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PRECISION GRIP
Precision grip is characterized 
by opposition of the thumb to 
one or more of the other fingers.

POWER GRIP
In power grip, the fingers are 
flexed to form a clamp against 
the palm.

KINEMATICS
Kinematics consider movement 
in terms of position and 
displacement (angular and 
linear) of body segments, centre 
of gravity, and acceleration and 
velocities of the whole body or 
segments of the body.

THE NEUROSCIENCE OF GRASPING 
Umberto Castiello

Abstract | People have always been fascinated by the exquisite precision and flexibility of the 
human hand. When hand meets object, we confront the overlapping worlds of sensorimotor 
and cognitive functions. We reach for objects, grasp and lift them, manipulate them and use 
them to act on other objects. This review examines one of these actions — grasping. Recent 
research in behavioural neuroscience, neuroimaging and electrophysiology has the potential to 
reveal where in the brain the process of grasping is organized, but has yet to address several 
questions about the sensorimotor transformations that relate to the control of the hands.

Since the origins of neuroscience, hand movements 
have been the focus of interest of many researchers. 
In the nineteenth century, the Earl of Bridgewater left 
UK£7,000 to the Royal Society (UK) for the purpose 
of sponsoring several treatises. One of these famous 
treatises — The Hand, by Sir Charles Bell1 — was a 
remarkable study of the adaptation of human and 
animal hands. Bell’s analyses of the behavioural con-
sequences of anatomical variation and his insights 
into the relationship between hand and brain function 
set the stage for modern studies on the structure and 
grasping functions of the hand.

The study of grasping was advanced by Napier’s 
landmark work on PRECISION and POWER GRIPS2–4 (FIG. 1a,b). 
Napier established that manipulative hand movements 
were choreographed to achieve a continuous and inte-
grated solution to the biomechanical and neurophysio-
logical constraints of any movement. His model went 
far beyond showing the physical rationality of these 
movements — he showed that despite the enormous 
variability in aspects of movement such as force, 
posture, duration and speed, the underlying control 
principles were amazingly elegant. These principles 
were based on the supposition that the intended act-
ivity determines what type of grip is used for any given 
action (for example, grasping a pen to write involves a 
different grip from grasping it to put it in a box).

Since these early studies, grasping has been widely 
investigated in humans and monkeys using various 
tasks and techniques5–7. These studies aim to integrate 
information from various domains to ascertain 
which neural circuits underlie grasping. Here, I 

summarize the current state of knowledge on the 
elaborate mechanisms that facilitate the formation 
of grip patterns in human and non-human primates. 
First, I describe the KINEMATICS of grasping in humans 
and macaque monkeys. Next, I present evidence that 
grasping requires several neural mechanisms, some 
of which are concerned with individual finger force 
and movement, and others that involve a specialized 
visuomotor system that encodes object features and 
generates the corresponding hand configurations. 
Evidence from lesion and neuroimaging studies in 
humans is compared with neurophysiological studies 
in monkeys. Although much of the work on grasping 
comes from monkeys, and this work has contributed 
to our understanding, caution is necessary when 
drawing homologies across species. Finally, I highlight 
factors that, I believe, should be taken into account by 
neuroscientists in the quest to understand the neural 
bases of grasping.

The kinematics of grasping
The mechanics of grasping in humans and macaques 
vary depending on object attributes. Although the 
substantial differences in hand morphology between 
these two species are the focus of current debate8–10, 
it is important to compare grasping in humans and 
monkeys because of the common practice of looking 
for homologies between the two species’ brains.

Jeannerod11,12 coded grasping in terms of changes 
in grip aperture — the separation between the thumb 
and the index finger. During a reach-to-grasp move-
ment, there is first a progressive opening of the grip, 
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with straightening of the fingers, followed by a gradual 
closure of the grip until it matches the object’s size 
(FIG. 2a). The point in time at which the thumb–finger 
opening is the largest (maximum grip aperture) is 
a clearly identifiable landmark that occurs within 
60–70% of the duration of the reach and is highly 
correlated with the size of the object (FIG. 2b,c).

These observations11,12 led to a surge in research on 
human prehension, some of it looking at the relation-
ship between object size and grasping parameters13–22, 
but much of it dedicated to the investigation of other 
properties, including fragility23, size of the contact 
surface24, texture25 and weight26–28. As recently reviewed22, 
all these factors influence the kinematics of grasping. 
Object weight constrains the positioning of the fingers 
— heavier objects need to be grasped more accurately 
and with a larger grip than lighter objects22. Grasping 
slippery objects requires a larger approach parameter, 
leading to a larger grip earlier in the movement compared 
with grasping rough-surfaced objects22. So far, such 
studies have paid little attention to differences in the 
shape assumed by individual fingers when perform-
ing grasping movements to objects. In most cases, 
only the maximum distance between index finger and 
thumb was measured and participants were explicitly 
requested to use a precision grip with no regard given 
to the size or shape of the object. Therefore, they might 
not provide valid tests of the extent to which different 
types of grasping pattern are matched with the shape 
of the target object.

A fundamental issue that any model of grasping 
must address is that objects can be grasped in several 
different ways, with the chosen grip depending on 
the object’s visual properties. A valid investigation 
of grasping requires us to ask how the motions of 
individual finger joints are coordinated to produce a 
particular hand shape29–38. In one series of studies30–32, 
the information transmitted by hand posture about 
object shape increased gradually and monotonically 
as the hand approached the object, reaching a maxi-
mum at the time the object was in the grasp of the 
hand. Importantly, when the maximum aperture of 
the hand was reached, hand posture had only partially 

moulded to the object’s contours. It can therefore be 
questioned whether the maximum distance between 
the index finger and thumb represents the key kine-
matic landmark or just a preliminary ‘sketch’ of the 
grasping movement.

Although the hand is sensitive to the features of the 
object that is to be grasped, it is also a skilful motor 
device that can manipulate objects to achieve a desired 
goal. The tactile system seems to be important for these 
pragmatic considerations39–42. Cutaneous receptors in 
the hand provide information about the action of the 
hand, including its kinematics and posture, as well as 
the grip forces and load forces that are used during 
grasping and manipulation of objects39–41.

Compared with human grasping, little is known 
about the kinematic characteristics of grasping move-
ments in monkeys35,43–45. Films of a rhesus monkey 
grasping small pieces of food showed a similar opening 
of the grip followed by closure before contact with the 
object as occurs in humans44. In addition, the maxi-
mum grip aperture for different objects was correlated 
with object size43,44 (FIG. 3). However, these observations 
were based only on a limited grasping repertoire (the 
precision grip) and related only to the ‘size’ effect43–45.

A more recent study35 investigated the monkey’s 
ability to conform its hand configurations to object 
shape. As in humans, the monkeys used a specific 
hand shape for each object rather than using a default 
shape or simply opening and closing the hand around 
the object. Another similarity to human control of hand 
shaping was that hand shape began to reflect the geo-
metry of the object to be grasped throughout the reach, 
attaining a perfect match with object geometry on con-
tact with the object30–32. Nevertheless, only two monkeys 
were tested and hand-shaping preferences varied across 
objects and between monkeys when they grasped the 
same object. For example, one monkey used a precision 
grasp only for one object but preferred to use a palm/
finger opposition for all remaining objects. The other 
monkey preferred to use either a precision or power 
grasp with its thumb in opposition to the fingers.

Although these experiments indicate that some fea-
tures of grasping movements are common to macaques 
and humans, a direct comparison of the two species 
was not made, which would have taken into account 
morpho logical and behavioural differences3,4,9,10. In a 
study that partly addressed these issues45, five macaques 
were allowed to assume their preferred postural posi-
tion. The kinematics of grasping a raisin or peanut 
using a precision grip were compared among these 
macaques and five humans. To produce conditions 
similar to those in the macaques, human participants 
were asked to initiate the task with the hand at the 
mouth and then to grasp and bring to the mouth a 
single food item. The angular velocity and acceleration 
of the finger aperture were significantly higher in 
macaques than in humans, and macaques made smaller 
shoulder excursions than humans during the grasping 
movement. However, despite these differences, some 
of the general kinematic relationships documented in 
humans remained in the monkeys.

Figure 1 | Examples of different grasps. a | Power grip 
between thumb and all fingers. b | Precision grip between 
index finger and thumb. Modified, with permission, 
from REF. 10 © (1994) Elsevier Science.
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MOTOR VOCABULARY
The motor vocabulary 
comprises ‘words’ , each of 
which is represented by a 
population of F5 neurons. 
These words select specific 
‘motor prototypes’ , such as the 
configuration of fingers that is 
necessary for the precision 
grasp.

Researchers have often presumed that the human 
brain contains homologues of areas in the macaque brain 
that are involved in grasping. Although there do seem 
to be homologues of some such areas, for others their 
existence is less clear. Furthermore, the behavioural 
differ ences between species and the methodological 
differences between studies impel us to treat these 
homologies with scepticism. Next, I compare the brain 
areas that are involved in grasping in monkeys and 
humans (FIG. 4). I then provide suggestions for a more 
careful and controlled comparison across species.

The neurophysiology of grasping
This section reviews the study of single cells in the 
monkey brain. Three specific areas relating to grasping 
have been identified in the monkey cortex — the pri-
mary motor cortex (F1), the premotor cortex (PML/F5) 
and the anterior intraparietal sulcus (AIP) (FIG. 4a). In 
terms of neural mechanisms, performing a successful 
grasping action depends primarily on the integrity of 
the primary motor cortex (F1). In monkeys, lesions 
of this area produce a profound deficit in the control of 
individual fingers and consequently disrupt normal 
grasping46–48.

Information from the primary motor cortex is con-
veyed to cells in the spinal cord via the cortico spinal 
tract, a primary neural substrate for independent 
finger movements49–51. Lesioning the corticospinal 
tract impairs independent finger movements in adult 
animals49. By contrast, such a lesion does not impede 

synergistic finger flexion during a power grip49. There is 
also physiological evidence that cortical motor neurons 
might be relatively more active during independent 
finger movements than during a power grip. In monkeys, 
large cortical motor neurons that project to the intrinsic 
hand muscles are active during the application of low 
levels of finely controlled force (for example, during a 
precision grip), but can become paradoxically inactive 
during a power grip49.

The information sent to the spinal cord from the 
primary motor cortex is also conveyed to the inter-
mediate zone of the cerebellum. Consequently, it has 
been proposed that the intermediate cerebellum has a 
specific role in the control of hand movements during 
grasping52–54. This hypothesis has been tested in studies 
in which monkeys were trained to make two types 
of reaching movement. One movement consisted of 
reaching out while the hand gripped the handle of a 
device; the other comprised reaching out to grasp 
a raisin. The idea behind this experiment was that if 
the intermediate cerebellum is especially important for 
grasping, only reaching out to grasp a raisin should 
elicit discharge modulation in this area. The results were 
clear: 93% of cells recorded from the output nucleus of 
the intermediate cerebellum (the interpositus nucleus) 
were more active during reaching out to grasp than 
when the hand simply gripped the handle52.

Another fundamental process for a successful grasp 
involves a transformation of the intrinsic properties of 
the object, visually described, into motor actions55. Two 
key cortical areas seem to be involved in visuomotor 
transformations for grasping in monkeys: area F5 and 
the AIP. Area F5 forms the rostral part of the monkey 
ventral PMC and consists of two main sectors: one 
on the posterior bank of the inferior arcuate sulcus 
(F5ab), the other on the dorsal convexity (F5c). The AIP 
is a small zone in the rostral part of the posterior bank 
of the intraparietal sulcus that is directly connected 
to area F5ab56–59 (FIG. 4a).

In monkeys that have been trained to grasp various 
objects, the activities of AIP and F5 neurons show strik-
ing similarities and important differences60–67 (FIG. 5). For 
example, AIP and F5 neurons code for grasping actions 
that relate to the type of object to be grasped (for exam-
ple, precision grip)64,65. However, AIP neurons seem to 
represent the entire action, whereas F5 neurons seem to be 
concerned with a particular segment of the action63,64. 
Another important difference is that visual responses to 
three-dimensional objects are found more frequently in 
AIP than in F5 REF. 64. This indicates that AIP, although 
part of a parieto-frontal circuit that is dedicated to hand 
movements, contains a population of neurons that code 
three-dimensional objects in visual terms.

On the basis of the functional roles of neurons in 
areas AIP and F5, Fagg and Arbib68 have developed a 
model in which area AIP provides multiple descriptions 
of three-dimensional objects for the purpose of manip-
ulation, whereas area F5 is mainly involved in selecting 
the most appropriate motor prototype from a MOTOR 

VOCABULARY60, for example, the type of grip that is effec-
tive in interacting with a target object. Confirmation 

Figure 2 | Kinematics of grasping. a | The hand preshapes during its journey to the target 
object. b | Maximal grip aperture (distance between the tip of thumb and the tip of index finger) 
typically occurs within 70% of movement completion. c | Representation of traces demonstrating 
the scaling of maximum grip aperture with respect to object size. Panels a and b modified, with 
permission, from REF. 12 © (1984) Heldref Publications. Panel c modified, with permission, from 
REF. 13 © (1991) Springer.
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that the AIP–F5 circuit is likely to be relevant for grasp-
ing comes from reversible, independent inactivation 
of each of these areas in the monkey69–71. Inactivation of 
either AIP or F5 markedly impaired hand shaping 
during reaching, and the hand posture after inactivation 
was inappropriate for the object’s size and shape.

Like vision, somesthesis is a crucial source of infor-
mation for the motor system. Somatic receptors in 
muscles, joints and skin provide information regarding 
the current posture of the hand and its location and 
orientation with respect to potential targets for grasping. 
This information is necessary to compute a trajectory to 
bring the hand to the object and grasp it properly.

To investigate the conjunction of visual and somatic 
processing, one study compared the timing of spike 
trains recorded by single-unit recording in the somato-
sensory cortex (SI) and the AIP cortex of the same 
animals during a reach-to-grasp task72. Importantly, 
kinematics were also recorded during the task to 
define the stages of the reach-to-grasp movement. The 
response of cells in AIP was influenced by the shape 
of the target object. Neurons in SI typically responded 
later than those in AIP, showing a significant increase in 
firing rates only after the hand touched the object, and 
peaking when grasping was secure. SI neurons rarely 
differentiated the shape of the grasped object in the 
manner that occurred in AIP neurons.

Given the wealth of evidence for a grasping circuit 
involving several areas in the monkey brain, the natural 
question is whether a similar circuit exists in humans. 
For ethical reasons, invasive physiological recording of 
brain activity is rarely possible in humans. Nonetheless, 
considerable progress has been made towards under-
standing the neural substrates of grasping in humans, 
mainly from studies of patients with brain damage and 
neuroimaging experiments.

The neuropsychology of grasping
Evidence that the human brain contains specialized 
circuits for grasping comes mainly from the neuro-
psychological literature. To facilitate comparison 
between humans and monkeys, I discuss brain areas in 
the sequence used above: primary motor cortex, PMC 
and posterior parietal cortex (PPC).

As in the monkey, lesions of the human primary 
motor cortex or corticospinal fibres profoundly disrupt 
grasping73–75. Such lesions typically lead to grasping 
movements that are initially characterized by the loss 
of independent finger movement, although syner-
gistic movements of all fingers (a power grip) remain 
intact. Independent finger movements sometimes 
recover later.

No grasping studies have yet been carried out on 
patients with lesions of the ventral PMC. However, 
there is some evidence that the AIP has a specific role 
in grasping in humans. Binkofski and colleagues76 
localized the area responsible for grasping in humans 
to the AIP, contralateral to the impaired hand. In line 
with the results obtained from monkeys in which AIP 
has been inactivated, human patients with AIP lesions 
had deficits in grasping, whereas reaching remained 
relatively intact.

Striking evidence for a deficit in visually guided grasp-
ing has come from patients with optic ataxia77,78. Optic 
ataxia is classically considered to be a specific disorder of 
the visuomotor transformation caused by posterior pari-
etal lesions, in particular, lesions of the superior parietal 
lobe (SPL). Jeannerod79 found that in reaching out to 
grasp an object, the finger grip aperture of patients with 
optic ataxia was abnormally large, and the usual correla-
tion between maximum grip aperture and object size 
was missing (FIG. 6a). Subsequently, various patients have 
been described that show specific deficits in the control 
of grasping after damage to the SPL. Patient V.K.80, for 
example, showed an apparently normal early phase of 
hand opening during attempts to grasp an object, but 
her on-line control of grip aperture quickly degener-
ated, resulting in numerous secondary peaks in the grip 
aperture profile (FIG. 6c), rather than a single peak, which 
is typical of a healthy subject. Patient I.G.81,82 also showed 
considerable deficits in the scaling of her maximum grip 
aperture to the size of an object. Another patient, A.T.83, 
who had extensive damage to the SPL and secondary 
visual areas, and some damage to the inferior parietal 
lobule (IPL), showed exaggerated anticipatory opening 
of the fingers with a poor correlation with object size, 
resulting in awkward grasps. However, this deficit was 
much less marked if neutral ‘laboratory’ objects, such as 
wooden blocks, were replaced with familiar objects, such 
as a lipstick. So, for commonly used objects, cognitive 
cues and previous knowledge can be used to determine 
the size of the object. This indicates that the meaning 
attached to an object might modulate classic grasping 
circuits. This issue will be discussed again in the ‘Future 
directions’ section.

It is difficult to integrate these grasping deficits in 
humans after lesions of the SPL with the results of neuro-
physiological work in monkeys. First, in monkeys, the 

Figure 3 | Comparison of the kinematics of grasping in monkeys and humans: effect of 
size. Grip size in (a) a macaque monkey and (b) a human subject. In both species, the 
grasping component is characterized by a grip size that increases up to a maximum and then 
decreases towards the end of the movement. The macaque data are presented in absolute 
time, whereas those for the human participants are presented in normalized time, as a 
percentage of movement duration. The object diameter was 15 mm. Modified, with 
permission, from REF. 44 © (2000) Elsevier Science.
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SPL seems to be principally related to the elaboration of 
somatosensory rather than visuomotor information67. 
Second, although in monkeys some parts of the SPL 
do receive visual information, these areas seem to be 
mainly concerned with reaching rather than grasping84. 
Furthermore, there is reason to believe that, owing to 
the relative expansion of the parietal lobes in humans 
relative to monkeys, the human SPL might be the 
homologue of the monkey IPL, although this is still 
under debate85.

Although there is some evidence that supports 
homologies between the neural correlates of grasping in 
monkeys and humans, the nature of these homo logies 
is still unclear and controversial. Studies of patients 
have provided some details about how the kinematics 
of grasping are compromised after brain lesions. 
Importantly, these observations could be linked with 
those obtained from neurophysiological studies, in 
which the cortical mechanisms for the visual guidance 
of hand grasping have been inactivated69,70. However, 
the lack of quantitative measures of grasping kinematics 

during these experiments does not allow us to make 
direct comparisons of behavioural and neural data 
between species. Brain scanning procedures that pro-
vide images of normal brain function might assist such 
comparisons between species, by measuring activation 
patterns in different cortical areas when healthy humans 
perform grasping tasks.

The neuroimaging of grasping
Brain imaging experiments have investigated the existence 
and localization in humans of cortical circuits for grasp-
ing similar to those in monkeys. In these experiments, 
subjects have been scanned during either reach-to-grasp 
actions or only grasping actions using the (dominant) 
right hand. Some studies using functional MRI (fMRI) 
have focused on selected neuroanatomical REGIONS 

OF INTEREST (ROI), principally the presumed human 
homologue of monkey AIP. Other studies, using posi-
tron emission tomography (PET) to examine activity in 
the entire brain, have found activation associated with 
visually guided grasping in many more areas (FIG. 4b).

Early attempts to use brain imaging to identify 
the functional anatomy underlying the generation 
of goal-directed arm movements during the action of 
reaching and grasping movements in humans used 
PET86. However, the results of PET studies are difficult 
to integrate, given radical differences in experimental 
conditions and set ups: below they are grouped in 
terms of design similarities.

When participants were asked to reach and grasp 
illuminated cylindrical objects or to point to the same 
targets with their right hand, increases in regional 
cerebral blood flow (rCBF) (compared with looking at 
the target) were found in many cortical and subcortical 
areas, including the contralateral motor cortex, PMC, 
ventral supplementary motor area, cingulate cortex, 
SPL, dorsal occipital cortex and left parietal opercu-
lum87. In another study88, subjects were asked to touch 
or grasp one of five cylinders with their right hand. 
Compared with touching, grasping increased rCBF in 
extensive regions of the bilateral PMC, the PPC and the 
prefrontal cortex (PFC).

Another study89 did not include a control view con-
dition; rather, it used ‘grasping’, ‘pointing’ and ‘matching’ 
conditions. In the matching condition, subjects compared 
the shape of the presented object with that of the pre-
vious one. Whereas the comparison between grasping 
and pointing showed an increased rCBF in the anterior 
part of the PPC, the comparison between grasping and 
matching showed an increased rCBF in the cerebellum, 
the left frontal cortex around the central sulcus, the 
medial frontal cortex and the left IPL.

In a study by Rizzolatti et al.90, participants were 
tested in a ‘grasping’ condition that was compared 
with two ‘observation’ conditions. In one observation 
condition, participants observed grasping movements 
of common objects performed by the experimenter. In 
the other, they looked at the object. Grasping with the 
right hand significantly activated the left supramotor 
cortical areas, the left SPL, the cuneus bilaterally, the 
left putamen and the cerebellum bilaterally.

Figure 4 | Comparison between neural circuits for grasping in macaque monkeys and 
humans. Lateral view of the monkey and human cerebral cortex. a | For the monkey, the 
visuomotor stream for grasping (AIP–F5) and the stream from F5 to F1 are indicated by large 
arrows. b | Grasping areas in humans, as identified by neuroimaging studies. Cortical areas that 
control grasping are also connected with basal ganglia and cerebellar circuits. These circuits, 
although involved in grasping, are not shown in the figure. AIP, anterior intraparietal area; 
CS, central sulcus; FC, frontal cortex; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; 
IPS, intraparietal sulcus; PCS, postcentral sulcus; PFC, prefrontal cortex; pIPS, posterior 
intraparietal sulcus; PMC, premotor cortex; PostCG, postcentral gyrus; PreCG, precentral 
gyrus; SI, primary somatosensory cortex; SMA, supplementary motor area; SPL, superior 
parietal lobule. Modified, with permission, from REF. 101 © (2001) Elsevier Science.
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Another study91 compared three conditions: a pre-
cision grip action towards a sweet with the right hand, 
grasping with the mouth and observing the sweet. The 
results showed an extensive hand grasping network, 
including the left precentral and postcentral gyri (preCG 
and postCG, respectively), along the midline in the 
cingulate gyrus, the precuneus and the IPL bilaterally.

In the above studies, little attention was given to 
possible differential activations when performing differ-
ent types of grasping action. Rather, participants typically 
used only a precision grip. A natural question might be 
whether having to select and execute a particular type of 
grasp would recruit different brain areas from those that 
would be recruited simply by repeating the same type of 
grasp throughout the experiment.

To address this issue, Grafton and colleagues92 asked 
subjects to perform three tasks requiring specific grasping 
actions with the right hand. For the power task, part i-
cipants performed only power grips, using the whole 
hand. For the precision task, participants performed 
only a precision grip, using the thumb and index finger. 
For the conditional task, participants performed either 
a power grip or a precision grip, depending on the 

colour of a cue. Finally, there was a rest task in which 
participants held their arm stationary in a power grip. 
The results suggest that grasp selection activated the 
preCG, the postCG and two sites in the parietal cortex 
— the SPL and AIP.

The PET studies reviewed above provide some sup-
port for homology between grasping circuits in humans 
and monkeys. However, many areas were activated that 
have not been linked with grasping in monkeys and 
the results are inconsistent. There are several possible 
reasons for these mixed results: the relatively low spatial 
and temporal resolution of PET; the possible presence 
of motion artefacts, which are particularly problematic 
in motor control experiments; the lack of experimental 
control for somatosensory finger stimu lation that co-
occurs with grasping in some studies; and the varying 
experimental protocols.

The development of fMRI has coincided with imp  ro-
ve    ments in design to help address many of the problems 
of PET studies. fMRI provides superior spatial reso lution 
to PET imaging, and studies using fMRI have been 
improved to eliminate many of the possible confounding 
variables seen in the earlier PET studies.

Figure 5 | Types of neuron in monkey anterior intraparietal area and F5 that are involved in hand manipulation. 
a | Experimental setup. The monkey was seated in front of a box, which housed six different objects (OBJ). Objects were 
presented one at a time in a central position in random order by a turntable. A red spot of light from a red/green light emitting 
diode (LED) was projected onto the object and the monkey was required to fixate it and press a key. Key pressing turned on the 
light inside the box and made the object visible. After the monkey pressed the key for 1.0–1.2 s, the LED changed colour (green, 
go signal) and the monkey was allowed to release the lever and grasp the object. b | Highly selective activity of an object-type 
visuomotor anterior intraparietal area (AIP) neuron for six different objects. Each of the raster and histograms shows the activity 
levels during the manipulation of medium-sized objects. The illustration above each raster indicates the objects and the type of 
handgrip. c | Activity of F5 neurons during observation and grasping of objects similar to those used for AIP neurons. In panels 
b and c, rasters and histograms are aligned with the go signal (the moment the object becomes visible), which are represented 
by broken and solid lines in panels b and c, respectively. Panels a and b modified, with permission, from REF. 64 © (2000) 
American Physiological Society; panel c modified, with permission, from REF. 109 © (2001) Cell Press. 
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One study76 used an alternating task design, in 
which grasping of a rectangular object, the orientation 
of which could vary, was used as the activation condi-
tion and pointing towards the object was used as the 
baseline condition: the subjects presumably used a 
precision grip. The results showed a specific activation 
of the lateral bank of AIP in grasping tasks, together 
with activations, including the contralateral sensori-
motor cortex, bilateral PMC and the PPC. The activ-
ated part of AIP is the same area in which lesions in 
humans and chemical deactivation in monkeys lead 
to grasping deficits.

This result was further confirmed by studies that 
used an ROI approach and an event-related design93–96. 
For example, subjects were presented with a diverse 
and unpredictable sequence of objects (rectangular 
shapes of varied length and orientation) using custom 
equipment termed ‘the grasparatus’ (FIG. 7a), and had 
to reach towards the long axis of the objects and grasp 
them using a precision grip. The results provided strong 
evidence that AIP contributes to the ability to execute 
grasping actions towards objects (FIG. 7b). Unfortunately, 
the fact that subjects were constrained to a single type of 
grasp prevented a more complete comparison with the 
monkey AIP, which contains selective motor-dominant 
neurons that represent various patterns of hand move-
ments appropriate to grasping particular objects. In 
this respect, brain activity recorded in 14 subjects who 
were trained to reach and grasp an object either with a 
precision grip or with whole-hand prehension (FIG. 7c) 
(C. Begliomini, M. Wall, A. T. Smith and U.C., unpublished 
observations) showed that AIP was active exclusively 
for the precision grip task (FIG. 7d), and did not show any 
activity during the whole-hand grasp (FIG. 7e). The left 
preCG and postCG were active for both types of grasp. 
These findings indicate that, in humans, AIP might be 
specifically tuned for precision grips.

Grezes and colleagues97 looked for a similar neural 
network for grasping in the human brain to those in 
area F5 of macaques. In three execution conditions, 

subjects executed a type of grasp that was: appropriate 
for the object that they viewed; imitated a pantomime 
action they viewed; or imitated a viewed hand grasping 
an object. In the baseline condition, subjects executed 
a power grip on all trials while viewing a stationary 
background. One of the objects used was a large object 
that would normally be grasped with a power grip; 
the other was small and would normally be grasped 
by a precision grip. The areas that were activated 
were consistent with the monkey AIP–F5 visuomotor 
circuit. The results showed activation of the AIP, the 
inferior frontal gyrus and the PMC during grasping 
movements. Unfortunately, the data were not analysed 
separately for the two types of grasp and the action was 
confined to the grasping component, as participants 
did not perform overt arm movements.

By contrast, no AIP activation was found in a study98 
in which participants performed a reach-to-grasp action 
(a precision grip) towards an object that could appear 
at any one of three locations. Activations related to 
grasping were found in SPL, the posterior intraparietal 
sulcus and PMC, as well as in various subcortical areas, 
including the cerebellum and thalamus.

Other issues involved in grasping relate to force 
production for specific grasping patterns99,100. Ehrson 
and colleagues99,100 compared human brain activity 
during a precision grip and a power grip. The activ-
ity recorded in the contralateral primary sensorimotor 
cortex was higher during a power grip than a precision 
grip. By contrast, the activity in the ventral PMC, the 
rostral cingulate motor area and at several locations in 
the PPC and the PFC was stronger during the precision 
grip than the power grip. The power grip was associated 
predominantly with contralateral activity, whereas the 
precision grip task involved extensive activation in both 
hemispheres. These findings indicate that, in addition 
to the primary motor cortex, premotor and parietal 
areas are important for control of fingertip forces during 
precision grip.

The human brain regions that are activated during 
grasping include components of the circuit that has 
been identified by neurophysiological studies of the 
macaque brain, including primary motor, premotor 
and AIP areas. However, many other areas also seem 
to be involved, including prefrontal, superior parietal, 
primary somatosensory, cerebellar and subcortical 
areas. In PET and fMRI studies, there are inconsisten-
cies in the experimental models, indicating the need 
for further and more controlled experiments.

Future directions
Some progress has been made in characterizing the 
kinematics of grasping and the neural substrates that 
underlie it. Nonetheless, much remains unknown and 
many important issues have yet to be addressed.

First, we must question the extent to which it is pos-
sible to identify in humans a neural circuit for grasping 
that is similar to that in monkeys. At a behavioural 
level, the suggested homology should be taken with 
caution. There are clear behavioural and morphological 
differences that make a direct comparison between the 

Figure 6 | Grip aperture profiles of patients with brain damage. Comparison of the 
pattern of finger grip in a patient, ‘Biz’, with optic ataxia during reaching with the affected 
hand (a) and the normal hand (b). c | Comparison of the abnormal pattern of finger grip in a 
patient, V.K., with the pattern of finger grip of two neurologically healthy participants (L.K. and 
B.S.). Panels a and b modified, with permission, from REF. 79 © (1986) Elsevier Science. Panel 
c modified, with permission, from REF. 80 © (1991) Elsevier Science.
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two species difficult8–10. Similarly, at a neural level, the 
evolutionary and functional differences among species 
are impossible to ignore101,102.

Christel and colleagues45 have suggested possible 
avenues to overcome these potential problems. They 
propose experiments in which humans perform 
reach-to-grasp actions in a crouched posture similar 
to macaques or in which monkeys are forced to sit 
with an upright posture similar to humans. However, 
this approach would impose movement constraints on 
the two species that might prevent the investigation 
of natural grasp kinematics. An alternative sugges-
tion is to compare grasping behaviour in terms of the 
intended action to be performed rather than postural 
and behavioural differences. The comparison should 
be in terms of planning and control mechanisms103 for 
grasping in a similar context.

Another issue is that testing in monkeys has been 
limited to variations in primitive geometric features of 
objects, such as size, shape and orientation60–65. It seems 
important to extend studies to more ‘cognitive’ object 
characteristics, such as weight, fragility and surface 
texture. Although it can be difficult to train animals to 
perform these tasks, some situations that have already 
been investigated in humans could be studied in non-
human primates. From a behavioural perspective, it is 
necessary to characterize whether monkeys adjust their 

grip posture with respect to the shape of the object; 
whether they show different kinematics for different 
types of grasp; whether they show different kinematics 
with respect to the material from which the object they 
are aiming for is made; and whether contextual infor-
mation is involved in the unfolding of the grasping 
action (for example, using the same object for different 
purposes). The last issue in particular is fundamental. 
Work in humans has shown that choosing a grip does 
not depend exclusively on the visual properties of the 
object, but also on the meaning attached to the object 
and what an individual intends to do with it79. To com-
pare species, it is necessary to discover whether and 
to what extent such variables also influence grasping 
in monkeys.

At the neurological level, the suggested homologies 
must also be viewed with caution. Some of the brain 
areas involved in the grasping circuit show evolutionary 
diversity. In particular, with respect to F1, monkeys 
have less ability than humans to move each finger 
in isolation104–106, the parietal cortex differs greatly 
between humans and monkeys101 and the locus of a 
possible F5 in humans is still under debate102. Rizzolatti 
et al.90 speculated that their findings “may indicate that 
in the monkey grasping movements are mediated by 
circuits different from those in humans”. Importantly, 
in monkeys, the identification of components of the 
grasping circuit has been based on experiments in 
different monkeys, using different grasping tasks 
in different laboratories. We know little about the timing 
and extent of the neural discharge of different areas in 
the same monkey performing the same grasping task 
under the same conditions.

MULTIELECTRODE TECHNIQUES107 might have the potential 
to identify the distinct roles of different areas in the plan-
ning and execution of grasping movements108. In two 
unpublished studies, two macaques were trained to use 
different hand postures to reach and grasp six objects 
of various sizes and shapes (T. Brochier, M. A. Umiltá, 
R. L. Spinks and R. N. Lemon, unpublished observa-
tions; and M. A. Umiltá, T. Brochier, R. L. Spinks and 
R. N. Lemon, unpublished observations). Two multi-
electrode drives were used to record simultaneously 
from small populations of single neurons in the primary 
motor cortex and F5 hand regions. The early results 
showed three populations of neurons with distinct func-
tions in the planning and execution of grasp movements. 
In particular, these studies identified differences in the 
cortical activity for the six objects early in the task. They 
also showed how selective the activity for a given object 
was, and how it varied throughout the successive epochs 
of the task. 

This type of neurophysiological study should be 
used to characterize the neural circuits that underlie 
the coding of intrinsic object properties and intention-
ality. It might be that the classic grasping circuit is overly 
simplistic, in as much as it does not include activity that 
might be recorded from areas that are concerned with 
object meaning (inferotemporal cortex) and/or with the 
decision of what to do with the object (for example, 
prefrontal lobes and cingulate cortex). Some hints that 

Figure 7 | Setups and results from two functional MRI grasping experiments. a | The 
‘grasparatus’, a pneumatic rotating drum that was used to present objects that could be 
grasped with the right hand. b | This experiment showed the expected pattern of greater 
activation for grasping compared with reaching in the anterior intraparietal area (AIP; green). 
c | Grasping device used by Begliomini et al. (C. Begliomini, M. Wall, A. T. Smith and U.C., 
unpublished observations). Brain activations for precision grip (d) and whole-hand grasp (e). 
Yellow circles: activations detected in pre- and post-central gyrus (Brodmann area (BA) 3 and BA 
4). Green circle: activations detected in the AIP (BA 40). Panel b modified, with permission, 
from REF. 95 © (2004) Oxford University Press.
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DIFFUSION TENSOR IMAGING
(DTI). This method can provide 
quantitative information with 
which to visualize and study 
connectivity and continuity of 
neural pathways in the central 
and peripheral nervous systems 
in vivo.

TRANSCRANIAL MAGNETIC 
STIMULATION
(TMS). TMS involves creating a 
strong localized transient 
magnetic field that induces 
current flow in underlying 
neural tissue, causing a 
temporary disruption of activity 
in small regions of the brain.

the above factors are part of an overall grasping plan 
emerge from recently proposed neurophysiological 
models for grasping109, neuroimaging studies on neuro-
logically healthy subjects91–98 and studies of patients 
with neurological diseases76,94.

Imaging studies indicate that a grasping circuit 
similar to that of the monkey can be broadly identi-
fied in humans, but also that a much wider network of 
areas is engaged. However, experiments in monkeys 
indicate that it might be necessary to conduct more 
extensive experiments to characterize brain activation 
across a wide range of grasping tasks, to show where 
in the human brain the different hand postures are 
stored. Furthermore, the predictions made regarding 
the neural substrates of human grasping have been 
based almost entirely on monkey data, and in some 
cases only a specific area (AIP) has been targeted93–96. 
Although such an approach provides specific and con-
trolled experimental hypotheses, it takes no account 
of the much greater range of hand-related functions 
in humans, and therefore ignores the likelihood that 
several different association areas are involved in the 
control of human grasping.

In this respect, the fast development of neuroimag-
ing techniques might allow researchers to determine 
how the various grasping-related areas in the human 
brain are connected. Specific fMRI techniques (such 
as DIFFUSION TENSOR IMAGING; DTI)110–112 allow us to illu-
minate the connections between different points of 
the magnetic resonance image. DTI could be used for 
in vivo anatomical mapping of the axonal connections 
between areas that are involved in grasping.

Another concern relates to the difficulty in pin-
pointing specific grasping areas in neuropsychological 
studies. Interpretation of neuropsychological findings 
is often difficult because lesions cover a large territory 

and the function of areas that are not directly affected 
by the lesion might also be modified. However, a prom-
ising technique to overcome these potential problems 
is TRANSCRANIAL MAGNETIC STIMULATION (TMS)113. TMS 
allows temporary and circumscribed ‘virtual lesions’ 
to be induced in healthy humans. Recent work has 
shown that the ‘virtual’ lesions produced by TMS have 
the potential to reveal important facts about the neural 
networks that mediate grasping114,115. For example, 
repetitive TMS applied to the left SPL as participants 
reached to grasp objects that could suddenly change 
in size indicates that this area might be crucial for the 
on-line control of grasping. The future might lie in 
combining TMS with activation data to study functional 
connectivity during grasping116.

The idea of combining different techniques might 
be the best way forward when it comes to comparing 
grasping in humans and non-human primates. Ideally, a 
coordinated series of neuroimaging experiment should 
be implemented in humans and monkeys. Being able to 
put both species in the same position would minimize 
postural and morphological differences. In addition, 
MRI-compatible systems now make it possible to carry out 
electrophysiological and possibly kinematic recording 
in both species during scanning117.

In conclusion, although much is now known about 
the neural substrates of grasping, much remains to be 
discovered. Recent methodological advances should 
allow more direct examination of the possible human 
homologues of grasping areas identified in monkeys, 
as well as the identification and parcellation of areas 
that might be uniquely human. It will only be through 
careful and thoughtful experimentation, using con-
verging techniques from the brain and behaviour, that 
we might completely understand the grasping function 
of the human hand.
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