in the next three
paragraphs.

One peculiarity of grip formation is that grip aperture in-
creases with object diameter but that this scaling is incomplete.
The scaling factor is ~0.8 (Smeets and Brenner 1999). Accord-
ing to the independent-digit hypothesis, this incomplete scaling
should be present in the movements of both digits. According
to the visuomotor-channel hypothesis, it is less clear what to
expect. If one assumes that the thumb is transported (Haggard
and Wing 1997; Mon-Williams and Tresilian 2001), one would
predict that the incomplete scaling is due to the index finger’s
movements. To evaluate individual digits’ grip scaling, we
determined the curvature of the digits’ paths. We examined
whether the curvature of both digits’ paths scaled with object
size and found that the maximum deviation from a straight line
increased by 0.75 times the object radius for both digits
(Smeets and Brenner 2001b). This relation was the same for
the dominant and nondominant hand and was also found when
grasping with the index fingers of both hands (Fig. 3A). The
main difference between the digits was that the thumb’s path
deviated 0.5 cm more than the index finger’s path. We will
interpret this difference between the digits in the section
ADDITIONAL CONSTRAINTS AND GRIP APERTURE.

It is known that some aspects of motor control differ be-
tween participants. A classic example is handwriting: a per-
son’s handwriting remains recognizable irrespective of the
effector that is used (Merton 1972). In a similar way, the
systematic mismatch between the visual and proprioceptive
estimation of ones hand’s location differs in a consistent way
across participants (Kuling et al. 2016; Smeets et al. 2006).
Most importantly for the present review, such idiosyncrasies
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have been observed in grasping (Bongers et al. 2012). Appar-
ently, every individual has a preferred way to deal with the
constraints of a certain task. The second prediction of the inde-
pendent-digit hypothesis was that all peculiarities of the digits’
movements when reaching to grasp an object should be present
during single-digit movements with similar constraints for the
digit. This prediction of the independent-digit hypothesis might
seem unlikely: grasping involves moving the index finger and
thumb together, connected by a strong biomechanical constraint
that was absent in single-digit movements.

As the movements of the digits when reaching to grasp an
object are constrained to have a more or less perpendicular
approach to the surface to apply forces in opposite directions
with the two digits when grasping (Biegstraaten et al. 2006;
Kleinholdermann et al. 2007; Smeets and Brenner 1999), tasks
that involve reaching to touch or to push an object can be
designed to impose similar constraints on each digit to those
during grasping. Such tasks can be used to test the second
prediction (Smeets et al. 2010). To compare the idiosyncrasies,
each participant in each of the three tasks (reach to touch, push,
or grasp) was characterized by a curve representing the average
deviation of the two digits from a straight line. In accordance
with the prediction that peculiarities of the digits’ movements
when reaching to grasp an object should be present during
single-digit movements, the trajectories in pushing and touch-
ing resembled those for grasping for each participant. They did
so much more closely than did the trajectories of different
participants performing the same task (Fig. 3B). Similar results
were found in a study on interceptive movements (Schot et al.
2011). In that study, a sphere was either rolling along a track
or presented stationary on that track and participants were
asked to either pick it up with a precision grip or hit it with a
single digit. We compared the movements of the digits be-
tween those combinations of task and sphere motion and
found that the movement paths were more similar across tasks
(hitting vs. grasping) than across sphere motion (rolling vs.
stationary), supporting the notion that grasping is not con-
trolled fundamentally differently from single-digit movements.

We have argued that approaching an object’s surface per-
pendicularly helps reach the selected positions on the target
object’s surface in the presence of perceptual and motor noise

o]

Grasp Touch Push

Finger-thumb difference (cm)
o

0.4 0.6 0.8 1
Fraction of movement path (%)

0 0.2

Fig. 3. Deviation of the digits’ paths from a straight line in grasping. A: maximum deviation from a straight line to the center of the target object for the 2 digits
in 3 grasping tasks: grasping with the dominant hand, grasping with the nondominant hand, and bimanual grasping with the index fingers of both hand. [Data
replotted from Smeets and Brenner (2001b).] In line with the model prediction (plotted for 5 different values of the approach parameter), all deviations scale
in a similar way with object diameter. B: difference in deviation from a straight line between the index finger and the thumb for grasping compared with that
in single-digit tasks. [Data of participants (p) 4-6 replotted from Smeets et al. (2010).] Finger-thumb difference is for each participant very similar for the 3 tasks
but differs considerably between participants.
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(Smeets and Brenner 1999). Based on this assumption, we
were able to account for several characteristics of grip forma-
tion, including the incomplete grip scaling. The shape of the
trajectories does not provide evidence that people aim for a
perpendicular approach, as closing one’s grip also gives an
approximately perpendicular approach when grasping a cylin-
der or a cube. To test whether people aim for a perpendicular
approach, one should grasp objects for which closing one’s
grip does not lead to movements that approach the surface
perpendicularly, such as trapezoids. Experiments with such
objects showed that the digits’ trajectories when closing the
grip tend to approach the surface perpendicularly (Kleinhold-
ermann et al. 2007). Thus the digits were moving along
suitable paths for the orientation of the surfaces that they were
heading for, rather than just moving toward each other.

In the above reasoning, we assume that the orientation and
the location of the target object are perceived veridical. It is
known that this is not always the case. For instance, people
have biases that depend on gaze direction. When they shift
their gaze while remembering a target’s location, the biases are
remapped with the gaze shift (Henriques et al. 1998). Within
the visuomotor-channel framework, one might expect such a
remapping for the transport component to leave the grip com-
ponent unaffected because only the transport component is
assumed to be based on egocentric properties. This prediction
has been tested and found to be false: an intervening saccade
also influenced grip orientation (Selen and Medendorp 2011).
This suggests that grip orientation might be part of the trans-
port component, but in that case transport and grip must largely
be controlled together because the grip aperture depends
strongly on grip orientation unless the object is completely
symmetric. Within the digit-in-space framework, an interven-
ing saccade can be expected to lead to remapping of the target
positions for the two digits and thus to cause a change in the
emerging grip orientation. Since the digit-in-space framework
specifies that the digits will approach the object perpendicu-
larly, viewing-geometry-dependent biases in perceived orien-
tation (Doumen et al. 2005) might explain why Selen and
Medendorp (2011) even found a larger remapping effect on
grip-aperture orientation than on the average position of the
digits.

Overall, the results in this section are very easy to describe
using the digit-in-space framework, where each digit’s trajec-
tory is a direct consequence of constraints on that digit. To
describe these results in terms of the visuomotor-channel
framework, one needs to make many ad hoc extensions to the
framework. However, as described above, both frameworks
require some mechanism for coordinating the two assumed
components of grasping. Either the timing of the movements of
the two digits or the timing of grip formation and transport of
the hand has to be coordinated.

ONLINE CONTROL

Contrary to the initial proposal of “open-loop control of
independent visuomotor channels” (Jeannerod 1981), it is now
generally accepted that ongoing reach-to-grasp movements can
be adjusted to changing circumstances. The ability to adjust
ongoing movements has mainly been studied by perturbing the
target object in some manner. Kinematic responses to pertur-
bations of a target object’s position are already observed ~100
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ms after the perturbation. These adjustments presumably up-
date an ongoing (and thus already planned) movement on the
basis of the latest sensory evidence about target location
(Brenner and Smeets 2018; Scott 2016; Smeets et al. 2016).
This notion of online control can be open-loop (based purely
on information from the environment) or closed-loop (based on
information about the ongoing movement as well).

Online control is especially interesting to study because
concentrating on responses with the shortest latency isolates
the most direct pathways guiding actions and thus only the
most direct control mechanisms. More elaborate consider-
ations, possibly involving interactions between the controlled
channels, take more time so they will not influence the initial
response to a perturbation. Thus studying the initial responses
to a perturbation can reveal the most basic elements of control.
What these basic elements are expected to be depends on the
framework. According to the visuomotor-channel framework,
the two channels controlling the transport and the grip com-
ponent are presumed to be the basic elements. According to the
digit-in-space framework, the positions of the thumb and index
finger in space are presumed to be the basic elements. Irre-
spective of the framework, one would expect that perturbations
of one basic element (grip aperture or finger position) would
only affect that channel. Is this the case?

A first set of studies that aimed at understanding the online
control of grasping was performed in the laboratory of Marc
Jeannerod (Paulignan et al. 1991a, 1991b). In these studies,
real objects of various sizes were located at different positions
in a dark environment. One object was illuminated from
within, indicating that this was the target. In a fraction of the
trials, the illumination changed once the participant started to
move, to indicate that a different object was the target. The
authors designed this experiment to test the visuomotor-chan-
nel hypothesis and expected only the transport component of
the movement to be perturbed when the second object had the
same size as the first. The results proved this hypothesis to be
incorrect: the authors found that the perturbation induced not
only a double-peaked velocity profile, but also a double-peaked
grip-aperture profile (Paulignan et al. 1991b). Both the velocity
and the grip-aperture profile also changed if the second object
was at the same position but had a different size (Paulignan et
al. 1991a). Within the digit-in-space framework, both types of
perturbations involve a change in the location of the contact
points of both digits. If one models the digits’ movements as
maximally smooth movements toward the new positions of the
contact points, one obtains responses that resemble those
experimentally observed (Smeets et al. 2002). However, the
latencies of the adjustments were >300 ms, so one might
question whether the double-peaked profiles for grip aperture
and velocity are a direct adjustment to the changed target or
planning a new movement that considers the presence of the
nonilluminated objects that might have acted as obstacles
(Paulignan and Jeannerod 1996; Smeets et al. 2016).

The experiments of Paulignan et al. (1991a, 1991b) that we
discussed above provided a critical test that showed a large
deviation from the predictions of the visuomotor channel
theory. In a similar way, one could test whether the two digits
are controlled independently in accordance with the digit-in-
space framework. By constructing objects that can quickly be
enlarged on one side without the other side changing, one can
selectively perturb the contact position for one digit. If the two
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digits are completely independent, the responses should be
independent. van de Kamp and Zaal (2007) developed such an
object and found that perturbing one digit’s contact position
affected some aspect of the kinematics of the other digit in two
of the four cases that were tested. However, the effects were
only visible in a combination of five measures, rather than in a
specific measure. We conclude that the coupling between the
digits that was observed in the study of van de Kamp and Zaal
(2007) is much weaker than the coupling between the visuo-
motor channels that was observed by Paulignan et al. (1991a,
1991b).

If the online control of grasping behaves in the same way as
the online control of goal-directed pointing movement, the
vigor of the response will be larger for later changes (Liu and
Todorov 2007; Oostwoud Wijdenes et al. 2011). We are not
aware of any experiment directly testing this prediction, but we
have found some indirect evidence. If you use a fixed displace-
ment threshold to determine the onset of movement correction,
the latency is overestimated by =100 ms (Oostwoud Wijdenes
et al. 2014). The overestimation is smaller for more vigorous
responses, so a shorter latency can be an indication of a more
vigorous response. Thus, if the digits’ responses to a change in
target size are more vigorous later in the movement, we expect
the latency to decrease. This is what was observed for re-
sponses to changes in object size (Hesse and Franz 2009; van
de Kamp et al. 2009): the reported latencies for changes near
the end of the movement are ~100 ms shorter than those for
perturbations near movement onset.

If grasping consists of moving the digits independently to
selected positions on an object, then one would expect to see
online adjustments when those positions displace, even if there
is no need to make any adjustments to successfully grasp the
object. In a study that examined this, participants were asked to
grasp a cube or a sphere that could rotate during the grasping
movement (Voudouris et al. 2013). In both cases, the digits
responded in accordance with the changes in the positions of
the grasping points. For the cube, it is logical, and in agreement
with earlier experiments (Desmurget et al. 1996), that the hand
would follow the rotation at short latency (115 ms). For the
sphere, neither the size nor the position changed so that there
was no reason to adjust the grasping movement in terms of grip
aperture or orientation. In the terminology of the digit-in-space
framework, the digits should follow the selected grasping
points. They did so for ~50 ms, after which the grip orientation
returned (almost) to the orientation that it would have had if
there had been no rotation. This is consistent with the digits’
movements being the basic elements that are controlled.

Goal-directed movements are also adjusted to other changes
in the constraints than a change in target position. For instance,
an obstacle that moves near the path is avoided at a short
latency (Aivar et al. 2008; Nashed et al. 2012). According to
the digit-in-space framework, this characteristic of the fast
adjustment is expected to be present in the movements of the
digits in grasping. As we will discuss later in the section
ADDITIONAL CONSTRAINTS AND GRIP APERTURE, the movements of
the digits depend on object shape in a manner that is consistent
with some parts of the object other than the contact points
being treated as obstacles. More generally, the digits’ paths,
and thus maximum grip aperture, depend on object shape.
Maximum grip aperture is larger for grasping a thin bar with a
length of 4.1 cm than for grasping a disk with a diameter of 4.1
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cm (Eloka and Franz 2011). Therefore, if a bar were to
suddenly change into a disk, one might expect to see a fast
response in grip aperture, even if the object dimension along
the opposition axis remains constant. This is indeed what has
been reported: a fast adjustment in grip aperture is observed
when the bar is replaced by a disk during the reach-to-grasp
movement (Eloka and Franz 2011).

Not only visual information about the target and environ-
ment are used in the online control of movement, but also
visual feedback about the hand (Brenner and Smeets 2003;
Dimitriou et al. 2013). This information is used to complement
haptic information in continuously updating the estimate of the
location of the end effector throughout the movement, just as
visual information is continuously used to update the estimate
of the target’s location. One might have expected that instead
of comparing an estimate of the target with an estimate of the
effector, direct visual information about the relative positions
of the hand and target is used. However, this is not the case,
even when haptic position information is not directly coupled
to the position of the end effector, for instance, when using a
computer mouse to bring a cursor to a target (Brenner and
Smeets 2003, 2006). The two frameworks each suggest that a
certain kind of visual feedback is used to guide grasping: the
locations of the digits (digit-in-space framework) or the grip
aperture and hand position (visuomotor-channel framework).
To evaluate which of the two kinds of information is used, we
will interpret the findings of an experiment that manipulated
the reliability of visual information (Volcic and Domini 2016).

When you are reaching to grasp a ball with your index finger
aiming to touch an invisible point on the far side of the ball, the
visual information about the contact point of the finger is much
less reliable than that of the thumb. Whether this difference in
reliability is relevant for feedback control depends on the
information that is used in the control of grasping. If informa-
tion about the distance between the digits is used to control grip
aperture, the difference in reliability between the digits is
irrelevant. However, if feedback about the individual digits’
positions is used to control the individual digits’ movements,
less reliable information for one digit should lead to corrections
with a lower gain for that digit. Therefore, one can expect a
lower gain of online adjustments for the index finger than for
the thumb. This prediction was tested experimentally by Volcic
and Domini (2016) by scaling the visual feedback about the
distance between the digits (i.e., about grip aperture). When
grasping in the frontal plane with both digits continuously in
view, both digits responded equally to the manipulated feed-
back. However, when using a horizontal grip with the index
finger partly occluded, the thumb responded much more
strongly than the index finger. This is consistent with the
individual digits being controlled on the basis of visual feed-
back, rather than grip aperture being controlled, which is
incompatible with the visuomotor-channel hypothesis. In this
context, it is important to realize that knowing whether one will
have visual information for online control, for instance, be-
cause one can see that some parts of the digits’ trajectories will
be occluded, influences details of the digits’ trajectories (Boz-
zacchi et al. 2018).

The perturbation studies that we discussed above examined
the responses to changes in the visual input. Mechanical
perturbations can be used to answer the same questions. For
instance, if there were independent visuomotor channels for the
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control of transport and grip, perturbing the transport would
leave the grip unaffected. However, what is found is that when
mechanically blocking the movement of the wrist during a
reach-to-grasp movement, the opening of the grip stops as well
(Yang and Feldman 2010). This result is logical if you assume
that the aim is to bring digits to a contact point on the object.
Blocking the wrist blocks the movement of the digits along
their planned trajectories in space. If the digits would move
relative to the wrist, this would move the digits away from the
planned trajectories. In a similar fashion, perturbing the grip
might be expected leave the transport component unaffected.
However, this is not the case (Schettino et al. 2017).

Thus the fastest responses show a strong coupling between
the two channels in the visuomotor-channel framework while
showing a very modest coupling between the digits in the
digit-in-space framework. Moreover, the gain of the digits’
responses depends on the reliability of the information about
the individual digits. This supports the digit-in-space frame-
work, complementing the observation that the hand follows
selected grasping points rather than relying on grip aperture
and object position.

TRANSFER OF ADAPTATION

Thus far, we have described how the influence of constraints
on grasping behavior can reveal the underlying control struc-
ture. Another popular method for studying visuomotor archi-
tecture is through adaptation. Humans can adapt rather quickly
to a change in the relation between sensory input and the
corresponding motor behavior. This adaptation can be inter-
preted as updating an internal forward model of the sensori-
motor mapping (Krakauer and Mazzoni 2011). Transfer of
adaptation from one task to another suggests that the tasks use
the same internal model of sensorimotor mapping. A very
interesting phenomenon is that adapting to a task does not
always generalize to tasks that seem almost identical. For
instance, adapting a slicing movement back and forth through
a target does not lead to any effects on a movement that has to
stop at the same target location (Scheidt and Ghez 2007). This
finding implies that a movement’s specific constraints are
critical for generalization. Investigating how adaptation gener-
alizes across tasks can reveal the nature of such constraints and
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thereby help identify the scope of the underlying internal
model.

An example of visuomotor adaptation in grasping is grasp-
ing objects for which the haptically experienced size or orien-
tation differs from the visually experienced values. After re-
peated grasping, the maximum grip aperture and its orientation
adapt toward the haptically experienced values (Séfstrom and
Edin 2004; Weigelt and Bock 2007). These findings can be
explained in terms of the visuomotor-channel framework: the
channel relating visual information about object size to grip-
aperture control is adapted as well as the one relating object
orientation to the orientation of grip aperture. Within the
digit-in-space framework, the explanation of adaptation in
grasping with distorted visual size information is less straight-
forward. Adaptation to a visuohaptic size mismatch can be
explained within the digit-in-space framework by assuming
that two internal models are adapted: models relating visual
information about the location of each of the two contact
positions to the movements of the corresponding digit in space.
To adapt to a different size, the adaptation of the index finger
would have to be in the opposite direction than that of the
thumb. This might sound unlikely, as movements of the index
finger and the thumb share the arm that moves them through
space, but the index finger and thumb can be adapted in
opposite directions (Schot et al. 2014), resulting in an afteref-
fect of the thumb aiming to the left of the target while the index
finger aims to the right (blue dashed curves in Fig. 4) or vice
versa (red dotted curves). Therefore, the fact that one can adapt
grip aperture to object size is not an argument against either of
the frameworks.

The example of adapting individual digits illustrates that
adaptation can be quite specific rather than generalizing across
any similar goal-directed arm movement. Besides being spe-
cific to the digit that is moved, prism adaptation is also specific
to the location in the workspace (i.e., to the posture of the
adapting arm): learning to deal with visual effects of prisms
with the hand in a certain posture does not transfer to the same
movement starting from another arm posture (Redding and
Wallace 2006). Within the digit-in-space framework, adapta-
tion to object size involves adapting index finger and thumb in
opposite directions. As both of these adaptations are posture-
specific, this size adaptation should be specific to a certain arm

C Transfer to grasping
12

grip aperture (cm)

Fig. 4. Adaptation of pointing and transfer to grasping. A: adaptation to prisms in opposite directions when pointing with the 2 digits. B: top view of 3 trials in
which the participant tapped the left side of a cube with the thumb and 3 trials in which the participants tapped the right side of the cube with the index finger.
Continuous black curves: last trial of each digit before adaptation. Dashed blue and dotted red curves: 1st pointing trial of each digit after removing the prisms.
Target cube is on the right. [Adapted from Fig. 24 in Schot et al. (2014).] C: transfer to grasping: in the Ist trial after adaptation, grip initially closes until the
digits touch (instead of opening; dotted red curve) or opens much wider (dashed blue curve) than it did in the last trial before adaptation (solid black curve).

[Adapted from Schot et al. (2017).]
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posture. This prediction is clearly the opposite of what one
would predict according to the visuomotor-channel framework.
According to that framework, adaptation would occur com-
pletely in the grip channel, which only involves the distal
musculature and intrinsic object properties, so grip adaptation
should be independent of the arm posture. The experimental
results are in line with the digit-in-space framework: the
adaptation of grip aperture is specific for the hand’s location in
the workspace (Cesanek and Domini 2017).

As argued in the first paragraph of this section, transfer of
adaptation to related tasks depends on the similarity between
the task constraints. Following this reasoning, the digit-in-
space framework predicts rather unexpected transfer of adap-
tation. Within this framework, grip formation emerges from
movements of the digits to positions on the target’s surface.
Therefore, adaptation of grip aperture in grasping should trans-
fer to deviations in pointing and vice versa. Such transfer is not
expected within the visuomotor-channel framework, as point-
ing movements involve the musculature that is used in the
transport channel rather than that used in the grip channel. Is
there evidence for transfer between pointing and grip forma-
tion? A first finding that is in line with the digit-in-space
framework is that the adaptation of grip orientation in grasping
transfers to pointing with the index finger to the side of the
object when the pointing movement resembled the movement
of the index finger in the adaptation phase (Weigelt and Bock
2010).

A second finding on transfer of adaptation that is in line with
the digit-in-space framework is based on the hypothesis that
grip adaptation to object size is based on opposite adaption of
the two digits. If so, adaptation of the digits in opposite
directions should lead to aftereffects in the grip aperture during
grasping. This prediction makes no sense within the visuomo-
tor-channel framework, as grip aperture depends on size within
this framework and size information is never perturbed in
adaptation of the individual digits. To test this prediction, an
experiment was conducted in which participants alternated
between tapping the left side of an object with their thumb and
tapping the right size of the object with the index finger, with
the direction of the prism being coupled with the digit that was
used so that the digits adapted in opposite directions. After
such adaptation, the prisms were removed and participants
were asked to grasp the object. The grip aperture showed a
clear aftereffect (Schot et al. 2017; Smeets and Brenner 2016).
A very interesting phenomenon was observed in the case that
the adaptation made the index finger move more leftward and
the thumb more rightward (red dotted curves in Fig. 4). When
subsequently grasping without prisms, the consequence of the
index finger moving more leftward and the thumb more right-
ward was that instead of starting by opening their grip, the
participants started by closing their grip (Schot et al. 2017).

All examples of (lack of) transfer of adaptation that we
described in this section make sense within the digit-in-space
framework. They are unforeseen from the viewpoint of the
visuomotor-channel framework.

INFLUENCE OF ILLUSIONS ON GRASPING

Visual illusions can be used as a tool to study the coding of
goal-directed movements (de Grave et al. 2004). Aglioti et al.
(1995) were the first to use grasping to test the two-visual-
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systems hypothesis. According to this hypothesis, all visual
attributes are processed twice: in the ventral pathway for
recognizing objects (perception) and in the dorsal pathway for
guiding one’s hand toward them (Goodale and Milner 1992).
Aglioti et al. (1995) and most other authors interpret the
findings in grasping experiments in terms of the visuomotor-
channel framework and discuss whether visual size illusions
affect maximum grip aperture to the same extent as their
perceptual effect. This is not a correct comparison in the
digit-in-space framework because maximum grip aperture is an
emergent property of movements of the digits toward positions
rather than a variable that is controlled directly on the basis of
an estimate of object size (Fig. 1). If grip aperture does not rely
on estimating object size, there is no reason to expect size
illusions to influence grasping movements. Instead, illusions
affecting perceived positions should do so (Smeets and
Brenner 2006; Smeets et al. 2009). We are, therefore, not
surprised to see that many studies find little effect of size
illusions on grasping (e.g., Whitwell et al. 2018), although we
do not regard studies that report otherwise (e.g., Kopiske et al.
2016) as evidence against the two-visual-systems hypothesis
either. We will not discuss the two-visual-systems hypothesis
itself here (see for recent reviews: de Haan et al. 2018; Goodale
and Milner 2018; Medendorp et al. 2018; Schenk and Hesse
2018) but will discuss what some grasping studies that were
designed to test the validity of the two-visual-systems hypoth-
esis can tell us about the control of grasping.

The most frequently studied illusion in grasping experiments
concerned with the two-visual-systems hypothesis is the Ebb-
inghaus illusion. In such experiments, a thin disk that is to be
grasped is surrounded by flankers. If the disk is surrounded by
large flankers, it appears to be smaller than if it is surrounded
by small flankers. According to the visuomotor-channel frame-
work, this size illusion affects the input of the grasping channel
and should, therefore, influence grip aperture. According to the
digit-in-space framework, the illusion should only affect grasp-
ing if it influences the perceived position of grasping points.
Many studies have reported that this illusion influences peak
grip aperture (Aglioti et al. 1995; de Grave et al. 2005; Franz
et al. 2000; Haffenden and Goodale 2000; Haffenden et al.
2001; Kopiske et al. 2016; Pavani et al. 1999). The most
intensively discussed concern about this illusion is that the
flankers that surround the disk might act as obstacles and
thereby have an effect on peak grip aperture that is unrelated to
their effect on perceived size (Haffenden and Goodale 2000;
Haffenden et al. 2001). The fact that the exact location of the
flankers influences the selected grasping points (de Grave et al.
2005) supports this idea. However, an extensive preregistered
study with 144 participants showed that obstacle-like effects
cannot explain the effect of the Ebbinghaus illusion on peak
grip aperture (Kopiske et al. 2016). How does the choice of a
framework affect the interpretation of these results?

When interpreted within the visuomotor-channel frame-
work, the results of Kopiske et al. (2016) imply that this size
illusion affects grasping, which is inconsistent with the basic
version of the two-visual-systems hypothesis. Interpretation of
the results of Kopiske et al. (2016) within the digit-in-space
framework is less straightforward, as size information (and
thus a size illusion) is not relevant in the control of grasping.
One could explain the finding that the Ebbinghaus illusion
influences peak grip aperture within the digit-in-space frame-
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work by assuming that the Ebbinghaus illusion influences
perceived locations. In a simple pencil-and-paper experiment,
we examined whether this could be the case. We found that the
perceived positions of potential grasping points are indeed
influenced by the Ebbinghaus illusion (Smeets and Brenner
2019). In line with the reported lack of effect on grip aperture
of the empty space illusion (Stottinger et al. 2012) and diagonal
illusion (Stottinger et al. 2009), we found that a combination of
these illusions did not affect perceived positions.

A second very popular illusion is the Miiller-Lyer illusion or
the Brentano version of it. In this illusion, a line segment
appears to be longer when outward-pointing fins are attached to
its ends than when inward-pointing fins are attached to its ends.
How this illusion affects pointing movements depends on the
starting position. When asked to point at one of the vertices,
there is a clear effect of the fins on the movement end points
when starting from another vertex (de Grave et al. 2004;
Mendoza et al. 2006). The effect of the fins is much smaller
when starting from other positions and even completely disap-
pears when starting at a position that results in a movement
perpendicular to the illusion (de Grave et al. 2004, 2009). A
similar pattern has been reported for saccades (de Grave et al.
2006a, 2006b). To study grasping with this illusion, a physical
bar is placed on a printed or projected version of the illusion.
The many studies using this paradigm have been reviewed by
Bruno et al. (2010). Do the results fit one of the frameworks?

According to the digit-in-space framework, the starting-
position dependence of the effects of the Miiller-Lyer illusion
on pointing should be reflected in the susceptibility of grip
aperture to this illusion. Therefore, one would expect that the
starting position would matter, with a reduced effect of the
illusion when starting from the side compared with a move-
ment along the illusion. Unfortunately, the exact configuration
is not provided in many studies, which makes this prediction
rather difficult to evaluate for this review. Moreover, the fins
can also act as obstacles, which would also result in a larger
maximum grip aperture for outward-pointing fins. Experimen-
tal evidence that such obstacle-like aspects of the Miiller-Lyer
figure influence the grasping behavior is provided by a study
from our group (Biegstraaten et al. 2007). In this study,
participants started on the side. We found that grip aperture
was larger for the fins-out than for the fins-in configuration, but
the movement times were also longer, which suggests that the
difference was not only one of size, but also mainly caused by
the fins acting as obstacles.

An additional reason to suspect that the misperceived size is
not responsible for the effects of the Miiller-Lyer illusion on
grip aperture is that if the bar would appear to be shorter than
it really is, the digits should aim at positions that are closer
together than the size of the bar. If so, they would unexpectedly
contact the bar before they expected to do so, with a strong
impact as a consequence. On the other hand, for a bar that
appears longer than it is, the contact will not occur at the
planned moment, at which the digits’ speeds are low, so the
digits should reaccelerate. Contrary to those expectations, we
did not observe any difference in the digits’ velocities during
the last 50 ms before contact (Biegstraaten et al. 2007). The
effect of the illusion on maximum grip aperture is, therefore,
probably mainly due to the fins acting as obstacles. As we
cannot rule out a small effect of an illusory difference in size
as well, the experiments on grasping the Miiller-Lyer illusion
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do not provide specific support for either of the two frame-
works.

If one misjudges the size of an object that one is reaching to
grasp, one will have a peculiar velocity profile just before
contact (as discussed in the previous paragraph), but one will
also use this error to update one’s movement plan for the next
movement toward the same object (Cesanek and Domini 2017;
Kopiske et al. 2017). Such updating illustrates the effect of
errors in previous trials on reaching to grasp, in line with the
literature on pointing (van Beers 2009), interception (de Lus-
sanet et al. 2001), and the control of grip force (Westling and
Johansson 1984). In the previous section, we already presented
support for the digit-in-space framework based on the transfer
of such updating from reaching with individual digits to grasp-
ing with both digits (Schot et al. 2017). Considering such
updating in the context of the visuomotor-channel framework,
with grip aperture being based on size perception, one might
consider that updating based on feedback near the time of
contact could be responsible for the resistance of grip aperture
to size illusions. A carefully designed preregistered study
showed that visuomotor adaptation of grasping is not the
primary source of the immunity to illusions in closed-loop
grasping (Cesanek et al. 2018). The lack of adaptation found in
that study is easily explained in the digit-in-space framework:
the illusion does not induce errors in perceiving the contact
positions, so there were no errors to adapt to.

Interpretation of the effects of size illusions on grasping
depends on many assumptions that are not easy to test. There-
fore, these studies do not provide strong support for or against
either of the frameworks.

ADDITIONAL CONSTRAINTS AND GRIP APERTURE

We started this review by discussing how various constraints
on achieving a stable grip could guide the selection of grasping
points and of the trajectories of reach-to-grasp movements.
Subsequently, we discussed several paradigms (perturbations,
adaptation, and illusions) in which the constraints were manip-
ulated to try to reveal the mechanisms of the control of
grasping. In the present section, we will turn to experiments
that studied how other constraints, such as positions that should
be avoided, influence the shaping of human reach-to-grasp
movements. Can these experiments shed light on how the
grasping movement is controlled? We will start by discussing
the constraints imposed by the object itself and then move to
constraints that are imposed by other objects.

A first constraint is related to the tolerance of the selection
of grasping points: the contact surface area. For a given object
size, it has been found that a larger contact surface results in a
larger maximum grip aperture (Bootsma et al. 1994; Mclntosh
et al. 2018). Why does the size of the contact surface affect grip
aperture? One way to explain this is to consider all of the
object’s surface except for the selected grasping points as an
obstacle that is to be avoided (Verheij et al. 2012). Making sure
to avoid the rest of the surface can be achieved by following
movement paths that are further from the object’s surface,
which corresponds to a larger grip aperture, with an approach
of the surface that is closer to perpendicular (Smeets and
Brenner 1999).

Considering parts of the target object as obstacles can
explain many other reported phenomena of grip aperture that
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have hitherto been explained in terms of the visuomotor-
channel hypothesis. When grasping a 5-cm-diameter circular
cylinder, people select grasping points along a preferred ori-
entation, and the digits move toward them in a manner that
ensures that they are never close to the rest of the cylinder’s
surface. When grasping an elliptically shaped cylinder with
axes of 5 and 8 cm with its minor axis at this preferred
orientation, the same trajectories of the digits would make
them pass quite close to the surface, making the elongated
surface of the cylinder a potential obstacle (Fig. 5A). Indeed,
the maximum grip aperture is larger when the cylinder is
elongated in the direction orthogonal to the grasping axis
(Cuijpers et al. 2004). A similar reasoning explains why the
maximum grip aperture is >1 cm larger when grasping a 6-cm
cube along its sides than when grasping a smaller cube along
its 6-cm diagonal (Verheij et al. 2014a).

Considering most of the surface of a target object as an
obstacle implies that if the digits travel a longer distance along
the surface on their way to the grasping points, the maximum
grip aperture may be larger and the movement time longer
(Fig. 5B). This was indeed found to be the case in a recent
experiment (Verheij and Smeets 2018). The increases with
distance traveled along the surface are considerable: 0.4-mm-
larger maximum grip aperture and 7-ms-longer movement time
for each additional centimeter along the object (Fig. 5 of
Verheij and Smeets 2018). The effects of the size of the contact
surface on the speed and grip aperture, therefore, depend on the
digits’ paths relative to the object. It is, therefore, not surpris-
ing that the effect of an increase of the contact surface in height
has an effect on maximum grip aperture different from a
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similar increase of the contact surface in the horizontal direc-
tion (Borchers et al. 2014).

According to the model that implements independent-digit
control by minimum-jerk movements (Smeets and Brenner
1999), a larger maximum grip aperture to obtain better preci-
sion should occur earlier in the movement. This effect of
precision on the timing of maximum grip aperture has indeed
been reported (MclIntosh et al. 2018; Zaal and Bootsma 1993).
In the experiments on the contribution of both digits to grip
formation, it was observed that the movements of the thumb
were ~30% more variable than those of the index finger
(Smeets and Brenner 2001b). A larger variability constrains the
approach to be more perpendicular, which corresponds with a
larger deviation earlier in the movement (Smeets and Brenner
1999). Indeed, the deviation from a straight line was ~10%
larger and occurred earlier in the movement (after covering
60% rather than 75% of the distance) for the thumb than for the
index finger (Smeets and Brenner 2001b). Moreover, the tim-
ing of the two maxima varied independently, suggesting that
the moment of peak grip aperture might be better regarded as
an emergent property of the timing of the two digits’ move-
ments, rather than a property that is controlled in itself.

In addition to the relation between the precision of grasping
movements and peak grip aperture, the precision of the peak
grip aperture itself is also relevant. If peak grip aperture were
a controlled variable (as it is assumed to be within the visuo-
motor-channel framework), one might expect it to obey the
basic psychophysical law that the variability of a quantity is
a fixed fraction of its magnitude (Weber’s law). However,
the variability of maximum grip aperture is independent of
the maximum grip aperture itself (Ganel et al. 2008). Within
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Fig. 5. Role of obstacles in grasping (top view). Open and filled circles indicate the intended grasping points. Black indicates an object or part of an object that
can interfere with the reach-to-grasp movement. Dashed arms indicate the preferred grasping configuration without the presence of obstacles. A: when grasping
a circular object, the grasping points can be anywhere on the object’s surface, and half of the surface needs to be avoided. If the object is elongated and grasped
close to the smaller axis, the grip aperture will be larger than for the circular object because the digits move along parts of the object with which they must be
sure not to collide. B: when grasping a cube, the centers of 2 opposite sides provide a stable grasp. For bars of the same width, the part that one has to make
certain to avoid hitting is larger. C: if there is an obstacle (cube) close to the target object (ball), it will influence the choice of grasping points. D: objects can
interfere with the posture of the forearm when the digits contact the object. E: if an object is on (or close to) a digit’s usual path, it will influence the digit’s

trajectory (and the maximum grip aperture).
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the visuomotor-channel framework, the absence of Weber’s
law requires an explanation. These have been provided in
terms of biomechanical constraints (Manzone et al. 2017,
Schenk et al. 2017; Utz et al. 2015) and in terms of the
two-visual-systems hypothesis (Bruno et al. 2016; Ganel et
al. 2008; Heath et al. 2017; Manzone et al. 2017). Within the
digit-in-space framework, no additional explanation is re-
quired. According to this framework, the maximum grip aper-
ture emerges from the independent movements of the individ-
ual digits, each toward its own contact position, rather than
being controlled on the basis of size. There is no reason to
assume that the variability in each individual digit’s movement
depends on hand opening, except for extreme hand postures.
Thus, if grip aperture is not controlled on the basis of an
estimate of size, there is no reason to expect Weber’s law-like
behavior for peak grip aperture (Smeets and Brenner 2008).

A last group of studies that have manipulated the constraints
of the object that is to be grasped are studies that involve
pantomimed grasping. In pantomimed grasping, the object is
not present at the position at which it is seen but is only visible
through a mirror (Bingham et al. 2007; Schenk 2012), is
presented at a different location (Rinsma et al. 2017), is
presented as a two-dimensional image (Ozana and Ganel
2019), or has to be remembered (Goodale et al. 1994). Cru-
cially, the participants know in advance that there will be no
contact at the end of the grasping movement (Bingham et al.
2007; Schenk 2012). The important consequence (not men-
tioned in the cited studies) is that in such a situation the
participant knows that there will be no contact, so there are no
constraints on the direction of approach. These studies report
that removing the object induces consistent changes in several
aspects of grasping behavior. A first consistent change that has
been reported is a reduction of peak grip aperture to a value
that is barely larger than the grip aperture at the end of the
movement (Ansuini et al. 2016; Bartelt and Darling 2002;
Goodale et al. 1994; Holmes et al. 2013; Ozana and Ganel
2018, 2019; Rinsma et al. 2017). A second consistent finding is
a larger effect of contextual illusions (Chan and Heath 2017;
Ozana and Ganel 2018; Rinsma et al. 2017; Westwood et al.
2000). A third consistent finding is that for pantomimed grasp-
ing, variability in peak grip aperture scales with peak grip
aperture (Davarpanah Jazi et al. 2015; Holmes et al. 2013;
Manzone et al. 2017), unlike the lack of scaling in normal
grasping that was discussed in the previous paragraph. A last
finding is that an individual without a functional ventral stream
(DF) does not scale her grip aperture with object size in
pantomimed grasping (Goodale et al. 1994; Schenk 2012),
whereas she does when grasping actual objects. How can we
explain these characteristics of pantomimed grasping?

Many authors have tried to explain the characteristics of
pantomimed grasping within the visuomotor-channel frame-
work in terms of a lack of calibration (Bingham et al. 2007;
Chan and Heath 2017; Davarpanah Jazi and Heath 2017;
Schenk 2012). However, this explanation has been questioned
because the effects remain if the object contact (and thus
feedback) is provided after the digit’s movements have stopped
without contact (Davarpanah Jazi and Heath 2017). Given the
importance of knowing that contact will occur, the distinct
characteristics of pantomimed grasping are likely to be related
to the lack of risk of unwanted contact with the object. All of
the above-mentioned findings can be understood by assuming
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that when grasping actual objects, one guides the digits to
contact locations in space with an approach perpendicular to
the surface, whereas for pantomimed grasping, one scales grip
aperture to match the perceived size of the target object while
moving to the object’s location. Therefore, the visuomotor-
channel framework is better suited to describe pantomimed
grasping, whereas the digit-in-space framework is better suited
to describe grasping an actual object.

Now that we have discussed constraints imposed by the
object that is to be grasped, it is time to consider constraints
imposed by objects other than the target. For instance, grasping
trajectories change when an obstacle prevents the digits from
moving to their usual positions (Fig. 5C; Voudouris et al. 2012)
or the hand from moving along a straight path to the target
(Fig. SE; Alberts et al. 2002; Saling et al. 1998; Voudouris et
al. 2012). In the latter situation, the hand can curve over the
obstacle that is placed on its path and is likely to move more
slowly than without the presence of such an obstacle. The
configuration used in the three last-mentioned studies (a hori-
zontal grip and a movement that curves over the obstacle)
ensured that (in terms of the visuomotor-channel framework)
the obstacle did not interfere with grip formation. It only
interfered with hand transport. Nevertheless, the obstacle re-
duced maximum grip aperture (Alberts et al. 2002; Saling et al.
1998; Voudouris et al. 2012). A similar reduction of maximum
grip aperture was found when the hand’s path was curved due
to explicit instructions (Hesse and Deubel 2010b). In terms of
the visuomotor-channel framework, these findings require an
explicit coupling between the two channels. For the digit-in-
space framework, both digits slow down as a result of curving
over the obstacle in accordance with the well-known relation
between speed and curvature for single-effector movements
(Viviani and Terzuolo 1982). Since slower movements have
less risk of hitting the target object accidentally, the approach
can pass closer to the object’s surface, so maximum grip
aperture can be smaller (Smeets and Brenner 1999; Verheij et
al. 2012). No effect on maximum grip aperture is observed if
a vertical curvature is induced without slowing down the
movement (Verheij et al. 2014b).

This section showed that when reaching to grasp an object,
the spatial properties of the grasping movement are affected by
constraints imposed by the properties of that object and of any
obstacles. The effects of constraints on (peak) grip aperture can
be understood within the digit-in-space framework without
additional assumptions. In the visuomotor-channel framework,
ad hoc explanations are needed to explain the results.

CONSTRAINTS AND MOVEMENT TIMING: THE SPEED-
ACCURACY TRADE-OFF

In the previous section, we mainly discussed how constraints
influence maximum grip aperture. In the present section, we
will turn to experiments that studied how the constraints on the
precision of grasping influence the timing of human reach-to-
grasp movements. The relation between movement speed and
the precision of movement has been studied since the late 19th
century (Woodworth 1899). The attention for this theme in-
creased after Paul Fitts provided a theoretical explanation in
terms of information theory. He defined the information pres-
ent in a movement as the binary logarithm of the ratio between
amplitude and precision. He furthermore argued that move-
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ment duration of repetitive movements should be proportional
to the resolution in terms of such information (Fitts 1954).
Given the fact that this simple theory does not hold very well
for discrete movements (Fitts and Peterson 1964), we do not
expect Fitts’ law to hold for grasping. Instead, we developed
for this review a new approach to the speed-accuracy trade-off
in grasping that generates testable predictions. This new ap-
proach is inspired by the digit-in-space framework. As we have
no equivalent new approach for the visuomotor-channel frame-
work, we cannot compare the two frameworks with respect to
the speed-accuracy trade-off.

According to the digit-in-space framework, any adequate
description of the speed-accuracy trade-off in two-digit point-
ing should also be applicable to the speed-accuracy trade-off in
grasping. To develop such a description of the speed-accuracy
trade-off in two-digit pointing, we turn to a classic experimen-
tal paper (Kelso et al. 1979). Kelso and colleagues investigated
the speed-accuracy trade-off in making bimanual goal-directed
movements. The participants’ task was to move their index
finger as fast as possible to either an easy target (large and
near) or a difficult target (small and far). This task could be
performed by the right index finger (toward a target on the
right), the left index finger (toward a target on the left), or both
fingers simultaneously. The main conclusion of Kelso et al.
(1979) was that if the two targets differed in difficulty for the
two hands, the two digits nevertheless had very similar move-
ment times, close to that of the single digit moving to the more
difficult of the two targets. This result is sometimes interpreted
as showing that the digit with the most difficult movement
determines the overall movement time. However, closer in-
spection of the data shows that the movement times toward the
more difficult target are slightly longer when there is a second
digit making a goal-directed movement than when a single
digit moves to this target. How much longer depends on how
difficult the other digit’s movement is (Marteniuk et al. 1984).
Given the fact that we want to develop a model that is
applicable to grasping, and grasping studies generally report a
single movement time for both digits, we develop a model that
makes predictions for the average movement time based on the
constraints for the individual digits.

To predict how the average movement time of the two digits
in the task of Kelso et al. (1979) depends on the difficulties for
the individual digits, we start with Eq. 4 of Welford et al.
(1969), an equation that was developed to describe the devia-
tions from Fitts’ law in discrete movements. This equation
splits the index of difficulty in two terms, one for the distance
and one for the tolerance, in such a way that the resulting digit
difficulty is proportional to the movement time. To apply this
model to two digits, we assume that the measures for the two
digits can be added quadratically as in Pythagoras’ theorem.
This yields the following equation for the digit difficulty D:

D =1log,\/A,;> + A2 — 0.6log, \/ W2+ W,2. (1)

For pointing movements, the indices 1 and 2 indicate the left
and right index finger. For grasping, they refer to the index
finger and thumb. The value of 0.6 was obtained experimen-
tally for single-digit movements (Welford et al. 1969). We
used an effective value for width and amplitude rather than the
corresponding stimulus values in all calculations. The effective
width W takes the width of the digit into account (Hoffmann
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and Sheikh 1991) and equals the size of the target (in centi-
meters) plus the width of the index finger (estimated to be 1.5
cm). The effective amplitude A is the distance to the center of
the target (in centimeters; Welford 1960).

The digit difficulty measure given by Eq. I and the data of
Kelso et al. (1979) correlate very well (Fig. 6A). Both the digit
difficulty and the observed movement time were larger when
combining two movements to targets of the same difficulty
than for single movements to targets of the same difficulty
(compare filled and open symbols of the same color in Fig. 6A).
When an easy and a difficult movement are combined, the
overall digit difficulty and observed movement time are
slightly lower than that of the most difficult target (bicolored
disks in Fig. 6A). Although a linear fit of the measured
movement time as a function of the model difficulty fits the
data very well (R* = 0.99), the slope is very steep, correspond-
ing to information transfer at a rate of 24 bits/s. We are not sure
how to interpret this value, which is more than two times as
high as the 10 bits/s reported for the classic task (Fitts 1954).
Given the fact that the reported movement times are unusually
short (78 ms, averaged across participants for the easiest
condition), it might be that all movement times reported by
Kelso et al. (1979) are underestimated, for instance, by the use
of a switch as a measure for movement onset (Brenner and
Smeets 2019). As such underestimation increases with move-
ment time (as it takes more time to reach a fixed threshold for
slower movements), this leads to an overestimation of the rate
of information transfer.

Now that we have obtained an adequate description of how
the speed of two-digit pointing depends on the movement
amplitude and target size, the next question is whether the
same measure of difficulty (Eq. /) can predict the speed-
accuracy relationship in grasping. Recently, Coats et al. (2018)
performed an experiment that is very well-suited to test
whether this is the case. They varied the size of the contact
surface that was available for the thumb independently of that
for the index finger (both 1, 2, or 3 cm wide) and also varied
movement distance (10, 30, and 50 cm in their Experiment la
and 10, 20, and 30 cm in their Experiments 2 and 3). According
to the digit-in-space framework, grasping can be regarded as
two digits of the same hand moving to targets that are on a
single object. We, therefore, plotted the results of the three
experiments of Coats et al. (2018) as a function of the digit
difficulty (Fig. 6B). The fit is again quite good: R* = 0.92, with
a slope corresponding to 5.5 bits/s information transfer. This
slightly lower rate of information transfer than in the 10 bits/s
of the original experiment (Fitts 1954) is not surprising, as the
instructions were not to maximize speed but both speed and
precision. This means that the actual variability will be less
than assumed in our calculations based on contact surface size.

The next step is to expand Eq. I to also describe how the
movement time of the digits is affected by constraints imposed
by obstacles. Many studies have shown that the presence of
an obstacle results in prolongation of most time parameters
of grasping, including movement time, grip opening time,
and grip closure time (Biegstraaten et al. 2003; Mon-Wil-
liams and Tresilian 2001; Saling et al. 1998). If there are
obstacles present while one is reaching to grasp an object,
we add a term describing the effect of the obstacles (fol-
lowing the equation on page 533 in Biegstraaten et al. 2003)
to obtain a difficulty D:
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Fig. 6. Speed-accuracy trade-off for 2 digits moving to targets that differ in difficulty. As a measure for speed, we use the average movement time of the 2 digits.
As a measure of accuracy, we use the digit difficulty as defined in Eq. /. A: combining goal-directed movements of the index fingers of the left and the right
hand (Kelso et al. 1979). For each digit, the target is either easy (blue) or difficult (red). Participants moved either with the index finger of 1 hand (open circles)
or with the index fingers of both hands (filled circles). Bicolored disks are for combinations of an easy and a difficult target. Dashed line indicates the best linear
fit. B: combining movements of finger and thumb in grasping an asymmetric object (Experiments la, 2, and 3 from Coats et al. 2018). Four different distances
were used (not indicated; longer distances have higher difficulty). For each distance, 9 combinations of contact surface areas for the index finger and thumb were

used (color coded).
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The separations S; are the effective minimal separations
between the digits and the obstacle (in centimeters), again
considering the 1.5-cm widths of the index finger and thumb.
We used the ratio of 0.6 between precision and amplitude for
both aspects of precision (target width and obstacle separation)
because Biegstraaten et al. (2003) found a ratio of 0.59 be-
tween the effects of the obstacle separation and amplitude in
grasping, which is very similar to the value of 0.6 that Welford
et al. (1969) reported for the ratio between the effects of target
width and amplitude in pointing.

We used Egq. 2 to relate the task constraints (expressed as
digit difficulty) to the movement time in various studies (Fig.
7). We plotted the results of three experiments involving
obstacles, one with symmetric obstacle placement (Hoffmann
et al. 2019) and two in which the separation for thumb and
index finger varied independently (Biegstraaten et al. 2003;
Mon-Williams and McIntosh 2000). We found good fits
(R* = 0.94, 0.83, and 0.93) with slopes corresponding to an
information transfer of 6.9, 5, and 10.3 bits/s. As a comparison,
we plotted the data of several studies without obstacles (disks
in Fig. 7). We replotted the results of Fig. 6B (Coats et al.
2018) and added the results of two other recent studies on the
effect of contact surface size on the movement time in grasping
(Hoffmann et al. 2019; Mclntosh et al. 2018) as well as adding
the results of two classic studies (Bootsma et al. 1994; Marte-
niuk et al. 1990). The fits were again reasonably good
(R2 =0.92, 0.93, 0.90, 0.81, and 0.68), with quite a large

variation in the rate of information transfer (5.5, 10.0, 11.2, 8.8,
and 18.5 bits/s). The differences in slope and intercept might be
related to differences in instruction (e.g., the role of accuracy)
or differences in the data analysis (e.g., how the movement
time was determined). Equation 2 can, therefore, summarize
the difficulty of grasping that is constrained by object size as
well as obstacles, even in cases in which the constraints differ
between the two digits.

In this section, we have developed a description of the
difficulty of pointing with two digits to two targets (Eg. 1) that
can also be applied to grasping. The difficulty of the task
according to this equation captures the speed-accuracy trade-
off for the overall movement time of these tasks in situations in
which the difficulty for the two digits differs from each other
(Fig. 6). This model of difficulty can be extended to situations
with obstacles as well (Eq. 2; Fig. 7). The digit-in-space
framework predicted that this should be possible.

DISCUSSION

We start the discussion by considering what we have pre-
sented in terms of the visuomotor-channel framework. The
overall summary of the experimental results discussed in this
review is that task constraints influence grasping behavior in a
manner that shows a strong interrelation between the transport
and grip component. This is inconsistent with the original
visuomotor-channel hypothesis as formulated by Jeannerod
(1981). The independent timing of the two channels was
already questioned by work of his own laboratory (as discussed
in Jeannerod 1999). The results presented in this review also
question the information processing underlying the visuomo-
tor-channel framework and, therefore, the more recent inter-
pretations of grasping within this framework. In particular, the
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Fig. 7. In line with the digit-in-space framework, the speed-accuracy trade-off in various grasping studies increases more or less linearly with the digit difficulty.
Digit difficulty (Eg. 2) is a weighted combination of the difficulties for each of the digits, based on size, movement distance, and distance to obstacles. Squares
represent results of experiments involving obstacles (Biegstraaten et al. 2003; Hoffmann et al. 2019; Mon-Williams and McIntosh 2000). Disks represent
experiments without obstacles. In addition to the data of Fig. 6B involving unequal contact surfaces (Coats et al. 2018), we included 4 studies on speed-accuracy
trade-off in grasping in which the constraints for both digits were the same: 2 classic ones (Bootsma et al. 1994; Marteniuk et al. 1990) and 2 recent ones

(Hoffmann et al. 2019; MclIntosh et al. 2018).

results question whether grip formation is based on intrinsic
object properties such as size.

Two lines of evidence show that perceived size is not used
to control grip aperture. The first line consists of experiments
that show that many size illusions do not affect grip aperture
(Aglioti et al. 1995; Smeets and Brenner 2006; Whitwell et al.
2018). The second line of evidence is that grip variability
appears to be independent of object size (Ganel et al. 2008;
Smeets and Brenner 2008). These two lines of evidence are far
from conclusive, as they can be interpreted within the visuo-
motor-channel framework by making one additional assump-
tion: the existence of two visual systems (Goodale 2014).
Studies that use other designs than relating maximum grip
aperture in grasping with size perception, however, show very
little evidence for separate processing for perception and action
(Smeets and Brenner 2001a). Examples are motion perception
and interception (de la Malla et al. 2018), size illusions and
goal-directed hand movements (de Grave et al. 2009), and size
illusions and saccades (Medendorp et al. 2018).

Within the digit-in-space framework, the interpretation of
the two findings discussed in the previous paragraph is that the
control of grip aperture is based on information on grasping
points for the digits rather than on information on object size.
Based on this digit-in-space framework, we developed a min-
imum-jerk model that made quantitative predictions for the
dependence of maximum grip aperture and its timing on
various experimental parameters (Smeets and Brenner 1999).
Those predictions were confirmed by a review of the literature
at that time (Figs. 6—8 in Smeets and Brenner 1999). However,
there are some examples of experimental findings that are
clearly not in line with the model proposed in the original
paper. The most obvious is that the model predicts that max-
imum grip aperture in unperturbed grasping is independent of
object distance, which is clearly not the case (see section TIME

COURSE OF GRIP-APERTURE FORMATION). As the visuomotor-chan-
nel framework predicts exactly the same independence, this
failure does not favor either framework.

In the present review, we have discussed five additional
predictions based on the digit-in-space framework. None of
these predictions is easy to understand in terms of the visuo-
motor-channel framework. They are all confirmed experimen-
tally. In chronological order, the predictions are as follows. /)
Digits in grasping should approach their contact surfaces per-
pendicularly. They do so (Kleinholdermann et al. 2007). 2)
Digits’ trajectories should be similar in grasping and pushing.
They are very similar (Smeets et al. 2010). 3) Digits should
respond quickly to position perturbations, even when there is
no need to adjust grip. The digits respond to the rotation of a
ball that is to be grasped (Voudouris et al. 2013). 4) Adaptation
of tapping should transfer to grasping. Tapping with thumb and
index finger can adapt in opposite directions (Schot et al.
2014), and this transfers to grip aperture in grasping (Schot et
al. 2017). 5) A description of the speed-accuracy trade-off for
two-digit pointing should also hold for gasping. It does (Fig. 6
in this review).

In addition to these explicit predictions, we reviewed various
other experimental results that are easy to describe within the
digit-in-space framework. Based on the digit-in-space frame-
work, one could develop other models for trajectory generation
than the minimum-jerk model we originally proposed. It is, for
instance, possible to implement the framework in a more
elaborate way, including a springlike coupling between the
digits (Verheij et al. 2012). In this way, the model behavior
shows some dependencies between the digits despite indepen-
dent control. However, the aim of modeling is not to build a
model that behaves exactly as humans do. The essence of using
modeling to help understand human behavior is finding an
optimal trade-off between easily understanding the working of
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the model and finding a good correspondence with the real
world (Smeets and Brenner 2002) in such a way that allows
one to easily make predictions.

This review provides compelling evidence that the use of the
digit-in-space framework is the most promising for understand-
ing reach-to-grasp behavior. This has important implications
for the study of the neurophysiological basis of grip formation.
For instance, this review suggests that the control of grasping
relies on the control of the kinematics of the digits in space
rather than on the control of variables that are intrinsic to the
muscles. We, for instance, discussed the gaze-dependent biases
in reaching and grasping (Henriques et al. 1998; Selen and
Medendorp 2011). For reaching, the neural correlate of the
gaze dependency has been studied in detail in the posterior
parietal cortex (reviewed by Crawford et al. 2011; Medendorp
et al. 2008). For grasping, such a neural correlate has only been
studied to a very limited extent (Leoné et al. 2015). One could
try to determine whether the posterior parietal cortex codes
positions for finger and thumb rather than object position by
applying the paradigm of Medendorp et al. (2003) to grasping.
In this paradigm, a saccade is made between planning and
executing a pointing movement. If this saccade brings the
remembered goal of the pointing movement from one hemi-
sphere to the other, the brain activity switches hemispheres as
well. By varying which part(s) of the object (finger contact,
thumb contact, and center) switch hemispheres, one could test
whether grasping relies on the memory of two separate grasp-
ing positions (one for the thumb and one for the index finger)
or the memory of one object position.

One consequence of the view that we propose is that the
same neural networks should be involved in reaching and
grasping. More specifically, regions that are involved in the
control of goal-directed single-digit movements should also be
involved in grasping, provided that the constraints for the digits
are comparable. This applies to all of the methods that have
been used to study the involvement of various (networks of)
brain areas in the control of grasping (for reviews, see, for
instance, Fattori et al. 2017; Gallivan and Culham 2015;
Janssen and Scherberger 2015). Thus it should apply to per-
turbations of brain activity by stimulating such brain areas
(Davare et al. 2006; Schettino et al. 2015) as well as to relating
the activity in such areas to variations in object properties and
locations (Cavina-Pratesi et al. 2010, 2018; Fabbri et al. 2014;
Grol et al. 2007; Kroéliczak et al. 2008; Michaels and Scher-
berger 2018; Overduin et al. 2015; Rouse and Schieber 2016;
Takahashi et al. 2017; Verhagen et al. 2008). Some of the
above-mentioned studies included reaching movements toward
the same objects or locations as were used for grasping, to
better understand the variations with location (Cavina-Pratesi
et al. 2010, 2018; Fabbri et al. 2014), but the digits in the two
kinds of movements were never confronted with comparable
constraints. Using the proper constraints is extremely impor-
tant: removing the contact constraints (in pantomimed grasp-
ing) not only leads to different behavior as we discussed, but
also to a totally different pattern of brain activity (Kréliczak et
al. 2007). To test the critical prediction of the digit-in-space
framework that regions that are involved in the control of
goal-directed single-digit movement are similarly involved in
grasping, experiments should compare the role of these areas in
grasping with their role in carefully matched single-digit point-
ing tasks (such as the pushing and touching tasks in Smeets et
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al. 2010). In this way, one can investigate the neurophysiolog-
ical basis of grasping as coordinating the two digits’ move-
ments in space.
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