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Abstract
Research on reach-to-grasp movements generally concentrates on kinematics values that

are expression of maxima, in particular the maximum aperture of the hand and the peak of

wrist velocity. These parameters provide a snapshot description of movement kinematics at

a specific time point during reach, i.e., the maximum within a set of value, but do not allow to

investigate how hand kinematics gradually conform to target properties. The present study

was designed to extend the characterization of object size effects to the temporal domain.

Thus, we computed the wrist velocity and the grip aperture throughout reach-to-grasp

movements aimed at large versus small objects. To provide a deeper understanding of how

joint movements varied over time, we also considered the time course of finger motion rela-

tive to hand motion. Results revealed that movement parameters evolved in parallel but at

different rates in relation to object size. Furthermore, a classification analysis performed

using a Support Vector Machine (SVM) approach showed that kinematic features taken as

a group predicted the correct target size well before contact with the object. Interestingly,

some kinematics features exhibited a higher ability to discriminate the target size than oth-

ers did. These findings reinforce our knowledge about the relationship between kinematics

and object properties and shed new light on the quantity and quality of information available

in the kinematics of a reach-to-grasp movement over time. This might have important impli-

cations for our understanding of the action-perception coupling mechanism.

Introduction
In everyday life, we reach for objects, grasp and manipulate them, and use them to act on other
objects. All these actions are apparently very simple. Yet, this is not so [1]. Grasping requires
coding of the object intrinsic properties (e.g., its size, texture, and weight) and extrinsic proper-
ties (e.g., orientation or spatial location), and the transformation of these properties into a pat-
tern of distal movement (e.g., [2]). Traditionally, this pattern has been described by means of
variables such as the maximum grip aperture (i.e., the largest distance reached between the
thumb and the index finger during the approaching phase) and the peak velocity of the wrist
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(i.e., the highest velocity reached by the wrist during the approaching phase). For example, it is
well known that for a given object shape and orientation, the maximum grip aperture is greater
and occurs later when the to-be-grasped object is large compared to when it is small [3–5]. Fur-
thermore, the peak velocity of the wrist occurs later during movement as the target size in-
creases [6–7].

Kinematic landmarks like peaks (and their times of occurrence) provide an instantaneous
snapshot of the hand kinematics at discrete points in time. Despite their usefulness in charac-
terizing some aspects of the reaching to grasp behavior, however, they do not allow the shape
of kinematic profiles that are functions of time to be compared. The motor configuration that
is formed by the hand in contact with the object is the result of a motor sequence that begins
well ahead of the grasping action itself. Participants do not mold their hand to the target object
at the end of the reach. Rather, they gradually open their grip during the hand transport to
achieve an aperture wider than the object to be grasped, and then, gradually close their grip to
conform it to the size of the object [8].

The present study was designed to extend the characterization of the effects of object size
to the temporal domain. To this aim, we computed the wrist velocity and the grip aperture
throughout reach-to-grasp movements aimed at large versus small objects. To obtain a com-
plete spatiotemporal description of grasping postural adjustments, we also considered how
hand configuration varied over time. The majority of studies investigating the effect of object
size have paid little attention to how the shape of the hand evolves gradually to conform to the
contours of the object (for a critical review on this, please refer to [9]). In most cases, indeed,
participants were instructed to use a precision grip with no regard given to the object’s size,
and only the maximum grip aperture was measured. To provide a more complete and finer
characterization of anticipative postural adjustments of the hand, we also considered the time
course of finger motion relative to hand motion (‘local’ frame; see [10–11]).

In addition to classical statistical techniques, we used multivariate classification analysis
to probe the discriminatory capacity of kinematic features over time. In particular, we used a
support vector machine (SVM) algorithm to discriminate between reach-to-grasp movements
towards large and small objects at different time intervals. The SVM algorithm works as a su-
pervised learning model to find the optimal separating hyperplane between the data sets, i.e.,
the surface that best separates the data sets. The capacity of SVM to discriminate kinematics
data in a binary task was reported previously (e.g., [12]). In the present case, the ability to clas-
sify the data sets correctly would indicate the presence of sufficient differences in the kinemat-
ics of grasping movements for targets of different sizes. This would lead to an above chance
level (50%) prediction performance in the corresponding time interval.

Methods

Participants
Fifteen participants took part in the study. They had a mean age of 28 years (SD: 4.7; range:
23–35 years old; 8 females) and were all right handed, as measured by the Edinburgh Handed-
ness Inventory [13], with normal or corrected-to-normal vision, and with no history of either
psychiatric or neurological disorders. The experimental procedures were approved by local eth-
ical committee (ASL 3 Genovese) and were carried out in accordance with the principles of the
revised Helsinki Declaration (World Medical Association General Assembly, 2008). Written
consent was provided by each participant.

Predicting Object Size

PLOS ONE | DOI:10.1371/journal.pone.0120432 March 17, 2015 2 / 13



Apparatus and Procedures
Participants were seated on a height-adjustable chair with the elbow and wrist resting on a
table, the forearm pronated, the right arm oriented in the parasagittal plane passing through
the shoulder, and the right hand in a semi-pronated position, with the tips of the thumb and
index finger on a tape-marked point. The angular position of the wrist was also controlled as to
guarantee a repeatable start position across participants. The working space was set on the sur-
face of a table (wide = 140 cm; deep = 70 cm) covered with a black cloth. Participants were
asked to reach, grasp, lift, and move an object to an area (26 x 10 cm) located 50 cm to the left
of the object’s initial position The target object could be either a grapefruit (referred to as ‘large
object’) or a hazelnut (referred to as ‘small object’). The diameter of the large object was about
5 cm and its weight was equal to 354 g. The diameter of the small object was about 1.5 cm and
its weight was equal to 2 g. Depending on condition, the large or the small object was placed on
the table. The object, positioned at a distance of about 48 cm from the starting position, was
aligned with the participant’s midline. The angle between the sagittal plane passing through
the object and the hand start position was about 35°. Participants were asked to grasp the object
at a natural speed using their right hand. The experimenter visually monitored the perfor-
mance of each trial to ensure participants’ compliance to these requirements. Participants per-
formed a total of 60 trials in 6 separate blocks of 10 trials (3 blocks of 10 trials for each of the
two sizes). On average, the time between trials was 15 s. Blocks were presented in a pseudo-ran-
domized order. The experimental session was preceded by a practice session to familiarize par-
ticipants with the task (20 practice trials; 10 small object trials, 10 large object trials).

Kinematics Recording
To track the kinematics of the hand, we used a near-infrared camera motion capture system
(frame rate: 100 Hz; Vicon System). Eight cameras were placed in a semicircle at a distance of
1.5–2 m from the table on which the object was placed. Each participant was outfitted with
lightweight retro-reflective hemispheric markers (4 mm in diameter). Markers were placed on
the radial aspect of the wrist (rad), the metacarpal joint and the tip of the index finger (ind1
and ind3, respectively), the metacarpal joint of the little finger (lit1), the trapezium bone of the
thumb (thu0) and the tip of the thumb (thu4). Additional markers (not used to compute the
variables of interest) were placed on the metacarpal and proximal interphalangeal joints of the
thumb, the proximal interphalangeal joint the index finger, and the proximal interphalangeal
joint and the tip of the little finger. To set the tracking volume, the system was calibrated before
data collection by first having the participants perform reaching and grasping movements
as the experimenter adjusted the camera position, roll angle, zoom, focus, threshold, and
brightness.

Data Processing and Kinematics Variables
After data collection, each trial was individually inspected for correct marker identification and
then run through a low-pass Butterworth filter with a 6 Hz cutoff. For data processing and
analysis, a custom software (Matlab; MathWorks, Natick, MA) was used to compute the fol-
lowing variables:

a. Time of reach onset defined as the first time point at which the wrist velocity crossed a
20 mm/s threshold and remained above it for longer than 100 ms;

b. Time of reach offset defined as the time at which the wrist velocity dropped below a 20 mm/s
threshold;

Predicting Object Size

PLOS ONE | DOI:10.1371/journal.pone.0120432 March 17, 2015 3 / 13



c. Movement Duration defined as the time interval between reach onset and offset (ms);

d. Wrist Velocity defined as the module of the velocity of the wrist marker (mm/sec);

e. Wrist Height defined as the z-component of the wrist marker (mm);

f. Grip Aperture defined as the distance between the marker placed on thumb tip and that
placed on the tip of the index finger (mm) (see Fig. 1 – Panel B; thu4 and ind3, respectively).

These variables were expressed with respect to the original frame of reference (i.e., the frame
of reference of the motion capture system, termed as global frame of reference; Fglobal). In addi-
tion, to provide a better characterization of the hand joint movements, a local frame of refer-
ence centered on the hand was established (i.e., Flocal; see [10–11] for a similar method). Flocal
had its origin in ind1marker (see Fig. 1 – Panel A). Vectors (ind1 ˗ lit1) and (ind1 ˗ rad) de-
fined the metacarpal plane of the hand (refer to the colored triangle in Fig. 1 – Panel A). In this
frame of reference, the x-axis had the direction of the vector (ind1 ˗ lit1) and pointed ulnarly,
the z-axis was normal to the metacarpal plane, pointing dorsally, while the y-axis was calculat-
ed as the cross-product of z- and x-axes, pointing distally (see Fig. 1 – Panel A).

Within Flocal we computed the following variables:

g. g. x-, y-, and z-thumb defined as x-, y- and z-coordinates for the thumb with respect to
Flocal (mm);

h. h. x-, y-, and z-index defined as x-, y- and z-coordinates for the index finger with respect
to Flocal (mm);

i. i. x-, y-, and z-finger plane defined as x-, y- and z-components of the thumb-index plane,
i.e., the three-dimensional components of the vector that is orthogonal to the plane. This
plane is defined as passing through thu0, ind3 and thu4, with components varying be-
tween +1 and ˗1 (please refer to Fig. 1 – Panel B). This variable provides information
about the abduction/adduction movement of the thumb and index finger irrespective of
the effects of wrist rotation and of finger flexion/extension.

For all trials, kinematics variables were expressed with respect to normalized (%) rather
than absolute (ms) movement durations. This allows to compare kinematics variables of inter-
est across experimental conditions at different epochs during reaching (from 10 to 100% of

Fig 1. Lateral and frontal view of handmodel. In Panel A, the local frame of reference (Flocal) determined by using the markers rad (placed on the radial
aspect of the wrist), ind1 (placed on the metacarpal joint of the index finger) and lit1 (placed on the metacarpal joint of the little finger). x-y represents the
metacarpal plane, y-z represents the sagittal plane. In Panel B, the finger plane defined as x, y and z components of the thumb – index plane defined as
passing through the markers thu0 (placed on the trapezium bone of the thumb), ind3 (placed on the tip of the index finger), and thu4 (placed on the tip of the
thumb). Additional markers (not used to compute the variables of interest) were placed on the metacarpal and proximal interphalangeal joints of the thumb,
the proximal interphalangeal joint the index finger, and the proximal interphalangeal joint and the tip of the little finger.

doi:10.1371/journal.pone.0120432.g001
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movement duration, at 10% intervals). This procedure was applied to allow comparison of
hand postures across trials and participants.

Design and Statistical Analyses
For the above kinematics variables, we analyzed the significance of differences between ‘object
size’ (2 levels; small vs. large) and ‘time’ (10 levels; from 10 to 100% in 10 steps) using a within-
subject multivariate analysis of variance (MANOVA) in order to protect the analyses from
family-wise error inflation. The MANOVA was followed by separate ANOVAs on each of the
dependent variables. Main effects were used to explore the means of interest (post hoc t test),
and Bonferroni's corrections (α level< 0.05) were applied.

Classification analysis. To ascertain the predictive capability of kinematic features over
time, we also employed a machine learning approach. Such an approach can evaluate the
predictability of the data labels from the data features and can be extremely useful in the field
of motor control, where it is necessary to comprehend the activities of a large number of vari-
ables (see [12, 14]). Specifically, here a support vector machine (SVM) algorithm was used to
classify movements aimed at reaching large and small objects using kinematic parameters at
different time points as features. An SVM, in essence, finds the solution to the following opti-
mization problem:

min
w;b;�

1

2
wTwþ C

Xl

i¼1

xi

subject to yiðwT�ðxiÞ þ bÞ � 1� xi

xi � 0; 8i
Where (xi,yi), i = 1,2,3.....l, is a training set of instance-label pairs (xi 2 Rn and y 2 {1: −1}l). Spe-
cifically, the algorithm tries to find an optimal separating hyperplane, defined by the equation
wT x + b = 0 (where w is a normal vector and b is a scalar) that best separates the two classes.
The parameters w and b are found by maximizing the distance (1/||w||) (equivalent to minimiz-
ing ||w||) between the plane and nearest data points of each class subjected to the constraint
yi (w

T xi + b)�1. Slack variables (ξi) are introduced for handling and accounting for non-sepa-
rable data. To penalize misclassification, a constant regularization parameter (C) is used.

Since it would be difficult to find the optimal hyperplane if the data are not linearly separa-
ble, a kernel function K (xi, xj)� ϕ(xi)

T ϕ(xj) is often employed in SVM to project the data to a
surrogate space. This permits the construction of a linear hyperplane between the two classes
in feature space. Here, we use a radial basis function (K(xi, xj) = exp (−γ||xi−xj||

2), where γ> 0)
as the kernel for the SVM (where γ is the Gaussian kernel parameter). Using this kernel func-
tion, two parameters i.e., C and γ, need to be determined in the SVM [15]. We used a grid
search to find optimized values of these two parameters.

All the trials from all the 15 participants were included in the classification analysis. Values de-
viating more than 2 SD from the mean for a particular participant for a specific object were treat-
ed as outliers (<6%) and replaced using Matlab File Exchange submission inpaint_nans (http://
www.mathworks.com/matlabcentral/fileexchange/4551-inpaint-nans). This procedure interpo-
lates and extrapolates based on sparse linear algebra and Partial Differential Equations (PDE) dis-
cretization. A default method was used to solve approximations to PDEs using least squares
approach in case of interpolation, while for extrapolation a linear behavior was applied. Values
deviating more than 2 SD from the mean at group level for a particular object (<5%) were re-
placed by a random value between the group mean and 1 SD. For the feature classification, open
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source SVMmachine learning library (libsvm; http://www.csie.ntu.edu.tw/*cjlin/libsvm/)
was used.

Accuracy rates were computed from a ten-fold cross validation scheme in which values
were averaged. A complete formulation of SVM can be found in a number of publications (e.g.,
[16–17]). In particular, a full description of the SVM algorithm in a binary task classification is
provided by Tolambiya and colleagues [18].

Lastly, we used a criterion called F-score to evaluate the importance of kinematic features
for object size prediction [19]. We calculated the discrimination ability of each kinematic feature
and compared it to the overall discriminative power of all kinematic features. F-score is a simpli-
fied Fisher criterion, which is suitable to estimate the discriminative power of single features as
well as of group of features (feature vectors). For single features, F-score was computed in the
same way as the classic Fisher criterion [20]. For feature vectors, F-score was calculated as:

F ¼
km!þ � m!�k

2

2

trðSþÞ � trðS�Þ

where m!þ and m!� are the means of feature vectors and S+ and S− are the covariance matrices of
feature vectors for class “+” and “-” respectively, tr() denotes the trace of a matrix and ||�||2 de-
notes the Euclidean norm. The numerator of the expression represents the variance between the
classes, while the denominator denotes the variance within the classes. In this work, the feature
vector is composed by all kinematic features for each class. To distinguish it from single feature
F-scores, we called the overall F-score of all kinematic features F-group score.

Results
The MANOVA revealed a significant main effect of both ‘object size’ [F12,108 = 126.375; p<
.001] and ‘time’ [F12,108 = 33.488; p< .001]. Moreover, the MANOVA showed a ‘object size’ by
‘time’ interaction [F12,108 = 16.459; p< .001]. Similar effects were also reported when consider-
ing each dependent measure separately. In particular, repeated measures ANOVAs revealed a
main effect of ‘object size’ forWrist Velocity [F1,14 = 24.538; p< .001], Grip Aperture [F1,14 =
406.867; p< .001],Wrist Height [F1,14 = 345.491; p< .001], x-index [F1,14 = 136.174; p< .001],
y-index [F1,14 = 231.573; p< .001], z-index [F1,14 = 183.383; p< .001], x-thumb [F1,14 = 90.569;
p< .001], y-thumb [F1,14 = 130.878; p< .001], z-thumb [F1,14 = 22.363; p< .001], x-finger
plane [F1,14 = 10.894; p< .01], y-finger plane [F1,14 = 9.775; p< .01] and z-finger plane [F1,14 =
67.300; p< .001]. In line with previous results (see [21] for a review), inspection of the main ef-
fect of ‘object size’ revealed that the Grip Aperture was larger (mean ± SE = 73.82 ± 2.20 mm
vs. 42.17 ± 1.22 mm) and theWrist Velocity was higher (555.74 ± 16.57 mm/s vs. 521.25 ±
13.28 mm/s) for the large compared to the small target object. In addition, theWrist Height
was higher (85.08 ± 3.53 mm vs. 68.76 ± 3.53 mm) for grasping movements aimed at the large
rather than at the small object.

For the Flocal, post hoc tests revealed that the index finger pointed more ulnarly (x-index equal
to −5.99 ± 2.32 vs. 3.87 ± 2.17), was less distal (y-index equal to 54.76 ± 2.09 vs. 69.32 ± 1.92),
and extended more in the palmar direction (z-index equal to −73.32 ± 2.28 vs. −51.48 ± 3.21)
when the to-be-grasped object was small rather than large. The thumb pointed more radially (x-
thumb equal to −15.17 ± 1.60 vs. −2.194 ± 1.78), was more distal (y-thumb equal to 6.21 ± 1.94
vs. 14.85 ± 1.71), and extended less in the palmar direction (z-thumb equal to −82.40 ± 1.44
vs. −79.22 ± 1.50) when the object was large than when it was small. Finally, inspection of the fin-
ger plane components (x-, y-, and z-finger plane) indicated that the x-finger plane passing through
the thumb and the index was more normal (−.963 ± 007 vs. −.948 ± .006), the y-finger plane and
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the z-finger plane were smaller (.073 ± 0.37 vs. .153 ± .038 and .051 ± .021 vs. .190 ± .022) for the
small object in comparison to the large object.

Remarkably, the repeated measure ANOVAs also yielded a main effect of ‘time’ (F9,126 rang-
ing from 4.983 to 246.750; ps< .001) as well as a significant ‘object size’ by ‘time’ interaction
(F9,126 ranging from 10.698 to 257.009; ps< .001) for all the dependent measures. Post hoc
comparisons using Bonferroni’s correction revealed that from 10% up to 40% of the reach-to-
grasp movement, theWrist Velocity was higher for small object compared to large object move-
ments (ps ranging from .015 to .037). In contrast, from 60% to 100% of the movement time, the
Wrist Velocity was higher for large than for small object movements (ps< .01). No statistical
differences were found at 50% of the action (p = .951) for this variable. With respect to the Grip
Aperture, post hoc inspection of the interaction revealed greater modulation for the large than
for the small object over time. No other sources were found indicating that, since the very be-
ginning of the movement, the Grip Aperture was greater for large than for small objects (see
Fig. 2). Furthermore, theWrist Height was greater for large in comparison to small object
movements from 40% up to the end of the reach-to-grasp movement (ps ranging from .000 to
.022), while no differences were evident from 10% to 30% of the movement. For the index fin-
ger, a significant difference between the two objects was found for the x-index throughout the
entire duration of the movement (ps ranging from .000 to .028), and from 20% to 100% for
both the y- (ps ranging from .000 to .012) and z-index (ps ranging from .000 to .030). For
the thumb, both x-thumb and y-thumb significantly differed between objects for the whole

Fig 2. Grip aperture over time for both small and large object. In Panel A, grip aperture (mm) over time for
both the small and the large object. Error bars represent standard errors. In Panel B, example from a
representative participant of the index – thumb distance over time for both large (red) and small (light blue)
object. Each line represents one trial.

doi:10.1371/journal.pone.0120432.g002
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movement duration (please refer to Fig. 3). Similarly, the z-thumb was sensitive to the size of
the target, although the difference between small and large was evident only from 50% up to
the end of the movement. A profile inspection of the x-, y-, and z-thumb revealed that, when
the to-be-grasped object was small, this digit exhibited a reduced modulation in comparison to
when the object was large (Fig. 3). This was evident for the entire duration of the reaching
movement, suggesting that the stability of the thumb relative to the object was greater for the
small target compared to the large target [22]. Finally, for the finger plane, post hoc contrasts
revealed that the x-finger plane was significantly more normal with respect to Flocal for small
than for large object movements from 60% to 90% of the action (ps ranging from .000 to .024)
(Fig. 4), while the y- and the z-finger plane were different from 60% to 100% (ps ranging
from .001 to .011) and from 30% to 100% of the movement (ps ranging from .000 to .007),
respectively.

Classification analysis
As displayed in Fig. 5, early on in the movement, the ability to predict the size of the target to
be grasped was above chance level (63.14% at 10% of movement, 70.49% at 20%). Accuracy
rates increased as time progressed (95.81% at 50% of movement), achieving*100% of accura-
cy at 60% of the movement (accuracy rates ranging from 99.47% at 60% to 99.97% at 100% of
movement duration). Similarly, we found a gradual increase of F-scores across time intervals

Fig 3. X, y, and z-thumb over time for both small and large object. In Panel A, x- and y-thumb coordinate over time for both small and large object. Error
bars represent standard errors. In Panel B, example from a representative participant of a tridimensional representation of the x-, y- and z-thumb coordinate
for both large (red) and small (light blue) object. Each line represents one trial.

doi:10.1371/journal.pone.0120432.g003
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(Fig. 5). In particular, F-scores increased gradually for Grip Aperture, y-index, x-thumb, and z-
finger plane from 20% of movement duration to the end of the movement. ForWrist Height, x-
index, z-index, y-thumb, a consistent increase in F-scores was observed from 50% to 100% of
the movement duration. Only forWrist Velocity, F-score decreased at 50% of the movement
duration (please refer to Fig. 5).

The F-group score increased monotonically as time progressed. Of interest, an inspection of
this value also revealed an unequal contribution from the underlying features, suggesting that
some kinematics features underwent more change during movements towards targets of differ-
ent sizes. In this regard, it is worth noticing that, for instance, F-scores for Grip Aperture were
higher than F-group scores throughout the entire movement duration (see Fig. 5).

Discussion
The ability to generate a successful grasping movement is dependent on extracting intrinsic
properties from the intended target object. For example, to successfully reach, grasp, and lift an
object, in addition to the processing of the object location, it is paramount to encode the object
size and shape, as well as other intrinsic properties such as fragility, texture, and weight. It is al-
ready well known that all these properties influence grasping kinematics [9]. To date, however,

Fig 4. X- and z- components of finger plane over time for both small and large object. In Panel A, x and
z components of finger plane at 10%, 50% and 100% of the movement time for both small and large object. In
Panel B, example from a representative participant of the thumb and index finger tips position during the
action unfolding.

doi:10.1371/journal.pone.0120432.g004
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only a few studies have characterized the effect of object properties on the grasping behavior
over time.

Evidence that specification of some movement parameters evolves in a time-dependent and
continuous fashion during the reaching was first provided by Santello and Soechting [23]. They
asked participants to reach and grasp differently shaped objects. Critically, the information
transmitted by hand posture about object shape was still incomplete at the time of maximum
grip aperture (at about 50% of movement duration), suggesting the hand was only gradually
molded to conform to the shape of the object to be grasped [23]. Because other parameters of the
motion, such as movement direction, are fully specified early on in a movement (e.g., [24]), these
results were interpreted to suggest that the specification of diverse aspects of a movement evolves
with different time courses. This conclusion was further supported by subsequent studies in
which gradual preshaping of the hand to the object contours was investigated as function of task
[25–26] and sensory feedback [27–28], in both healthy and neurologically impaired individuals
[29–32].

Fig 5. Predictability valuesmatrix. Predictability and discriminability of kinematics variables over time. Graphical representation of F-scores of kinematics
variables (heat map) and accuracies (line graph) from classification analysis. Please note that F-group value is a combined F-score of all the variables at a
given time interval.

doi:10.1371/journal.pone.0120432.g005
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The present results add to this body of research showing that the specification of kinematic
variables evolved in parallel but at different rates in relation to object size. While some variables
such as grip aperture and wrist velocity were specified early on in the movement, already dis-
criminating between the sizes of the target at 10% of movement duration, others, such as wrist
height, showed little modulation until 60% of movement duration. Interestingly, differences in
the pattern of temporal modulation were also observed at the level of finger joint posture. In
particular, both index finger and thumb exhibited a kinematic attunement to the size of the tar-
get from the beginning of the movement (between 10% and 20% of the movement duration)
up to the moment of hand-object contact. For the finger plane, a similar modulation was ob-
served later, between 30% and 60% of the movement time, suggesting that this parameter
evolved at a slower rate.

Implications for action observation
Taken together, these findings suggest that while some parameters are already specified at the
time of movement initiation, others evolve gradually over the whole movement duration. This
timing information may be useful not only for understanding the mechanisms subtending exe-
cution, but also for better comprehending action observation. Observing someone else perform
an action recruits a set of sensorimotor brain regions that are active during movement execu-
tion (mirror response; [33]). The precise timing of this internal simulation and its relation to
the timing of the external action, however, are poorly understood [34].

To date, the majority of the studies investigating the mirror response to observed actions
have focused on specific kinematics landmarks such as the maximum grip aperture and the
peak velocity of the wrist to characterize observed movements (e.g., [35–36]). These parameters
provide a snapshot description of the observed movement at a single time point during reach,
i.e., the maximum within a set of value. To ascertain the temporal course of the mirror re-
sponse, however, we need to know how hand kinematics evolves throughout movement dura-
tion: i) ‘when’ diverse aspects of the movement are specified, e.g., when kinematics
discriminate correctly the properties of the target; ii) and the time courses at which diverse ki-
nematics parameters evolve.

Extant research suggests that modulation of corticospinal excitability is not an immediate
mirror response to the visual stimulus (e.g., the appearance of the maximal finger aperture),
but rather reflects a prediction of the movement to occur [37–40]. Knowing how movement ki-
nematics is modulated during reaching may prove critical to determine the time at which we
would expect to see a specific modulation to the observed action, as well as to understand better
the temporal matching between the observed and the executed action.

Importantly, this approach may also help to identify the contribution of specific discrimina-
tive features over time. As different kinematics features contribute differently to the specifica-
tion of the upcoming state, it is plausible that, when asked to predict how an action would
unfold, observers rely on a subset of correlated variable to predict how the action will unfold.
We are tempted to speculate further that this may lead observers to adopt a “dynamic” strategy:
when the level of predictability of different features varies over movement duration (as in the
present case), observers may exploit different features at different time points, taking into ac-
count those features that at each time interval best predict the action outcome.

Acknowledgments
The authors thank Laura Taverna for her help with figure preparation and Alessandro D’Ausi-
lio for his contribution in running the experiment.

Predicting Object Size

PLOS ONE | DOI:10.1371/journal.pone.0120432 March 17, 2015 11 / 13



Author Contributions
Conceived and designed the experiments: CA AC CB. Performed the experiments: CA ACMJ.
Analyzed the data: CA AC AK YYMJ. Wrote the paper: CA AC AK CB.

References
1. Jeannerod M, Arbib MA, Rizzolatti G, Sakata H. Grasping objects: the cortical mechanisms of visuomo-

tor transformation. Trends Neurosci. 1995; 18: 314–320. PMID: 7571012

2. Jeannerod M. Intersegmental coordination during reaching at natural visual objects. Attention Perform
IX. 1981; 9: 153–168.

3. Chieffi S, Gentilucci M. Coordination between the transport and the grasp components during prehen-
sion movements. Exp Brain Res. 1993; 94: 471–477. PMID: 8359261

4. Marteniuk RG, Leavitt JL, MacKenzie CL, Athenes S. Functional relationship between grasp and trans-
port components in a prehension task. HumMovement Sci. 1990; 9: 149–176.

5. Paulignan Y, MacKenzie C, Marteniuk R, Jeannerod M. Selective perturbation of visual input during
prehension movements. Exp Brain Res. 1991; 83: 502–512. PMID: 2026193

6. Berthier NE, Clifton RK, Gullapalli V, McCall DD, Robin DJ. Visual information and object size in the
control of reaching. J Motor Behav. 1996; 28: 187–197.

7. Gentilucci M, Castiello U, Corradini ML, Scarpa M, Umiltá CA, Rizzolatti G. Influence of different types
of grasping on the transport component of prehension movements. Neuropsychologia. 1991; 29: 361–
378. PMID: 1886680

8. Jeannerod M. The timing of natural prehension movements. J Motor Behav. 1984; 16: 235–254.

9. Castiello U. The neuroscience of grasping. Nat Rev Neurosci. 2005; 6: 726–736. PMID: 16100518

10. Carpinella I, Mazzoleni P, Rabuffetti M, Thorsen R, Ferrarin M. Experimental protocol for the kinematic
analysis of the hand: definition and repeatability. Gait Posture. 2006; 23: 445–454. PMID: 15978812

11. Carpinella I, Jonsdottir J, Ferrarin M. Multi-finger coordination in healthy subjects and stroke patients: a
mathematical modelling approach. J Neuroeng Rehab. 2011; 8(1), 19.

12. Fukuchi RK, Eskofier BM, Duarte M, Ferber R. Support vector machines for detecting age-related
changes in running kinematics. J Biomech. 2011; 44: 540–542. doi: 10.1016/j.jbiomech.2010.09.031
PMID: 20980005

13. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsycholo-
gia. 1971; 9: 97–113. PMID: 5146491

14. Tolambiya A, Thomas E, Chiovetto E, Berret B, Pozzo T. An ensemble analysis of electromyographic
activity during whole body pointing with the use of support vector machines. PloS one. 2011; 6:
e20732. doi: 10.1371/journal.pone.0020732 PMID: 21814541

15. Chen YW, Lin CJ. Combining SVMs with various feature selection strategies. In: Feature extraction
Springer Berlin Heidelberg; 2006. pp. 315–324.

16. Vapnik V. The nature of statistical learning theory. 1st ed. Springer Verlag NY; 1995.

17. Theodoridis S, Koutroumbas K. Pattern Recognition. 2nd ed. Maryland Heights MO: Elsevier Aca-
demic Press; 2003.

18. Tolambiya A, Chiovetto E, Pozzo T, Thomas E. Modulation of anticipatory postural activity for multiple
conditions of a whole-body pointing task. Neurosci. 2012; 210: 179–190. doi: 10.1016/j.neuroscience.
2012.02.050 PMID: 22640819

19. Yang Y, Chevallier S, Wiart J, Bloch I. Time-frequency optimization for discrimination between imagina-
tion of right and left hand movements based on two bipolar electroencephalography channels. EURA-
SIP J on advances in signal processing. 2014;(1: ): 38.

20. Duda RO, Hart PE, Stork DG. Pattern Classification. 2nd ed. JohnWiley & Sons, New York; 2012.

21. Smeets JBJ, Brenner E. A new view on grasping. Motor Control. 1999; 3: 237–271. PMID: 10409797

22. Wing AM, Turton A, Fraser C. Grasp size and accuracy of approach in reaching. J Motor Behav. 1986;
18: 245–260. PMID: 15138146

23. Santello M, Soechting JF. Gradual molding of the hand to object contours. J Neurophysiol. 1998; 79:
1307–1320. PMID: 9497412

24. Fu QG, Flament D, Coltz JD, Ebner TJ. Temporal encoding of movement kinematics in the discharge of
primate primary motor and premotor neurons. J Neurophysiol. 1995; 73: 836–854. PMID: 7760138

Predicting Object Size

PLOS ONE | DOI:10.1371/journal.pone.0120432 March 17, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/7571012
http://www.ncbi.nlm.nih.gov/pubmed/8359261
http://www.ncbi.nlm.nih.gov/pubmed/2026193
http://www.ncbi.nlm.nih.gov/pubmed/1886680
http://www.ncbi.nlm.nih.gov/pubmed/16100518
http://www.ncbi.nlm.nih.gov/pubmed/15978812
http://dx.doi.org/10.1016/j.jbiomech.2010.09.031
http://www.ncbi.nlm.nih.gov/pubmed/20980005
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://dx.doi.org/10.1371/journal.pone.0020732
http://www.ncbi.nlm.nih.gov/pubmed/21814541
http://dx.doi.org/10.1016/j.neuroscience.2012.02.050
http://dx.doi.org/10.1016/j.neuroscience.2012.02.050
http://www.ncbi.nlm.nih.gov/pubmed/22640819
http://www.ncbi.nlm.nih.gov/pubmed/10409797
http://www.ncbi.nlm.nih.gov/pubmed/15138146
http://www.ncbi.nlm.nih.gov/pubmed/9497412
http://www.ncbi.nlm.nih.gov/pubmed/7760138


25. Mason CR, Theverapperuma LS, Hendrix CM, Ebner TJ. Monkey hand postural synergies during
reach-to-grasp in the absence of vision of the hand and object. J Neurophysiol. 2004; 91: 2826–2837.
PMID: 14762155

26. Ansuini C, Santello M, Massaccesi S, Castiello U. Effects of end-goal on hand shaping. J Neurophysiol.
2006; 95: 2456–65. PMID: 16381806

27. Santello M, Flanders M, Soechting JF. Patterns of hand motion during grasping and the influence of
sensory guidance. J Neurosci. 2002; 22: 1426–1435. PMID: 11850469

28. Winges SA, Weber DJ, Santello M. The role of vision on hand preshaping during reach to grasp. Exp
Brain Res. 2003; 152: 489–498. PMID: 12898088

29. Schettino LF, Rajaraman V, Jack D, Adamovich SV, Sage J, Poizner H. Deficits in the evolution of hand
preshaping in Parkinson’s disease. Neuropsychologia. 2004; 42: 82–94. PMID: 14615078

30. Schettino LF, Adamovich SV, HeningW, Tunik E, Sage J, Poizner H. Hand preshaping in Parkinson’s
disease: effects of visual feedback and medication state. Exp Brain Res. 2006; 168: 186–202. PMID:
16041510

31. Schettino LF, Van Erp E, HeningW, Lessig S, Song D, Barba D, et al. Deep brain stimulation of the sub-
thalamic nucleus facilitates coordination of hand preshaping in Parkinson's disease. Int J Neurosci.
2009; 119: 1905–1924. PMID: 19922392

32. Ansuini C, Begliomini C, Ferrari T, Castiello U. Testing the effects of end-goal during reach-to-grasp
movements in Parkinson’s disease. Brain Cogn. 2010; 74: 169–177. doi: 10.1016/j.bandc.2010.07.015
PMID: 20728976

33. Fadiga L, Fogassi L, Pavesi G, Rizzolatti G. Motor facilitation during action observation: a magnetic
stimulation study. J Neurophysiol. 1995; 73: 2608–2611. PMID: 7666169

34. Naish KR, Houston-Price C, Bremner AJ, Holmes NP. Effects of action observation on corticospinal ex-
citability: Muscle specificity, direction, and timing of the mirror response. Neuropsychologia. 2014; 64:
331–348.

35. Aglioti SM, Cesari P, Romani M, Urgesi C. Action anticipation and motor resonance in elite basketball
players. Nat Neurosci. 2008; 11: 1109–1116. PMID: 19160510

36. Sartori L, Becchio C, Castiello U. Cues to intention: the role of movement information. Cognition. 2011;
119: 242–252. doi: 10.1016/j.cognition.2011.01.014 PMID: 21349505

37. Gangitano M, Mottaghy FM, Pascual-Leone A. Phase-specific modulation of cortical motor output dur-
ing movement observation. Neuroreport. 2011; 12: 1489–1492.

38. Gangitano M, Mottaghy FM, Pascual-Leone A. Modulation of premotor mirror neuron activity during ob-
servation of unpredictable grasping movements. Eur J Neurosci. 2004; 20: 2193–2202. PMID:
15450099

39. Cavallo A, Becchio C, Sartori L, Castiello U. Grasping with tools: Corticospinal excitability reflects ob-
served hand movements. Cereb Cortex. 2012; 22: 710–716. doi: 10.1093/cercor/bhr157 PMID:
21685400

40. Cavallo A, Bucchioni G, Castiello U, Becchio C. Goal or movement? Action representation within the
primary motor cortex. Eur J Neurosci. 2013; 38: 3507–3512. doi: 10.1111/ejn.12343 PMID: 23961848

Predicting Object Size

PLOS ONE | DOI:10.1371/journal.pone.0120432 March 17, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/14762155
http://www.ncbi.nlm.nih.gov/pubmed/16381806
http://www.ncbi.nlm.nih.gov/pubmed/11850469
http://www.ncbi.nlm.nih.gov/pubmed/12898088
http://www.ncbi.nlm.nih.gov/pubmed/14615078
http://www.ncbi.nlm.nih.gov/pubmed/16041510
http://www.ncbi.nlm.nih.gov/pubmed/19922392
http://dx.doi.org/10.1016/j.bandc.2010.07.015
http://www.ncbi.nlm.nih.gov/pubmed/20728976
http://www.ncbi.nlm.nih.gov/pubmed/7666169
http://www.ncbi.nlm.nih.gov/pubmed/19160510
http://dx.doi.org/10.1016/j.cognition.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21349505
http://www.ncbi.nlm.nih.gov/pubmed/15450099
http://dx.doi.org/10.1093/cercor/bhr157
http://www.ncbi.nlm.nih.gov/pubmed/21685400
http://dx.doi.org/10.1111/ejn.12343
http://www.ncbi.nlm.nih.gov/pubmed/23961848


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


