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Reaching objects in a dynamic environment requires fast online corrections
that compensate for sudden object shifts or postural changes. Previous
studies revealed the key role of visually monitoring the hand-to-target dis-
tance throughout action execution. In the current study, we investigate
how sensorimotor asymmetries associated with space perception, brain
lateralization and biomechanical constraints, affect the efficiency of online
corrections. Participants performed reaching actions in virtual reality,
where the virtual hand was progressively displaced from the real hand to
trigger online corrections, for which it was possible to control the total
amount of the redirection and the region of space in which the action
unfolded. The efficiency of online corrections and the degree of awareness
of the ensuing motor corrections were taken as assessment variables. Results
revealed more efficient visuo-motor corrections for actions redirected
towards, rather than away from the body midline. The effect is independent
on the reaching hand and the hemispace of action, making explanations
associated with laterality effects and biomechanical constraints improbable.
The result cannot either be accounted for by the visual processing advantage
in the straight-ahead region. An explanation may be found in the finer
sensorimotor representations characterizing the frontal space proximal to
body, where a preference for visual processing has been documented, and
where high-value functional actions, like fine manipulative skills, typically
take place.

This article is part of a discussion meeting issue ‘New approaches to
3D vision’.
1. Introduction
Reaching is a universal motor behaviour spanning a wide range of functions. In
everyday life, we need to interact within a dynamic environment, where the
object of interest and our own body could be moving smoothly or be suddenly
displaced by unpredictable events. From grasping a fruit on a tree on a windy
day to intercepting a flying object while running, successful reaching requires a
continuous real-time monitoring of the spatial relationship between the reach-
ing hand and the target. This perceptual monitoring is indeed key to the
operation of online motor corrections [1,2] that continuously update and
refine motor commands planned under sensorimotor noise [3,4], and are essen-
tial for compensating unpredictable perturbations [5] affecting the target [6] or
the hand state [7].

Online motor corrections have been a central topic in motor control research.
In particular, the systematic study of online corrections during reaching actions
unravelled several fundamental aspects of how the brain controls movements.
Empirical studies showed how online corrections are often operated outside
of awareness. For example, if the visual feedback of the hand is deviated
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laterally (through the use of mirrors or virtual displays), par-
ticipants automatically displace their hand in the opposite
direction to comply with the assignment of drawing lines
along the midline, while showing little if any awareness of
such motor adjustments [7]. Analogously, if a force field is
applied to the reaching hand, through a held manipulandum,
in order to comply with the task and keep the hand on track,
subjects typically engage in an anomalous pattern of muscles
activity that they fail to notice and report [8]. The involuntary
nature of online motor corrections has been further supported
by introducing sudden perturbations of the hand’s state or
the target location: this triggers automatic corrections well
ahead of when the perturbation is consciously processed [9]
or intentional counteractions are instantiated [8]. The extre-
mely short latencies of motor corrections have further
highlighted the need to predict the effects of motor com-
mands on the system state before sensory feedback from
executed movement becomes available, thus providing
evidence for the involvement of efference copies and internal
forward models in the motor control loop [10,11].

Online motor corrections have been mostly explored in
relation to their temporal dimensions (e.g. looking at their
latencies). Nonetheless, the inhomogeneities that characterize
spatial perception could plausibly affect the efficiency of
online motor corrections, which may vary according to the
region of space where the action is executed—for example,
close versus away from the body midline (i.e. the region of
the frontal midsagittal plane proximal to the trunk), or in
the right versus the left hemispace, ipsilateral or contralateral
with respect to the moving hand. Exploring the impact of
these spatial factors on the efficiency of online corrections
may provide novel insights into the interplay between
space perception, self-centred perceptual processing and
motor execution, and bring new insights into the sensorimo-
tor processing underlying the fine tuning of online motor
control.

There are different aspects of space perception that may
potentially affect online corrections. The neurophysiological
representation of space in primates is known to be strictly
related to the body configuration [12–14] and to the egocentric
perspective that the agent holds on the surrounding environ-
ment [15,16]. Within the reachable space, a rich cohort of
multisensory body-centred (thus dynamic) representations is
known to process visual stimuli according to the current body
posture [17–19]. So, the same visual stimulus may trigger a
larger activation when the hand is placed in its vicinity, reflect-
ing the salience associated with the possibility for interaction
[13,20]. In addition, there is ample evidence for a privileged
visual processing of the straight-ahead direction in both
primates [21] and humans [22,23]. Neurophysiological assess-
ments have shown how gaze direction modulates the gain of
peripheral neural populations in the visual system, which dis-
play increased responses as their receptive field moves closer
to the body midline (straight-ahead direction) [21,22]. This
enhanced processing of visual stimuli lying in the region prox-
imal to the body midline has been confirmed with behavioural
assessments [23], and has been linked to an optimization of the
detection and avoidance of potential threats for the body while
visually attending other regions in the surrounding space.
Besides this, the proprioceptive encoding of the hand location
was found to be misperceived closer to the body midline,
with a bias that increases as the hand’s true location moves
away from it [24,25].
Brain lateralization also engenders spatial asymmetries in
sensorimotor processing, substantiated in subtle effects that
go well beyond handedness [26,27]. These asymmetries have
been mostly attributed to the left and right hemispheres
being specialized for temporal and spatial processing, respect-
ively [27,28]. A specialization that is reflected, for example, in
higher frequency detection thresholds for stimuli presented
in the right hemispace [29,30], or in tasks based on spatial pro-
cessing for which higher performances are found for stimuli
presented in the left hemispace [31]. Related asymmetries,
independent of hand dominance, have been reported for sen-
sorimotor tasks [32,33]. For example, for both right and left
handers, a right-hand advantage characterizes the control of
movement’s direction, and a left-hand advantage the control
of movement’s amplitude [34,35]. Furthermore, a right hemi-
sphere specialization for the visual processing of motion has
been reported [36], with associated enhanced performances
in interceptive tasks performed with the left hand and for
trajectory stimuli presented in the left hemispace [37].

In order to assess the potential impact of perceptual sensor-
imotor processing on the efficiency of onlinemotor corrections,
it is necessary to control for other potential modulating factors.
In particular, handedness and biomechanical constraints
can affect the way online motor corrections are planned and
executed. The potential role of handedness is clear: the domi-
nant hand outperforms in fine motor skills and dexterity
[38,39]. Still, the ability to predict the sensory consequences
of self-generated actions appears to be independent on hand-
edness [40]. So, given the critical role of predictions in
guaranteeing accurate goal-directed movements [11,41], the
impact of handedness on the efficiency of online corrections
is not obvious to anticipate. Complementary is the role of
biomechanical constraints. Different experimental paradigms
revealed that humans hold an implicit knowledge of how the
arm inertia varies with movement direction, and that this
knowledge is used in the planning of reaching actions
[42–44]. The inertial anisotropies of the arm’s musculoskeletal
structure have also a direct impact on action execution: this is
reflected, for example, by differences in the kinematics
observed in abductive versus adductive reaching actions
[45,46]. Similarly, modulations observed in reaching actions
executed in the same versus the opposite hemispace of the
moving hand, initially linked to latencies associatedwith inter-
hemispheric communication [47,48], have been attributed to
biomechanical constraints [49,50].

The present experiment has been designed to explore the
interplay between inhomogeneities in sensorimotor processing
and the efficiency of online corrections, with the aim of gaining
novel insights into the mechanisms that fine tune the control of
movement. To this aim, we implemented an immersive virtual
reality (VR) set-up in which participants had to perform reach-
ing actions towards a set of virtual targets. Online corrections
were triggered by applying retargeting, a technique developed
in VR applications. It consists in smoothly displacing the vir-
tual hand along the reaching path, so to induce automatic
corrections that redirect the real hand to a predefined
location (the real target) when the virtual hand reaches the
aimed virtual target [51,52]. In the current experiment, retar-
geting was adopted as a way to induce automatic online
corrections in a controlled fashion, and we refer to it as redirec-
tion. By varying the reciprocal location of real and virtual
targets, and their arrangement with respect to the participants’
sagittal plane (figure 1a), it was possible to assess how the
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Figure 1. Experimental design and set-up. (a) Participants wearing a head-mounted display (HMD) and holding a virtual controller in each hand were asked to
perform a sequence of redirected reaches. The design included three locations for the real targets (red, green and blue circles), each associated with seven virtual
symmetrically targets arranged. (b) Left: during a redirected reach, the participant initially plans a movement pointing directly to the virtual target (grey circle).
Right: to bring the virtual hand (red) to the virtual target the participant redirects his physical hand towards the location of the real target (blue circle). (c) Example
of the virtual (grey) and real (blue) hand trajectories for a redirected reaching action.
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efficiency of online corrections varies with their amplitude and
direction (towards or away from the body midline), and with
the region of space in which the action unfolds (e.g. right
versus left hemispaces). Participants performed repeated
reaching actions both with their right and left hands. This,
togetherwith the geometry of the implemented configurations,
allowed to control for possible confounds associated with
handedness and biomechanical constraints.

In our experiment we used a realistic virtual model of the
hands (figure 1b) that can be easily embodied and integrated
in the self-body representation [53,54]. This is a major differ-
ence with respect to most previous studies on online
corrections, in which the visual feedback from the moving
hand is rendered as a small circle. Because embodiment is
known to affect the perception and control of reaching actions
under multisensory (visuo-proprioceptive) conflict [55,56], we
could further test for possible confounds associated with the
illusory embodiment of the virtual hands.

The impact of action redirection in the different con-
ditions was evaluated both implicitly by quantifying the
efficiency of online motor corrections from the action
kinematics, and explicitly by asking participants to report
if they noticed something weird when performing the
action. While we expected that the efficiency of online cor-
rections would decrease for larger redirection offsets, with a
corresponding increase in the explicit awareness of the
applied manipulation, we did not have any a priori hypoth-
eses about the specific impact of the factors under
inspection and their interactions. We therefore conducted
an exploratory analysis of the collected data. In summary,
results clearly show a motor advantage for actions redir-
ected towards the body medial plane, irrespectively of the
hand performing the reach and of the hemispace of
action. This pattern of results suggests that the effects of
handedness, biomechanical constraints and perceptual
asymmetries associated with brain lateralization, play a
minor role in determining the advantage of redirecting
the hand towards the body midline. Results further show
that the explicit awareness of operating online motor correc-
tions is strictly related to their motor efficiency, so that a
more efficient redirection has a larger probability of going
unnoticed.
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2. Results
Participants (n = 12) performed a set of reaching actions (420
trials) in an immersive VR environment, where both hands
were represented by virtual hands holding the VR controllers
(figure 1a). All reaching actions, performed in a pseudo-
random alternation with either the right or left hand, started
with both virtual hands spatially aligned with their real
counterparts. Along the reaching path towards the virtual
target, the virtual representation of the reaching hand was
displaced so as to induce automatic corrections that redir-
ected the real hand to the predefined location of the real
target, which was always unknown to participants (see
Methods).

The experiment was designed to collect an integrated set
of data including the hand trajectory and the subjective
experience of the redirected actions, as a function of (i) the
virtual-to-real target distance, hereafter redirection offset; (ii)
the reaching hand (right versus left hand); and (iii) the relative
position of the real and virtual targets with respect to the
body. The combination of the last two factors allowed us to
test how the efficiency of online motor corrections varies
with the movement direction, the hemispace of action and
to assess the effect of executing the action in the contralateral
hemispace. In addition, after each redirection, we assessed
the proprioceptive recalibration of the perceived hand
location (proprioceptive drift) induced by the redirection as
an implicit measure of the virtual hand embodiment. For
this, a blind reaching task (reaching in the absence of visual
feedback from the moving hand) was adopted [57].

The experimental design included three real target
locations to which the physical hand was redirected. Seven
virtual targets were arranged symmetrically around each
physical target, including a zero offset condition and three
locations placed at different distances on each side of the
real target (figure 1a). Each trial consisted of three steps:
the redirected reach from which the kinematics data were
recorded; a two-alternatives-forced-choice (2AFC) task, in
which participants had to report whether or not they noticed
the visuo-motor manipulation; a blind reach task, in which
participants had to reach a second target in absence of
visual feedback from the hand (see Methods for more
details).
(a) Kinematics of redirected reaches
To characterize the motor efficiency of a redirected action, we
introduced the redirection cost CR, a scalar parameter
extracted from the reaching action kinematics, quantifying
the deviation of the actual hand trajectory form the optimal
straight path connecting the starting point (S) to the real
target (TR). Given the specific implementation of the redirec-
tion (see Methods), for a given real-to-target distance, the
cost is higher if the online corrections start later in the
reach, smaller if participants start correcting early on. In
fact, early corrections result in reaching trajectories of the
real hand closer to the optimal path (figure 4 and Methods).

Reaching trajectories were visually inspected as a first
step. The mean and standard deviation of the hand trajectory
from a representative participant is shown in figure 2a, for a
particular set of four symmetric conditions, all having the
same absolute redirection offsets, θT. When actions are redir-
ected towards the body midline online corrections appear
more efficient, with hand trajectories closer to the straight
path from S to TR. The effect is independent on the reaching
hand, and on the action being executed in the ipsilateral or
contralateral hemispace. These trends were consistent across
all subjects (electronic supplementary material, figure S1).

The redirection cost data, aggregated across all partici-
pants and hands, are shown in figure 2b. The mean
redirection cost and its standard error is shown as a function
of redirection offset (θT) for each real target location (left,
centre, right). As the reaching hand is redirected further
away from the planned target (i.e. for larger absolute
values of θT), the redirection cost increases. Crucially, this
dependence is modulated by the location of the real target:
for actions redirected to the central target the trend of cost
(CR) versus offset (θT) appears to be symmetric and centred
at zero offset (uT ¼ 0), while it appears skewed in opposite
directions for the two lateral real targets. These trends hold
independently of the reaching hand (electronic supple-
mentary material, figure S2A) and are consistent across all
participants (electronic supplementary material, figure S3).
The data could be fit at a good approximation level (R2 =
0.7) with the nonlinear mixed model in equation (4.2) (see
Methods). The model’s fit supports a significant dependence
of the redirection cost (CR) from the redirection offset (θT)
modelled as a second-order polynomial (p < 10−15 for both
polynomial coefficients), and from the real target location
(TR) treated as a fixed effect ( p < 10−15). The fit further sup-
ports a significant interaction between real target location
(TR) and offset (θT) ( p < 10−15 for both polynomial coeffi-
cients). Note that the significant interaction of TR with the
first-order polynomial coefficient corresponds to the different
skewness of the curves associated with the three real
target locations. The model output is given in the electronic
supplementary material, table S1.

The significant interaction effect between the real target
location and the offset can be attributed to an effect of move-
ment direction, in line with the qualitative observations from
the trajectory kinematics (figure 2a; electronic supplementary
material, figure S1). To better appreciate this, the different
combinations of real and virtual target configurations were
tagged according to the direction of the implied online correc-
tions (hereafter redirection direction DR) as away versus towards
the body midline. Figure 2c shows the cost CR as a function of
absolute offset juT j and redirection direction DR, for the
subset of redirected actions (uT = 0). It appears evident
that, for a given juT j, redirecting actions towards the midline
is more efficient, independently of the real target location,
and of the reaching hand. Data could be fit at a good approxi-
mation level (R2 = 0.7) with the linear mixed model in
equation (4.3), which revealed: (i) a significant effect of juT j
( p < 10−15), as CR increases with juT j; (ii) a significant effect
of the redirection direction DR ( p = 10−6), as CR is always
lower for actions redirected towards the midline; and (iii) a
significant interaction between juT j and DR, as the difference
in CR across conditions increases with juT j. The model output
is summarized in the electronic supplementary material,
table S2.
(b) Subjective perception of redirected reaches
After each reaching action, participants had to keep their
hand on the reached target, and state whether the performed
action felt normal or weird, selecting one of two options using
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the controller buttons (see video in the electronic supplemen-
tary material). The probability of normal responses
aggregated across participants is shown in figure 2d as a func-
tion of redirection offset θT, for the three locations of the real
target (TR). The probability to experience redirected actions
as normal, so to not notice the virtual hand displacement
along the reaching path, decreases with increasing values of
juT j. However, as for the redirection cost CR, this dependence
is modulated by the real target location TR, with a trend for
curves associated with lateral real targets being skewed and
shifted in opposite directions. This trend is consistent
across reaching hands (electronic supplementary material,
figure S2B), and across all participants, but one (electronic
supplementary material, figure S4). That participant was
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excluded from this analysis as she always gave weird
responses, also for non-redirected actions, indicating that
she did not understand this part of the task. As for CR, the
data were fit with the nonlinear mixed model in equation
(4.2) (R2 = 0.72). The analysis revealed a significant dependence
from offset θT ( p < 10−15 for both polynomial coefficients), and
a significant interaction between offset θT and real target TR

( p < 10−15) emerging from the different skewness directions
associated with left and right real target. The model output is
detailed in the electronic supplementary material, table S3.

As noticed above, the significant interaction between the
real target location and the redirection offset reflects an
effect of movement direction with respect to the body mid-
line. For a given magnitude of the offset juT j, redirected
actions were experienced as more natural (normal) when
online corrections were made in the direction of the midline
rather than away from it. This is explicitly shown in
figure 2e where the probability of normal responses is
shown as a function of absolute offset juT j and of the redirec-
tion direction DR. Data were fit with the linear mixed model
described in equation (4.3). Results support a significant
effect of juT j ( p < 10−15), as p(normal) systematically decreases
with juT j, and a significant effect of redirection direction DR,
as p(normal) is always higher for action redirected toward
rather than away from the body midline ( p < 0.001). No sig-
nificant interaction was detected as the slope of p(normal)
versus juT j was similar for both redirection directions. The
model output is summarized in the electronic supplementary
material, table S4.

These results are consistentwith those found in the reaching
kinematics analysis and provide evidence for lower redirection
costs being associatedwith amore natural subjective experience
of the actions, in which the visual manipulation of the hand
location and the ensuing motor corrections are processed and
executed outside of awareness.

(c) Proprioceptive recalibration
A blind reach task, in which participants had to reach a visu-
alized target without visual feedback from the moving hand
[57], was adopted as an implicit measure of embodiment of
the virtual hands [58], with the aim of controlling for the
possible impact of different degrees of embodiment on the
efficiency of online corrections. Results are fully presented
in the electronic supplementary material as they support a
control. In summary, a progressive increase of the propriocep-
tive recalibration with the redirection offset was found, which
corresponds to the increased displacement between the real
and the virtual hands at the end of the redirected reaching.
However, no dependence on the direction of online motor
corrections was found.
3. Discussion
The present study investigated the efficiency of online motor
corrections in relation to the spatial inhomogeneities that
characterize sensorimotor perceptual processing. Results
show a strong effect of action direction, whereby the efficiency
of online corrections is systematically higher for actions
directed towards the body midline rather than away from it.
The effect is robust and consistent across all participants. Cru-
cially, it was also found to be independent on the reaching
hand, on the hemispace of action, and on their combinations,
which include actions executed in the hemispace ipsilateral
or contralateral to the moving hand. Results further show
that the subjective experience of the visuo-motor manipulation
mirrors the motor efficiency of the online corrections, with
higher motor efficiencies associated with larger probabilities
of not noticing the experimental manipulation.

The higher efficiency of online corrections for actions
redirected towards the body midline could be associated
with different action costs. Previous studies have brought to
light how the performance of reaching actions over extended
trajectories is shaped by biomechanical factors, such as aniso-
tropies in arm inertial properties and muscular structure that
determine the effort required for action execution, and that
make, for example, abductive actions requiring a larger
effort with respect to adductive actions [42,44]. Nevertheless,
the advantage of action redirected towards the midline was
found to be independent of the reaching hand and of the
hemispace of action, therefore independently on whether
the performed action was adductive or abductive. In fact,
depending on whether the action is operated in the hemi-
space ipsilateral or contralateral to the reaching hand,
a movement towards (or away from) the midline could corre-
spond to adductive as well as to abductive arm movements,
which are associated with different motor costs. This evi-
dence implies that the effect of movement direction on the
retargeting cost cannot be attributed to differences in the
biomechanical cost of the action.

The independence on the hemispace of action and on the
reaching hand further indicates that perceptual and motor
skill asymmetries associated with brain lateralization [26,59]
do not play a relevant role in the facilitation of online correc-
tions for actions redirected towards the midline. While
participants were free to move their head, neutralizing poss-
ible effects of the perceptual asymmetries previously reported
for conditions controlling for gaze fixation [29,31,37], no
obvious confound could mask the possibility of a right-
hand advantage in online motor adjustments associated
with the left hemisphere specialization for temporal pro-
cessing (independently on hand dominance). Our results
therefore provide evidence for a marginal role of brain later-
alization in determining the efficiency of online motor
control.

In our experimental design, actions redirected towards the
midline start in the periphery to end up closer to the bodymid-
line, while the opposite is true for actions redirected away from
the midline. On the other end, the efficiency of online correc-
tions depends on how early corrections start to be operated
along the reaching path. Therefore, the privileged processing
of visual information presented in the region of the body mid-
line [22,23] should in principle facilitate early corrections—thus
increasing the redirection efficiency—in our reaching actions
redirected away from the midline. In these cases, in fact, the
initial part of the virtual hand trajectory—the one providing
visual input for the visuo-motor control—lies closer to the fron-
tal midsagittal plane, where its early deviations from the real
hand trajectory can be detected with higher accuracy. The
fact that our results show the opposite trend suggests that the
advantage for action redirected towards the midline found in
the current study is not directly linked to visual perception.

With a similar reasoningwe could expect that the systematic
bias observed in the proprioceptively sensed location of static
and unseen hands towards the body midline [25,58,60,61]
may play a role in the reported effect. The effect of embodiment
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on the motor control of a virtual arm under visuo-propriocep-
tive conflict has been recently documented [55,62] and could
be explained as an implicit motor component that acts to mini-
mize multisensory prediction errors [56]. According to the
model, this motor component is modulated by the perceived
mismatch between the visually and proprioceptively sensed
locations of the arm and acts akin to a small force in the direc-
tion of the visually perceived location. In the current study,
for reaching actions redirected away from the midline the vir-
tual hand is displaced closer to it, while the opposite is true
for actions redirected towards the midline. The systematic
proprioceptive bias should then correspond to a smaller visuo-
proprioceptive conflict for actions redirected away, as the pro-
prioceptively sensed location is biased in the direction of the
virtual hand. The proprioceptive recalibration of the hand
location at the end of the redirected reaching showed however
no dependence on the direction of the redirection corrections.
If present, such perceptual asymmetry would correspond to a
weaker implicit action component in the direction of the virtual
hand (opposite to the redirection direction) for action redirected
away, and this would increase the redirection efficiency. Again,
our results show the opposite trend, suggesting how the poten-
tial impact the multisensory processing associated with self-
perception and embodiment has a negligible effect on the
motor advantage of online corrections in actions directed
towards the midline.

Keeping in mind the considerations above, a possible
explanation for the higher efficiency of online corrections in
hand movements directed towards the midline may be
related to an intrinsic advantage of actions targeting the
space proximal to the body centre. High-value functional
actions, like self-defence, self-feeding and the fine manipu-
lation of objects, are mostly operated in the vicinity of and/
or towards the body midline. These ethologically relevant
actions, observed in all primates, are known to be mapped
onto dedicated cortical areas [63–65] and networks [17,66],
which supports the possibility for a hardwired facilitation
of the sensorimotor control of forelimbs movements directed
towards the midline. This interpretation finds a resonance in
early investigations attributing the faster and more accurate
motor responses observed in adductive actions performed
in the ipsilateral—rather than controlateral—space (thus
towards the body midline) to the evolutionary advantage in
performing fine manipulative control close to the body
[28,45]. Further studies will be needed to corroborate this
possibility.

The results presented may have important implications
for the design of more effective redirection techniques for
enhancing interactions in immersive VR applications. Several
applications have adopted the controlled redirection of
actions either as a way to make passive haptics more flexible
[51,52,67], or as a way to enhance the possibility for inter-
action when the user is in a restricted place or has limited
mobility [68–70]. All these applications rely on the visual
dominance that characterize motor control under visual gui-
dance. The specific design of these applications could thus
benefit from the current results, particularly from the evi-
dence that implicit redirections of arm movements are more
likely to be unnoticed by the user if directed towards their
body midline.

While in the current study the analysis of reaching
kinematics was focused on the retargeting cost, here intro-
duced as a scalar parameter quantifying the efficiency of
action redirection, the experimental dataset is extremely rich
and future works will be needed to go through it in more
depth. Inspecting classical kinematics indexes (e.g. peak
and time-to-peak velocities and accelerations) as in previous
studies on reaching control may in fact add complementary
insights. However, a direct comparison with previous
works would not be straightforward, given that the continu-
ous visuo-motor manipulation adopted in our study is
profoundly different from those adopted in classical studies
on online motor corrections using discrete perturbations
[71,72]. A dedicated study will be therefore needed to
advance in this direction. Another aspect that deserves atten-
tion and that will be the subject of a follow-up study is the
relationship between implicit and explicit strategies in
motor adaptation and learning [73–75]. Again, a comparison
with previous studies is not straightforward, because the
visuo-motor manipulation adopted for redirection changes
dynamically throughout a single reaching, and is different
for each spatial configuration of real and virtual targets. We
expect that this would hinder the learning of the new forward
mapping and the exploitation of explicit compensatory strat-
egies. A dedicated study will be needed to assess this and to
explore how the balance between implicit and explicit online
corrections changes as the retargeting offset increases.

In summary, we explored the interplay between the effi-
ciency of online corrections in visually guided actions, and
the inhomogeneities in the sensorimotor processing associ-
ated with self-perception, biomechanical constraints and
brain lateralization. The overall aim was to gain novel
insights into the mechanisms underlaying fine tuning in
motor control. Participants were consistently more efficient
when the redirection implied movements towards the mid-
line. The effect could not be associated with biomechanical
constraints or laterality effects, neither motor nor perceptual.
The effect could not either be reconducted to inhomogeneities
in the multisensory processing associated with self-percep-
tion. All together, results favour an explanation rooted in
the finer sensorimotor representations characterizing the
space proximal to the body centre, where high-value func-
tional actions, like fine manipulative skills and self-defence,
typically take place.
4. Methods
(a) Participants
Twelve participants took part in the experiment (five female;
ages 23–52, 33.9 ± 7.9 mean and standard deviation). They read
and signed a consent form before starting the experimental ses-
sion. The procedure was approved by the Ethics Committee at
Microsoft Research. Before entering VR, all participants filled a
demographic questionnaire and completed the Edinburgh hand-
edness questionnaire (http://www.brainmapping.org/shared/
Edinburgh.php) [76]. All participants were right handed. Partici-
pants were given 50$ for the time spent in the experimental
session.
(b) Apparatus
The virtual environment was implemented and controlled by the
UNITY game engine and rendered on the HTC Vive Pro 2 headset
(resolution: 2448 × 2448 LCD panels per eye, rate frame: 120 Hz,
field of view: 120° horizontal). Participants sat on a chair
throughout the experiment, and they were free to move their

http://www.brainmapping.org/shared/Edinburgh.php
http://www.brainmapping.org/shared/Edinburgh.php
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Figure 3. The difference stages of a single trial are illustrated. In each panel, the upper left view shows the VR scene seen by participants; the upper right view
shows the participant’s real hands as filmed by a camera integrated on the HMD; the lower view shows the blending between the real set-up and the virtual
representations as experienced by the participant.

real target
virtual target

real hand trajectory

virtual hand trajectory

TR
TV

S

dHR

w × rV

geometry of action redirection

rV

Figure 4. Geometry of action redirection. The figure depicts the implemen-
tation adopted for redirecting reaching actions. The real hand trajectory
(green line) starts pointing to the virtual target, TV. The location of the virtual
hand HV is shifted by the vector w rV , with w [ [0,1] and proportional to
dHR, i.e. the distance from S to the projection of the real hand location along
STV . By definition rV ¼ T RTV , so there exists a unique real hand configur-
ation corresponding to the virtual hand being on the virtual target location
TV, which is the one in which the real hand is on TR.
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head. They held a HTC Vive controller in each hand. The virtual
scene included a table, spatially aligned with a real table in the
laboratory, and a rendering of the controllers held by virtual
hands (figures 1 and 3). By default, the virtual controllers were
spatially aligned with their real counterparts, and participants
were instructed to hold them as shown in the rendering of the
virtual hands. This assured a high degree of spatial alignment
between real and virtual hands. Only during redirected reaches,
the virtual controller, together with the attached reaching hand,
was shown displaced from its real counterpart according to
equation (4.1).
(c) General procedure
Participants sat with their chest placed at 3 cm from the edge of a
76 cm high table. Once fitted with the VR, they underwent a brief
training of about 10 complete trials. Next, the experimental ses-
sion started as a sequence of 420 trials, each consisting of a
precise sequence of subtasks. First, participants had to place
both controllers on two blue patches placed on the virtual table
48 cm from each other symmetrically with respect to the partici-
pant’s midline (figure 1a). Once at this home position (figure 3a),
one of the two virtual controllers turned red, indicating which
hand should perform the reach. That controller should be
brought on the start location S, a red patch placed on the table
along the body midline, 30 cm away from the participant’s
chest (figure 1a).

When the active controller touched the start location, the
virtual target (TV) appeared as a green circle on the table
(figure 3b); the real target (TR) was instead never displayed on
the virtual scene. Participants should next perform a reaching
action towards the green target and stop there (figure 3c). Next,
without moving the hand, they had to perform a 2AFC task, indi-
cating if the performed reach felt normal or weird. We opted for
these unusual categories, rather thanmore standard yes/no options,
to keep the question presented after each trial as short as possible
question, i.e. ‘How did the performed action felt?’ Responses were
given by selecting one of the two options appearing on a virtual
panel withthe controller’s buttons (electronic supplementary
material, video S1). In the onboarding procedure, participants
were instructed about the procedure they should following indicat-
ing whether the performed action felt natural (normal) or whether
they perceived some anomalies (weird). Once the subjective
response was selected, the virtual controllers and hands disap-
peared from the scene, and a new orange target appeared. At
this point, participants had to perform a blind reach (they could
not see the hands nor the controllers) towards that new target,
stop there and click on the controller to notify the task completion
(figure 3d). The location of the blind reach target depended on the
location of the physical target and was set 25 cm away, along the
radial direction from the hand location to the start location (see
the electronic supplementary material, figure S5). Participants
could then bring back the controller to the home position to start
a new trial.

Participants were free to pace the rhythm of the experiment
and could take breaks at their will. Most participants took one
or two breaks; few performed all the trials in one block. The
time for completing the whole experiment ranged between 50
and 70 min including preparation and breaks.

(d) Experimental design
The experiment consisted of a 2 × 3 × 7 repeated measures design
(42 conditions), in which participants had to perform a series of
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redirected reaching actions in VR. The three factors were: (i) the
hand performing the reaching task, hand (H ), with two levels
(right and left); (ii) the location of the physical target to which
the real hand was redirected, real target (TR), with three levels
(centre, right and left); and (iii) the angular offset, redirection
offset (θT), corresponding to the location of the virtual target
(TV) with respect to the real target (figure 3a), which could
take seven different values. The geometry of the experimental
design is shown in figure 1. All targets were arranged on a
circle of 70 cm radius on the plane of the table, centred on the
participant. The three locations of the real target were placed at
−20° (left), 0° (centre), and 20° (right). For each real target, the
seven virtual targets were arranged symmetrically around it, at
[−30°, −20°, −10°, 0°, 10°, 20°, 30°]. This design corresponds all
together to 11 different locations for the virtual target
(figure 1a). Each participant performed 10 repetitions for each
of the 42 conditions. The sequence of 420 trials was presented
across 10 blocks, each consisting of a random presentation of
all conditions.

(e) Implementation of redirection
Action redirection consisted of a visual manipulation of the vir-
tual hand so that for it to reach TV, the real hand should be
redirected to TR [51]. To do so, as the virtual hand approaches
the target, its representation is progressively displaced from the
actual location of the real hand in the direction opposite to the
real target. The geometry of the redirection is shown in
figure 4. We define virtual displacement the vector rV ¼ TRTV .
Along the path, the virtual hand was displaced in the direction
of rV by a fraction w of its length. For achieving a smooth redir-
ection, wwas set to vary linearly from 0 to 1 proportionally to the
projected distance (dHR) of the real hand position HR along the
STR vector. The location of the virtual hand at a given time t
depends therefore on dHR(t) as in the following:

TV ¼ TR þ w(t) rV ð4:1Þ
with w(t) ¼ dHR(t)=jSTRj, and dHR(t) ¼ STR � SHR.

The redirection geometry was applied to the point centred on
the lower part of controller surface touching the table.

( f ) Measurements
The experiment was designed to measure three different aspects
involved in the experience of the action redirection: the efficiency
of online motor corrections, the subjective experience of the per-
formed action and the proprioceptive recalibration of perceived
hand location associated with the visuo-motor manipulation.

(i) Redirection cost
We introduced the redirection cost (CR) as a novel metric to
characterize the efficiency of online corrections in retargeted
reaches. Figure 4 shows the relevant geometry involved. While
the most efficient way to perform a redirected reach would be
to follow a direct path from the start location S to the real
target TR, no a priori and explicit information about TR is avail-
able to the users before starting the action. The reaching
movement is instead planned and initially directed towards the
virtual target (i.e. along STV). Only as the virtual hand gets dis-
placed away from the intended direction, corrections to the initial
motor plan should be made to bring the virtual hand towards the
intended target TV. We considered the total area between
the actual hand trajectory and the ideal straight trajectory to
the real target, STR, as a global scalar metric for the cost of the
visuo-motor strategy implicitly adopted in the redirected
action: the larger the area, the less efficient the redirection, and
the higher its cost. By definition, we expect CR to increase with
the distance from TR to TV, i.e. with the redirection offset uT .
Also, the earlier corrections are made, the less the final trajectory
will deviate from the optimal one and the lower CR. Skewness of
the curve and differences between curves associated with differ-
ent TR and H combinations could reveal the effect of perceptual
and/or biomechanical asymmetries on the motor efficiency of
the redirection.

(ii) Subjective experience
The subjective experience was assessed via a 2AFC task. After
completing each redirected reach, participants must indicate
whether the performed movement felt normal or weird. This
allowed us to quantify the probability of undergoing a percep-
tually transparent redirection (i.e. of not noticing the visuo-
motor manipulation) as a function of the redirection offset uT ,
for the different combinations of real target location and reaching
hand. Overall, we expect to find a bell-shaped curve where the
probability peaks for zero offset (i.e. no redirection) and
decreases with increasing absolute offset juT j, with the slope
characterizing how fast the redirection transparency degrades
with increasing offset. Skewness of the curve and differences
between curves associated with different TR and H combinations
could reveal the effect of perceptual and/or biomechanical asym-
metries on the subjective experience of redirected actions.

(iii) Proprioceptive recalibration
A complete description of the quantitative assessment of the pro-
prioceptive drift as derived from the kinematics of blind reaching
trajectory is given in the electronic supplementary material.

(g) Data acquisition and processing
(i) Kinematics
For each trial, the kinematics of the hand-held controller was
recorded from the time at which the active controller was
placed on the start location to the time at which the participants
notified the end of the blind reach (see ‘General procedure’).
Recordings of real controller kinematics were performed through
the UNITY engine at 120 Hz. Positional data were filtered with
a zero-phase digital low pass-filter (Butterworth with 10 Hz
cut-off ) to remove noise.

Based on the tangential velocity profile, for each trial we
extracted the two segments of interest: the kinematics of the
redirected reach and of the blind reach. First, the kinematics
was split from start to the time at which the response to the
2AFC was given, and from the latter to the end. Next, both reach-
ing movements were delimited by identifying (i) the onset as the
time at which the magnitude of tangential velocity (speed)
exceeded the minimum threshold of 0.05 m s−1, and (ii) the end
of the reaching action as the time at which the speed decreased
below 0.015 m s−1. The kinematics associated with the two reach-
ing actions was next processed to extract the relevant metrics.
Both metrics were extracted from the reaching kinematics pro-
jected on the two-dimensional plane of the table, where the
geometry of the different experimental conditions was fully
defined.

(h) Statistical analysis
The dependence of the redirection metrics from the experimental
factors was tested with mixed models that account for inter-indi-
vidual variability using random factors [77]. Different models
were adopted according to the metric under scrutiny and the
observed trend in the data. The dependence from the redirection
offset uT was modelled with a second-order polynomial function,
while the real target location TR and the reaching hand H were
treated as categorical factors and included as dummy variables
when relevant.
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The redirection cost CR and the probability of normal
response in the subjective 2AFC task (Pnormal) were fitted with
the following nonlinear mixed model:

x ¼ a0 þ u0 þ b0TR þ (a1uT þ a2u2T) þ (a1uT þ a2u2T)

� (b1 TR þ u1) þ e: ð4:2Þ
Here a1 and a2 represent the coefficients of the second-order poly-
nomial capturing the nonlinear dependence from uT , u0 and u1 are
the random effects accounting for different intercepts and shapes
of the polynomial fit associated with individual participants
(accounting for inter-individual difference), while [β0, β1] represent
the fixed-effects, i.e. modulations of the intercept and shape associ-
ated with TR. The reaching hand H was not considered as a fixed
factor as none of the response variables displayed a significant
dependence on the reaching hand.

As both CR and Pnormal results suggested that, for a given
value of the absolute redirection offset juT j, the response variable
was sensitive to the redirection direction, DR, both response vari-
ables were further fitted with the following linear mixed model:

x ¼ u0 þ d1DR þ a1juT j þ a1juT j � ( DR þ u1) þ e: ð4:3Þ
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