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Abstract

Humans are able to perform very sophisticated reaching movements in a myriad of contexts based on flexible control strategies
influenced by the task goal and environmental constraints such as obstacles. However, it remains unknown whether these con-
trol strategies can be adjusted online. The objective of this study was to determine whether the factors that determine control
strategies during planning also modify the execution of an ongoing movement following sudden changes in task demand. More
precisely, we investigated whether, and at which latency, feedback responses to perturbation loads followed the change in the
structure of the goal target or environment. We changed the target width (square or rectangle) to alter the task redundancy, or
the presence of obstacles to induce different constraints on the reach path, and assessed based on surface electromyography
(EMG) recordings when the change in visual display altered the feedback response to mechanical perturbations. Task-related
EMG responses were detected within 150ms of a change in target shape. Considering visuomotor delays of � 100ms, these
results suggest that it takes 50ms to change control policy within a trial. An additional 30-ms delay was observed when the
change in context involved sudden appearance or disappearance of obstacles. Overall, our results demonstrate that the control
policy within a reaching movement is not static: contextual factors that influence movement planning also influence movement
execution at surprisingly short latencies. Moreover, the additional 30ms associated with obstacles suggests that these two types
of changes may be mediated via distinct processes.

NEW & NOTEWORTHY The present work demonstrates that the control strategies used to perform reaching movements are
adjusted online when the structure of the target or the presence of obstacles are altered during movements. Thus, the proper-
ties of goal-directed reaching control are not simply selected during the planning stage of a movement prior to execution.
Rather, they are dynamically and rapidly adjusted online, within �150 ms, according to changes in environment.

obstacle; online feedback control strategy; perturbation; reaching movement; target switching

INTRODUCTION

Humans perform dozens of reaching movements every
day in a broad range of contexts. It has been demonstrated
that the properties of these movements depend on various
parameters such as the size and orientation of the target and
the presence of obstacles (1–7). Indeed, these factors influ-
ence planning strategies as reflected in the ability of both
visual and mechanical perturbations to affect the kinematics
of movements and feedback control strategies. For example,
when reaching for a large rectangular target, participants do
not correct deviations aligned with the larger dimension of
that target as they do when reaching for a small square (1, 2).
Similarly, participants modify their reaching trajectories to

navigate around obstacles dependent on inertial factor (8)
and following perturbations (2). Both sets of results provide
experimental evidence that control strategies used by
humans depend on task goals and environmental context.
These results also demonstrate that a continuous stream of
sensory information regarding a task and its environment is
translated into the neural feedback controller (9–11).

Optimal feedback control has motivated many previously
conducted experiments. This theory suggests that the con-
trol strategy used to performmovements is tuned to the task
goal and to its environmental context. In this framework,
task constraints and knowledge of limb dynamics are used
to derive an optimal goal-dependent control strategy that
defines the feedback gains applied during movement (12–
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14). It is proposed that the goal-dependent control policy
produces both the voluntary motor commands to the target
as well as corrective feedback responses to external perturba-
tions. Optimal feedback control can reproduce many of the
experimental features detailed above by considering that dif-
ferent cost-functions correspond to different tasks. It is im-
portant to realize that in previous studies, the cost-functions
used to characterize task-dependent control policies were
typically varied across conditions, including for instance dif-
ferent targets in a tracking task or different target shapes (2,
15–17). These previous studies have not considered changes
in cost-function corresponding to changes in task demands
occurring during a movement. However, under natural con-
ditions, it is conceivable that control policies and cost pa-
rameters vary over time. For example, in field sports the
obstacles (e.g., opponents) move quite a bit. To date, it
remains unknown how quickly the nervous system can
update its control policy following a change in cost-function.

Dynamic updates in cost-function, followed by adjust-
ments in control policy, have been described in theory in the
framework of model predictive control (see Ref. 18 for
review). The basic premise of this theory is that changes are
addressed with successive recomputations of control policy.
This framework was used by Dimitriou and colleagues (19) to
interpret how feedback gains are updated in a reaching task
when both the goal target and a hand-aligned cursor jumped
during movements. These authors observed changes in feed-
back gains when the target jumped during movements, sug-
gesting an online recomputation of control policy evoked in
response to jumping of the target. It remained unclear how
quickly the control strategy was recomputed, which was the
main purpose of our study.

To address this issue, a specific paradigm was needed
because a possible shortcoming of the approach based on
target jumps is that it does not necessarily imply a recompu-
tation of feedback gains (20). Instead, feedback responses in
this case could result from state feedback control associated
with long (infinite) time horizon (21). In this manner, feed-
back responses to perturbations do not simply follow from a
state-feedback correction but also involve an adjustment of
the control policy.

The change in target structure imposes a selective
change only linked to the target redundancy. Therefore,
we could expect changes in the gains aligned with this tar-
get redundancy (14). Specifically, this paradigm is differ-
ent from the resist/let go paradigm in which a binary
verbal instruction about how to respond to the perturba-
tion is provided (22–24).

To achieve this goal, we leveraged the impact of a change
in target structure on reach control to investigate whether an
online modification of goal evokes an adjustment of feedback
gains. Specifically, the target was switched duringmovements
from a small square to a large rectangle. This switch repre-
sented a change from constraints imposed on two coordinates
of the end point to redundancy along the main axis, respec-
tively. In this context, two alternative hypotheses exist: if the
control policy remains fixed within each movement, we
expect that a change in target shape will have no impact on
feedback responses to perturbation loads, and no changes in
movement kinematics should be detected. In contrast, if a
change in task demand evokes changes in the control policy

online, then we expect that the feedback responses to the me-
chanical loads and subsequent kinematics adjust to the new
target. Consistent with the latter hypothesis, we found that
participants produced corrective responses adjusted to the
change in target shape as well as to changes in environmental
context (e.g., the presence of obstacles). Strikingly, evoked
changes in muscle activity were observed in as little as 150ms
following the change in target shape, whereas we measured a
slightly longer time needed to produce an adjusted response
with obstacles. This result demonstrates that control policy
during reaching can be updated rapidly during movement
execution.

METHODS

Participants

Three groups of participants were enrolled in this study.
The first group performed experiment 1 and included 14
right-handed participants (5 females) ranging in age from 18
to 29yr. The second group performed experiment 2 and
included 17 right-handed participants (7 females) ranging in
age from 19 to 25yr. The last group performed the control
experiment and included eight right-handed participants (4
females) ranging in age from 19 to 26yr. All groups of partici-
pants were naïve to the purpose of the experiments and had
no known neurological disorder. The local ethics committee
of the Universit�e catholique de Louvain approved the experi-
mental procedures of this study, and participants provided
their written informed consent.

Setup

Participants sat comfortably on an adjustable chair in
front of a KINARM end-point robotic device (BKIN
Technologies, Kingston, ON, Canada). The participants were
to grasp the handle of the right robotic arm with their right
hand. The robotic arm allowed movements in the horizontal
plane. Direct vision of both the participant’s hand and the
robotic arm was blocked. They were seated such that their
elbow, pointing down to the ground, formed an angle of
�90� and their forehead was placed on a soft cushion
attached to the frame of the setup. A virtual reality display
was placed above the handle to allow the participants to
interact with virtual targets and obstacles. A white dot with a
radius of 0.5 cm corresponded to the position of the partici-
pant’s hand throughout the experiment.

Experiment 1

In experiment 1 (see Fig. 1, left), participants (N = 14) were
instructed to perform reaching movements to a visual target
that was either a small square (2.5 cm� 2.5 cm) or a large rec-
tangle (30 cm � 2.5 cm) located 25cm in the y-direction from
the square home target (2.5 cm � 2.5 cm). The main axis
of the rectangle was alignedwith the x-axis andwas orthogonal
to the straight-line path from the home target to the target
goal. Briefly, participants had to put a hand-aligned cursor
on the home target displayed as a red square that turned
green as they reached it. After a random time delay (any-
where from 2–4s), the goal target was projected and partici-
pants could begin their movement whenever they wanted.
Thus, there were no constraints on reaction time. Following
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exit from the home target, participants had to complete their
movements between 350ms and 600ms from the start of
movement to successfully complete the trial. The trial was
successfully completed if participants reached the goal tar-
get within the prescribed window and were able to stabilize
the cursor in it for 500ms. The goal target turned green at
the end of a successful trial. For trials in which the timing
window was not respected, the goal target turned blue or red
to indicate that the movements performed were too fast or
too slow, respectively.

During the movement, two types of perturbations could
occur. The first one was a mechanical perturbation load con-
sisting of a lateral step force applied by the robot to the hand
of the participant. The magnitude of this force was ±9 N
aligned with the x-axis, with a 10-ms linear buildup. This
force was triggered when the hand-aligned cursor crossed a
virtual line that was parallel to the x-axis and was located
8 cm from the center of the home target (see Fig. 1, left). This
step force was switched off at the end of the trial. The second
type of perturbation applied was a visual perturbation where
the shape of the target was instantaneously changed from a
small square to a large rectangle, or vice versa. This switch in
target shape was also triggered based on a position thresh-
old, positioned either 2 cm (early target switch) or 8 cm (late
target switch) from the center of the home target. Both per-
turbed and unperturbed trials were randomly interleaved
such that participants could not predict the occurrence of ei-
ther visual or mechanical perturbations.

Participants started with a training block of 20 trials to
become familiar with the task and the force intensity of the
perturbation loads. After completing the training block, six
blocks of 72 trials were conducted. Each 72-trial block
included: 24 trials involving no force or target switch, 16 tri-
als with a mechanical perturbation only, and 32 trials with
both visual and mechanical perturbations. Thus, partici-
pants completed 432 trials, among which 24 trials of each
perturbation combination were included [e.g., direction of
the mechanical perturbation changed (e.g., rightward vs.

leftward) and timing of the target changed (e.g., early vs.
late)]. Participants were verbally encouraged to exploit the
width of the target when it was a rectangle. To motivate the
participants, a score corresponding to their number of suc-
cessful trials was projected next to the goal target.

Experiment 2

Experiment 2 was a variant of the first one and was
designed to assess reproducibility in a distinct context.
Thus, instead of changing the structure of the goal, obstacles
were introduced (see Fig. 1, right). Briefly, participants (N =
17) had to perform reaching movements toward a square tar-
get (2.5 cm � 2.5 cm) which was positioned similarly to
experiment 1. However, two virtual obstacles (20 cm � 2.5 cm
each) were located 2.5 cm apart on either side of the target
reach path, with their main axes aligned with the x-axis and
orthogonal to the main reaching direction. When partici-
pants hit these obstacles, a reaction force pushed their hand
back to provide haptic feedback and they lost a point.
Similar to the first experiment, participants had to reach the
home target to start the trial. After a random time delay, the
goal target appeared as a red square and they could start
their movement whenever they wanted. Again, two types of
perturbations were applied during a movement. The first
perturbation was the same mechanical perturbation used in
experiment 1, and it was triggered 6 cm from the center of
the home target and was aligned with the x-direction (posi-
tive or negative). We observed in some pilot testing that in
this context, the success rate was very low if the mechanical
perturbation was triggered at 8 cm from the center of the
home target. For this reason, we decided to trigger this per-
turbation at 6 cm. The second type of perturbation involved
the appearance or disappearance of obstacles. These pertur-
bations were triggered when the hand of a participant
crossed a virtual line which was aligned with the x-axis and
located 2 cm from the center of the home target. All trials
were randomly interleaved. Following a similar procedure as

A                                                     B

Figure 1. Experimental paradigm. A: sche-
matic of experiment 1, participants were
asked to perform reaching movements
from the home target to the goal target
(square or rectangle). The dashed lines
represent the y-position at which an early
switch in target shape, a late switch in tar-
get shape, and a force (perturbation load)
were introduced. To succeed the trial, par-
ticipants had to reach and stabilize in the
goal target in the prescribed time window.
B: schematic of experiment 2, participants
were asked to perform reaching move-
ments from the home target to the goal
target while avoiding obstacles if present.
The dashed lines indicate the y-position at
which obstacles or onset of a force (per-
turbation load) were introduced. To suc-
ceed the trial, participants had to reach
the goal target in the prescribed time win-
dow without hitting the obstacles.
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experiment 1, participants first performed a training block of
20 trials involving both force and obstacles changes. After
completing this training block, participants performed six
blocks of 72 trials. Each 72-trial block included: 32 unper-
turbed trials, 16 trials with a mechanical perturbation but no
obstacles, and 24 trials which contained both mechanical
perturbations (e.g., leftward or rightward) and visual pertur-
bations with an appearance or disappearance of obstacles.
Participants performed a total of 432 trials, including 24 tri-
als which included each perturbation combination [e.g.,
direction of the mechanical perturbation changed (e.g.,
rightward vs. leftward) and appearance or disappearance of
obstacles]. Also similar to experiment 1, the number of suc-
cessfully completed trials was projected next to the initial
target to helpmotivate the participants.

Experiment 3

Experiment 3 was a control experiment designed to verify
that the change in behavior observed in experiment 1 could
be elicited without mechanical perturbations and that there-
fore it was not a consequence of the perturbation load
applied to the arm specific to feedback control. Thus, this
control experiment was a variant of experiment 1, in which
there was nomechanical perturbation. Similar to experiment
1, participants (N = 8) had to reach for either a small square
or a large rectangular target located 20cm in the y-direction
from the home target. The timing constraints were the same
as in experiment 1: between 350 and 600ms to complete
movement once the hand-aligned cursor exited the home
target. During movement, changes in target structure as in
experiment 1 could occur: the shape of the goal target could
instantaneously change from a square to a rectangle or vice
versa. This change was triggered when participant’s hand
crossed a virtual line located at 5 cm from the home target.
Movements with or without target switch were randomly
interleaved and the visual perturbations occurred in one of
three trials. Participants first performed a training block of
20 trials without target switch, followed by three blocks of 60
trials consisting of 40 trials without online target switch, 10
trials with online switch from square to rectangle, and 10 tri-
als with switches from rectangle to square per block.

In all experiments, mechanical and visual perturbations
were triggered based on a position threshold in an attempt to
reduce variability in joint configuration and electromyogra-
phy (EMG) data. Both kinematics and EMG data were
aligned according to the onset of mechanical perturbation
before data analysis. Since the early switch condition and
the appearance/disappearance of obstacles were not trig-
gered at the same position threshold as the mechanical per-
turbation, there was some variability in the onset of these
perturbations. Therefore, the early target switch was trig-
gered 82.45±5.11ms before the force onset. The late switch
condition was triggered at the same time as the mechanical
load. As a result, onset was fixed with respect to the onset of
the mechanical perturbation. However, since visual process-
ing of the setup was necessary, there was a 40-ms delay
between triggering of the visual change (namely, the change
in target shape or the appearance/disappearance of obstacles)
and the visual change on the virtual reality display due to
hardware limitations. In this paper, this 40-ms delay was

taken into account in all the analyses, which means that the
onsets of visual changes (both change in target shape and in
environmental context) reported have been delayed by 40ms
with respect to their respective triggers.

Data Recording

Raw kinematics data were sampled at 1 kHz and low-pass
filtered with a fourth-order double-pass Butterworth filter
(cutoff frequency, 20Hz). Hand velocities along the x- and y-
axes and accelerations along the x-axis were computed from
numerical differentiation of the position data by using a
fourth-order centered finite difference. The raw EMG data
were band-pass filtered with a fourth-order double-pass
Butterworth filter with a band pass between 20Hz and
250Hz. EMG data were normalized for each participant to
the average activity collected when theymaintained postural
control at the home target against a constant force of 9N.
Data from the pectoralis major (PM) were normalized to the
average activity in the same muscle while maintaining pos-
tural control against a rightward 9N force, whereas data
from posterior deltoid (PD) were normalized to the average
activity recorded while maintaining postural control against
a leftward 9-N force. We measured the muscle activity from
500ms to 2,000ms after force onset in the calibration trials.
Analysis of EMG responses was performed after aligning the
trials to the onset of force. Data processing and parameter
extractions were performed by using Matlab 2016b software.
Mixed model analyses were performed by using R (version
3.4.1) and the package nlme. The type of trial was the fixed
effect, and participants were considered as random effects.
These models were fitted by maximizing the log-likelihood,
and significance was considered when the P value of the t
test on the fixed effect term was smaller than 0.05 for the
first significant time bin and 0.005 for the following.

In the first two experiments, surface EMG electrodes
(Bagnoli Surface EMG Sensor, Delsys Inc., Natick, MA) were
used to record muscle activity during movements. Based on
previous studies (2, 17), we concentrated on the pectoralis
major and posterior deltoid. Indeed, recent studies using the
same configuration reported strong recruitment of these
muscles (26, 27). These muscles are stretched by the applica-
tion of the lateral forces applied in our experiments, and
therefore, they are largely recruited for the feedback
response. The PM was calibrated with a rightward force and
the PD was calibrated with a leftward force. This calibration
procedure was applied after the second and fourth blocks.
The skin of each participant was cleaned and abraded with
cotton wool and alcohol before electrodes were applied.
Conduction gel was subsequently spread on the electrodes to
improve signal quality. EMG data were sampled at a fre-
quency of 1 kHz and were amplified by a factor of 1,000. In
both experiments, a reference electrode was attached to the
right ankle of the participant. No EMG data were collected in
the control experiment.

During the first two experiments, we also collected activity
data from other muscles for exploratory analyses. These addi-
tional muscles included the triceps lateralis and brachioradia-
lis during experiment 1, and the anterior deltoid, teres major,
infraspinatus, and biceps brachii during experiment 2. For
these other muscles, the patterns of response were too
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variable across the participants, likely because the joint con-
figuration was not precisely controlled. Thus, the results
described in the RESULTS section concentrate on the two
muscles for which a clear stretch response could bemeasured,
as well as correlates of changes in behavior as measured with
movement kinematics.

Statistical Analysis

Final positions of participant’s hand were determined as
the hand position when the total speed dropped below 3cm/
s. Median values of end-point distributions were analyzed
for statistically significant differences by using two-samples
Kolmogorov–Smirnov tests. Distributions obtained under
early and late conditions were compared with distributions
obtained without changes in target shape for the same force.
Two-samples Kolmogorov–Smirnov tests were applied to
compare the cumulative density functions of end-point dis-
tributions for the participants’ hands at the end of the trial to
identify statistically significant differences. To compare
hand paths, the Peacock test was applied (28). This multidi-
mensional expansion of the two-sample Kolmogorov–
Smirnov test was used to determine whether two given mul-
tidimensional distributions significantly differed. The null
hypothesis of this test is that the two sets of multidimen-
sional data points come from the same distribution. This test
is similar to the one used for univariate distributions,
although it is performed in the two dimensions of the work-
space and the largest difference is used to assess whether
samples differ. To perform this test, we implemented the
algorithm developed by Xiao (29).

To assess feedback responses for conditions with or with-
out a change in target, normalized EMG data of the agonist
muscles were used: for each perturbation direction, we only
analyzed the stretch response in the agonist muscle, as the
antagonist response in the shortened muscle did not show
any significant difference. For each participant, their EMG
data were averaged across trials and across time with ten
nonoverlaying bins of 25ms width. The width of the bins has
been determined based on prior testing in which we tested
bins of 15ms, 25ms, and 40ms width. We observed qualita-
tively very similar results for the three tested bin sizes but
noticed that small bins are more sensitive to noise, whereas
wide bins act as a low-pass filter that could either over- or
underestimate onset times. Therefore, we selected a bin
width of 25ms that gave us a good trade-off between sensi-
tivity and accuracy. Moreover, this width corresponds to the
bins selected for similar analyses in previous studies (2, 30).
The first and last 25ms bins started 50ms and 275ms after
the onset of force, respectively. Next, we applied a mixed lin-
ear model to the time average of the EMG data in each of
these bins (see Eq. 1). The trial condition, xi, was the fixed
effect factor (slope) and participants, zj, were the random
effect factor (offset). We assessed the difference between
conditions by looking at the significance of the fixed effect
parameter b 1. The random effect parameter was introduced
to integrate the intersubject variability in EMG activation.

yij ffi b0 þ b1xi þ zj þ eij ð1Þ
Individual assessments of the effect of the condition for

each participant was performed using Wilcoxon sign-ranked
tests. For all of the statistical tests performed, a significance

level of P = 0.005 was used, as previously proposed (31). To
reduce the rate of false-negative results, P values between
0.05 and 0.005 were considered to be indicative of a signifi-
cant trend. A threshold value of 0.05 was used to determine
the onset of differences in the sliding analysis on the basis
that bins exhibiting significant differences at this level were
followed by bins exhibiting highly significant differences
(P < 0.005). Effect size for binned EMG analyses were
quantified using Cohen’s d defined as the standardized
mean difference between two groups of independent
observations (32).

RESULTS

Experiment 1

To investigate whether a change in the shape of the goal
target during a reaching movement would elicit a change in
behavior, participants were instructed to reach a target that
was either a small square or a large rectangle of which shape
could switch during movement (see METHODS). During these
movements, a lateral force could be applied to the hand of
participants to enhance the effect of a change in target shape
on control policy online. Changes in control policy were
assessed according to movement kinematics and evoked
EMG responses of the muscles stretched by the perturbation
loads.

Kinematics.
During the unperturbed trials, movement kinematics dep-
ended on the shape of the goal target, consistent with previ-
ously reported results (2, 17). For example, the end-point
distribution of hand positions along the x-axis (Fig. 2A) was
wider for the rectangle target (0.84± 2.05cm) than for the
square target (�0.11±0.74cm; Kolmogorov–Smirnov test, P
< 0.005, K=0.3780). This difference was observed for all of
the participants, and individual differences were observed
for nine of the 14 participants. Traces of unperturbed trials
for a representative participant are shown in Fig. 2A. For all
of the participants, the reaching time for the small square
target (median 422.3ms) was longer than that for the large
rectangle target (median 389ms; Wilcoxon signed-rank test,
Z=9.64, rank sum=9.89� 105, P < 0.001). Individual differ-
ences in reaching time were observed for 13 of the 14
participants.

Similarly, when perturbation loads were applied without a
change in target shape, kinematics of the movement were
found to depend on the shape of the target (Fig. 2B). Indeed,
thefinal x-position of the participants’ hands in trials involving
rightward perturbation loads for the square target [1.04±
1.58cm (median ± SD)] was different from those to the rectan-
gle target (7.41±4.05cm) as assessed by the Kolmogorov–
Smirnov test (P < 0.005, K=0.5089). This difference was
observed for all participants (Fig. 2C). Similar differences were
observed when leftward perturbations occurred (Fig. 2B).
However, no differences in hand position were observed along
the y-axis (Fig. 2D).

These results confirmed previous findings that showed
that control policies exploit target redundancy to modulate
feedback responses along dimensions that are not penalized
by the target structure. Based on the observation that control
strategies used during movement depend on the shape of
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the goal target, we next wanted to examine whether similar
adjustments would be evoked online when the goal target
suddenly changed during movement. Therefore, a change in
the goal target shape from a square to a rectangle, or vice
versa, was introduced just after exiting the home target
(early switch) or just after the application of a mechanical
perturbation load (late switch). End-point distributions as
well as lateral acceleration profiles were investigated to
assess the effect of this sudden change on the control
strategies.

When a target switch from square to rectangle occurred
with rightward perturbation (Fig. 3, A and B), the final
hand positions along the x-axis for the early
(6.01 ± 3.54 cm) and late (2.65 ± 2.68 cm) conditions were
both different from that observed in the nonswitching
condition (1.04 ± 1.58 cm). These differences were signifi-
cant for both early (Kolmogorov–Smirnov test, P < 0.005,
K = 0.3155, red vs. black in Fig. 3B) and late (Kolmogorov–
Smirnov test, P < 0.005, K = 0.6905, blue vs. black in Fig.
3B) conditions. The final position of the participants’
hand also exhibited dependency on the timing of the tar-
get switch. Indeed, the comparison between early and
late target switch (Fig. 3B, red and blue) revealed signifi-
cant difference (Kolmogorov–Smirnov test, P < 0.005,
K = 0.4435).

Differences were also observed in the final hand positions
along the y-axis. However, the effect size of these differences
was five times smaller than the ones observed along the x-
axis. Moreover, the stopping criterion based on 3cm/s is met
for a large proportion of trials in all conditions (more than
90% of the trials), which confirms a selective modulation of
feedback gains.

Differences in final hand positions were also observed for
the switches from rectangle to square targets. Both early and
late switching conditions showed smaller final deviations of

the participants’ hand positions along the x-axis compared
with the nonswitching condition (see Fig. 3E for results
obtained with rightward perturbation). Moreover, the early
and late conditions showed different end-point distribution
of participants’ hands: the early switch condition showed
smaller lateral deviation than the later one.

Similar observations characterized the responses to the
target switches with leftward perturbations. Differences in
the final x-position of the participants’ hands between both
switching conditions and the nonswitching condition were
also observed with leftward perturbation loads and with
both target switches.

The lateral hand acceleration along the x-axis also exhib-
ited clear dependence on the target switch. Figure 3, C and F,
represents the difference in lateral hand acceleration
between the early (red) or late (blue) conditions and the cor-
responding nonswitching conditions with rightward pertur-
bations when the target turned from square to rectangle (Fig.
3C) or vice versa (Fig. 3F). The increase in difference repre-
sented in Fig. 3C characterizes the decrease in corrective
responses induced by the target switch that results in larger
final hand deviations. Conversely, the decrease in difference
of accelerations represented in Fig. 3F characterizes the
increase in corrective responses that results in smaller lateral
deviations. We determined the onset of these differences
using a sliding Wilcoxon sign-ranked test. The onset was
defined as the first time when P < 0.005 at population level.
When the target turned from square to rectangle with right-
ward perturbation, we found this onset at 61 (red arrow in
Fig. 3C) and 236ms (blue arrow in Fig. 3C) after force onset
for early and late switch, respectively. Similar onset times
were observed for the leftward perturbations and for
switches from rectangle to square (red and blue arrows in
Fig. 3F for early and late switches, respectively). Considering
the timing of the changes in target shape, these respectively

A                                                    B

C                                                    D

Figure 2. Experiment 1: kinematics non-
switching condition A: hand paths of a rep-
resentative participant toward a square
(black) or rectangle (gray) target without
any switch in target shape or perturbation
load. B: group mean (solid line) and SE
(dashed line) traces of the hand paths
along the x-axis for participants reaching
for a square (black) or a rectangle (gray)
with perturbation loads applied. The onset
of force is indicated with a vertical dashed
line. C: left: cumulative distributions of
hand end-points for the participants reach-
ing to a square target (black) or a rectangu-
lar target (gray) without application of a
perturbation load. Solid lines represent
mean distribution values, and dotted lines
represent individual distribution values.
Right: standard deviations of the individual
end-point distributions of participants’
hands reaching to a square (black dots) or
rectangle (gray dots) target. D: group mean
and SE y-position values of participants’
hand path when reaching for a square
(black) versus rectangle (gray) target with
perturbation loads applied. The onset of
force is indicated with a vertical dashed
line.
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correspond to latencies of roughly 150ms for the early switch
condition and 180ms for the late switch condition.

Thus, online changes in target shape (from square to rec-
tangle and vice versa), elicited changes in movement kine-
matics for both early and late switch conditions. We
observed that the kinematics reflected a relaxation in the
corrective responses when the task constraints were
decreased (square to rectangle) and an increase in corrective
responses when the task constraints increased (rectangle to
square). Based on these observations, we next focused on the
EMG data to gain insight into the latency of the changes in
neural control evoked by switching of the target.

Muscle activity.
Based on the behavioral analyses presented above, we
hypothesized that evoked EMG responses to perturbation
loads would increase or decrease when the change in goal
target increased or decreased the task constraints, respec-
tively. A key aspect was to assess when a change in EMG ac-
tivity could be observed. Therefore, we initially examined
global changes in agonist EMG responses consistent with the
changes in end-point distributions based on the activity
averaged across different time windows after introduction of
a perturbation load. Then, we used a sliding window analysis
to measure the latency at which a change in the goal altered

the EMG responses to perturbation. For this purpose, we
examined stretching induced by rightward and leftward per-
turbations in the pectoralis major and posterior deltoid,
respectively.

We observed that the EMG responses to mechanical per-
turbations were tuned to the shape of the goal target. In Fig.
4, A and B, the responses of PM and PD to rightward and left-
ward perturbations are respectively shown for the non-
switching conditions. In both perturbation directions, we
observed higher EMG responses in the stretched muscle
when the participants were reaching for the square target
goal rather than for the rectangular target goal (PM for right-
ward and PD for leftward perturbation). Amixedmodel anal-
ysis employing bins of 25 ms was used to characterize these
differences (see METHODS). For rightward perturbations, the
first significant larger PM response associated with the
square target was observed between 125 and 150ms [t(657) =
�2.1446, P = 0.0323, d=0.19; Fig. 4A] followed by strongly
significant differences in the subsequent bins (all P <
0.0005). Thirteen of the 14 participants exhibited individual
differences in trial distributions. For leftward perturbations,
the first significant larger PD response associated with the
square target was observed between 100 and 125ms [t(657) =
�4.0612, P < 0.005, d=0.43; Fig. 4D], also followed by
strongly significant differences (all P < 0.005). Eleven of the
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Figure 3. Experiment 1: kinematics switching conditions. A and D: mean (full lines) and SE along the x-axis (dashed lines) of participants’ hand paths as
they reached toward a square (black) that could switch into a rectangle (A) early (red) or late (blue) and vice versa (D) with rightward perturbation load. B
and E: x-position of participants’ hands with respect to time as they reached toward a square (black) that turned early (red) or late (blue) into a rectangle
(B) or vice versa (E). The dashed lines represent the onset of the visual and mechanical changes. C and F: differences in lateral hand acceleration
between the early or late conditions and the nonswitching ones for a target that was initially a square (C) or a rectangle (F). The red and blue arrows rep-
resent the onsets of target-specific differences in lateral hand accelerations.
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14 participants exhibited individual differences in trial dis-
tributions. These differences occurred slightly later than
those reported in previous work (2, 17, 33), which might be
attributable to the spatial layout, joint configuration, and
perturbation magnitude. A visual inspection indicated that
this trend started in the long-latency epoch (50–100ms)
without reaching significance.

Based on the observed EMG responses to perturbation
loads for the square and rectangle targets separately, we
hypothesized that a decrease in EMG response would be
observed when the target was switched from square to rec-
tangle, whereas an increase in response would be observed
for a switch from rectangle to square. When the target was
switched from a square to a rectangle, we observed reduced
EMG responses to perturbations for both PM and PD when
they were stretched by the perturbation (Fig. 4, B and E).
When both early (red) and late (blue) conditions were com-
pared with the nonswitching condition (black), it appeared
that the EMG response to perturbation was adjusted during
movement. Indeed, when an early switch associated with
rightward perturbation occurred, a decrease in PM response
was observed for all of the participants between the 125–150-
ms bin [t(657) = �2.0591, P = 0.0399, d=0.26] and the 275–
300-ms bin (P< 0.0005 for all of the intermediate bins). Five
of the 14 participants exhibited individual differences in trial
distributions. When a late switch and a rightward perturba-
tion occurred, a decrease in the PM EMG response was
observed across all of the participants between the 200–225-
ms bin [t(657) = �2.5964, P = 0.0096, d=0.17] and the 275–
300-ms bin (P < 0.005 for all of the intermediate bins).
Seven of the 14 participants exhibited individual differences
in trial distributions. Meanwhile, for PD, an early switch con-
dition associated with leftward perturbation resulted in a
decreased EMG response between the 100–125-ms bin [t(657)
= �5.1381, P < 0.005, d=0.3] and the 250–275-ms bin (P <

0.005 for all of the intermediate bins). Seven of the 14 partic-
ipants exhibited individual differences in trial distributions.
However, under the late switch condition, no decrease in
EMG response was observed for PD.

Conversely, when the target was switched from rectangle
to square, PM and PD EMG responses to perturbation loads
increased (Fig. 4, C and F) when the muscles were stretched.
The early (red) and late (blue) switch conditions were each
compared with the nonswitching condition (gray). For PM,
the early switch condition associated with rightward pertur-
bation resulted in an increase in EMG response from the
100–125-ms bin [t(657) = �2.4266, P = 0.0155, d=0.18] to the
275–300-ms bin (P < 0.0005 for all of the intermediate bins).
Nine of the 14 participants exhibited individual differences
in trial distributions. When a late target switch was intro-
duced, a significant increase in EMG response was observed
from the 150–175-ms bin [t(657) = �2.6505, P = 0.0082,
d=0.19] to the 275–300-ms bin (P < 0.005 for all intermedi-
ate bins). Eleven of the 14 participants exhibited individual
differences in trial distributions. For PD, the early switch
condition associated with leftward perturbation elicited an
increase in EMG response from the 100–125-ms bin [t(657) =
�3.2511, P = 0.0012, d=0.19] to the 275–300-ms bin (P <
0.005 for all intermediate bins). Ten of the 14 participants
exhibited individual differences. Under the late switch con-
dition, significant differences were observed from the 200–
225-ms bin [t(657) = �3.7121, P = 0.0002, d=0.21] to the 275–
300-ms bin (P < 0.005 for all intermediate bins) and 10 of
the 14 participants exhibited individual differences in trial
distributions.

The kinematics and EMG responses to perturbation loads
both indicate that the participants adjusted their behavior
during movement in response to a switch in target shape.
These adjustments were such that the corrective responses
to perturbation increased when the target switched from

Figure 4. Experiment 1: EMG responses to
perturbation load for the agonist and an-
tagonist muscles A–F. Mean baseline
reduced EMG responses in the PM (A–C)
and PD (D–F) of participants with a right-
ward (A–C) or leftward (D–F) perturbation
load (indicated as a vertical dashed line)
applied while reaching to a square (black),
a rectangle (gray), to a square switched to a
rectangle (B and E) or vice versa (C and F),
either early (red) or late (blue). For each plot,
mean ± SE values for the EMG responses
600ms after the onset of force are shown
at the far right. In each panel, the mean
baseline reduced EMG responses in the an-
tagonist muscle (A–C PD and D–F PM) are
shown in dashed lines. a.u., arbitrary units;
EMG, electromyography.
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rectangle to square and decreased when the target switched
from square to rectangle. These data also suggest that the
time onset of those responses correlates with the onset of the
target switch. Indeed, we observed that differences in both
kinematics and EMG responses occurred earlier in the trials
involving an early target switch than in those involving a
late target switch. To better characterize the delay between
the trigger of a target switch and the first differences in EMG
responses, we subtracted the EMG responses obtained under
non-switching conditions from those obtained under switch-
ing conditions. Thus, the remaining signals represented the
responses to the target switch itself (Fig. 5), and the onset of
differences in the EMG responses to the target switch was
found to depend on the condition. For example, the onset of
differences in EMG response was associated with the first 25-
ms bin in which the average EMG activity significantly dif-
fered from zero. Those bins are represented as shaded rec-
tangles in Fig. 5 for the different target switching conditions
(e.g., early or late switching from square to rectangle or from
rectangle to square) and for the two muscles as they were
stretched (Fig. 5, A and B, for PM; Fig. 5, C and D, for PD). We
also computed the individual mean values of the differences
in EMG responses for the bins between 200ms and 375ms
after a late onset of force (dots on the right side of each panel
in Fig. 5). When the square target was switched to the rectan-
gle target, the mean values were negative (P < 0.005 in both
muscles and for both early and late switch conditions).
When the rectangle target was switched to the square target,
the mean values were positive (P < 0.005 in both muscles
and for both early and late switch conditions).

Thus, the results of experiment 1 indicate that participants
adjusted their control policy during their movements when
the goal target was switched from a square to a rectangle,
or vice versa. The adjustments such that the corrective
responses are tuned to the new task goal. Significant differ-
ences were also observed in both the kinematics and EMG

responses in response to the two switching conditions.
Delays between the trigger of the target shape switch and the
first differences in EMG response spanned from 150ms to
200ms. An analysis of the individual muscle sample data
further indicated that changes occurred as early as 125–150
ms after the target switch. We believe that this timing for the
first differences in EMG is a meaningful number, but we
acknowledge that it should be taken with caution, as there is
some uncertainty linked to the bin width.

Experiment 2

To demonstrate reproducibility and to test similar princi-
ples in a different context, we performed a second experi-
ment which was designed to be a variant of experiment 1.
Briefly, we instructed participants to perform reaching
movements to attain a square target in the presence of two
virtual, rectangularly shaped obstacles (see METHODS). A lat-
eral force was applied (as described in experiment 1) to
enhance possible changes in control which would be evoked
by the appearance or disappearance of the obstacles.
Changes in control policy were assessed based onmovement
kinematics and evoked EMG responses of the muscles
stretched by the perturbation.

An analysis of the participants’ movement kinematics
when the obstacle conditions remained unchanged revealed
clear differences between the trials with and without
obstacles. First, both the hand paths (Fig. 6, A–F) and lateral
hand deviations significantly differed when obstacle condi-
tions were changed (appearing vs. disappearing, Peacock
test). Second, the differences in lateral accelerations reported
in Fig. 6, C and F, confirmed that the online changes in con-
text (appearance and disappearance of obstacles) induced
changed in responses to the perturbation. The onsets of dif-
ferences in lateral accelerations are reported by black arrows
in Fig. 6, C and F, at �143 and �157 ms following perturba-
tion load onset for appearing and disappearing obstacles

Figure 5. Experiment 1: agonist EMG
responses to visual change. A–D: mean
and SE differences in baseline reduced
EMG responses in PM (A and B) or PD (C
and D) while reaching to a square
switched to a rectangle (A and C), or vice
versa (B and D), either early (red) or late
(blue). The onset of a rightward (A and B)
or leftward (C and D) perturbation load is
indicated with a black dashed line. The
red and blue shaded rectangles in each
panel represent the first significant bins
for both conditions. At the far right of each
panel, individual mean difference values
in baseline reduced EMG are shown for
the gray-shaded rectangle for both early
(red points) and late (blue points) condi-
tions. The significance level is ��P <
0.005 and this was assessed for all of
the participants. a.u., arbitrary units; EMG,
electromyography.
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respectively corresponding to latencies of�180 ms following
change in obstacles conditions. These kinematics results
confirmed that the control policy of ongoing movements is
adjusted online depending onwhether obstacles are present.

Similar to experiment 1, we also examined evoked EMG
responses of the PM (Fig. 7, A–C) and PD (Fig. 7, D–F)
muscles as they were stretched by perturbations. Greater ac-
tivity was detected in the presence of the obstacles (black)
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Figure 6. Experiment 2: kinematics switching conditions. A and D: mean (full lines) and SE (dashed lines) of participants’ hand paths as they reached to-
ward a square without (A, gray) or with obstacles (D, black) that could appear (A, black) or disappear (D, gray). B and E: x-position of participants’ hands
with respect to time as they reached toward a square with appearing (B, black) or disappearing (E, gray) obstacles with rightward perturbation loads. The
dashed lines represent the onset of the visual and mechanical changes. C and F: differences in lateral hand acceleration between the switching condi-
tions and the nonswitching ones for appearing (C) or disappearing obstacles (F) with rightward perturbation loads. The black arrows represent the
onsets of obstacles-specific differences in lateral hand accelerations.

Figure 7. Experiment 2: EMG response to
perturbation loads for agonist and antago-
nist muscles A–F: mean baseline reduced
EMG response traces measured in the
presence or absence of obstacles as indi-
cated for PM (A–C) or PD (D–F) with a
rightward (A–C) or leftward (D–F) pertur-
bation load applied. Vertical dashed lines
are used to indicate the time of force
onset and the appearance or disappear-
ance of obstacles as labeled. Mean ± SE val-
ues are shown at the far right of each plot.
The corresponding antagonist response for
each panel is shown as well. a.u., arbitrary
units; EMG, electromyography.
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than in the absence of the obstacles (gray). Linear mixed
model analysis revealed the first significant difference
between conditions in the time bin 50–75ms (P < 0.005) for
the Pectoralis major. Figure 7, A and D, presents the
responses for PM and PD, respectively. Differences were also
observed in the evoked EMG responses to the perturbation
loads when the obstacles appeared versus disappeared. For
example, the first increase in EMG response for PM was
observed when obstacles appeared during the 100–125-ms
bin [t(798) = 2.4816, P = 0.0133, d=0.11] and for PD during the
150–175-ms bin [t(798) = 2.0009, P = 0.0497, d=0.10]. Then,
when the obstacles disappeared, the first decrease in EMG
response in PM was observed during the 150–175-ms bin [t
(798) = �2.3674, P = 0.0181, d=0.11] and in PD during the
150–175-ms bin [t(798) = 2.1805, P = 0.0295, d=0.11]. These
results in the presence and absence of obstacles are shown in
Fig. 7, B, E, C, and F, respectively. We further observed, simi-
lar to experiment 1, that individual differences in trial distri-
butions were detected for eight, seven, six, and seven
participants, respectively.

Also similar to experiment 1, data for the kinematics and
stretched EMG responses to perturbation loads indicate that
participants adjusted their policy during movement in
response to changes in context (e.g., the appearance/disap-
pearance of obstacles). To obtain an estimation of the delay
between the appearance or disappearance of obstacles and
the differences in EMG responses, we subtracted the EMG
responses obtained when there was no change in the
obstacles from the EMG responses obtained when the condi-
tions were changed. Specifically, for the trials involving the
appearance of obstacles, the no obstacles condition was sub-
tracted; for the trials where the obstacles disappeared, the
obstacles condition was subtracted. The resulting signals

corresponded to the impact of rapid changes in context on
the stretched EMG responses (Fig. 8). Differences in EMG
response occurred within the first 25ms in which a signifi-
cantly nonzero average EMG activity was detected. The rele-
vant bins are represented as shaded rectangles in Fig. 8.
Observed delays between the onset of the appearance or dis-
appearance of obstacles and the first differences in EMG
responses spanned an interval of 180ms to 250ms.

Control Experiment

To verify that the change in behavior observed in experi-
ment 1 could be elicited without mechanical perturbations
(see METHODS), we performed a third (control) experiment that
was a variant of experiment 1, in which there was nomechani-
cal perturbation. Participants performed reachingmovements
to a goal target that could either be a small square or a large
rectangle. During movement, the target shape could switch
from square to rectangle and vice versa. The occurrence of a
change in behavior induced by this switch in target shape was
assessed based on hand kinematics. Figure 9, A and B, repre-
sents the hand paths of a representative subject toward a
square that turned into a rectangle and a rectangle that
turned into a square, respectively.

The end-point distribution of participants’ hand for move-
ments without target switch was different for square and rec-
tangular targets as expected. The medians of these end-point
distributions for rectangle and square targets were not signif-
icantly different (Wilcoxon signed-rank test, Z= 1.86,
ranksum=2.38 � 105, P = 0.0618). However, we observed a
wider distribution for rectangle (�0.7 ±5.3 cm) than for
square targets (�0.03±0.35cm) across subjects (two-samples
Kolmogorov–Smirnov test, P < 0.005, K=0.1125). One-tailed
paired t test performed on individual variances confirmed

Figure 8. Experiment 2: agonist EMG
responses to visual changes. A–D: mean
and SE differences in baseline reduced
EMG responses in PM (A and B) or PD (C
and D) due to an appearance (A and C) or
disappearance (B and D) of obstacles with
rightward (A and B) or leftward (C and D)
perturbation loads. The shaded rectan-
gles in each panel represent the first time
bin in which the response significantly dif-
fers from zero. EMG, electromyography.
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this finding (P < 0.005, t = �4.02, d= 1.18). Strikingly, online
target switches also elicited changes in end-point variance
(Fig. 9C). Indeed, we observed an increase (one-tailed paired
t test: P < 0.005, t = �4.10, d = �0.82) or a decrease (one-
tailed paired t test: P < 0.005, t = 3.46, d= 1.06) in end-point
variance when the target switched from square to rectangle
or from rectangle to square, respectively (Fig. 9D).

To conclude, online modification of the goal target struc-
ture or the environmental context elicited online changes in
control, impacting corrections for lateral deviations due to
natural variability (control experiment) as well as feedback
corrections to external loads applied during movements
(experiments 1 and 2).

DISCUSSION
We conducted three experiments to determine whether

and how quickly the control strategy used by humans during
reaching can be adjusted online when the structure of the
target goal, or the environmental context, unexpectedly
changed. In experiment 1, we changed during movement the
structure of the goal target from a small square to a large rec-
tangle and vice versa. In experiment 2, obstacles located on
both sides of the straight path to the target suddenly
appeared or disappeared during movement. In both experi-
ments, we found that the control strategies used by partici-
pants adjusted online following the changes in target shape
or context. In experiment 1, the evoked EMG responses to
mechanical perturbations adjusted in as little as 150ms
following the change in target structure. Similarly, in

experiment 2, adjustments of the responses to mechanical
perturbations were observed 180ms after the appearance or
disappearance of obstacles. Finally, in experiment 3, we
observed a change in movement execution in response to
the same target switch as in experiment 1, even in the ab-
sence of mechanical perturbation. This shows that the
evoked modulation of feedback gains is not only expressed
or evoked by the occurrence of an important external dis-
turbance as induced by the perturbation loads but instead it
also reflects a general adjustment of control expressed in
both perturbed and unperturbed movements. Specifically,
this modulation of feedback gains reflects a selective correc-
tion of the perturbation loads explained by the change in tar-
get redundancy (14).

This interpretation is in line with the theory of optimal
feedback control (OFC), which suggests that the control
strategy used to perform movement and to correct for errors
is tuned to the task goal and to its environmental context
(12–14). Mathematically, the tuning of the control policy
reflects the minimization of a cost-function, which captures
the intended behavioral performance by weighting motor
cost and penalties on motor errors (e.g., position, velocity,
and force). To model the structure of the goal target in our
experiments, a selective penalty on the x-coordinate for the
square versus rectangle target could have easily been intro-
duced. However, this modeling approach would be more
complicated for the obstacle conditions since nonquadratic
penalties would be involved but clearly context-dependent
changes in control strategy are expected. More specifically,
our theoretical interpretations are in line with the theoretical

A                                             C

B                                             D

Figure 9. Control experiment: kinematics. A and B: hand paths of a representative participant toward a square (A) or rectangle (B) target, full lines corre-
spond to the nonswitching condition and dashed lines correspond to the switching condition. Horizontal dashed lines represent the position of the onset
of the visual perturbation. C: evolution of the hand path variance along the x-axis for the unperturbed condition (full line) and the switching condition
(dashed) for initial square (left) and rectangle (right) targets. D: mean and SE of the end-point variance of participants’ hand position along the x-axis. The
left bar plot represents the unperturbed condition and the right bar plot the perturbed position. ��P< 0.005 , ���P< 0.001.
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framework developed in (9, 34), which posits that the struc-
ture of the goal and rewards are transformed into a task-de-
pendent feedback controller. Although this cannot be
directly mapped onto neural structures, the latency of goal-
related changes in control policies allow separating them
from visuomotor responses. Indeed, we reported latencies of
�150 ms to adjust the control policy during movements
which is longer than visuomotor reflex latencies. This con-
firms that we did not probe state-feedback reflex loops (char-
acterized by latencies of �90ms), but rather we probed
whether and how fast humans can adjust the goal-directed
policy within a movement. These results do not directly fol-
low from the ability to initiate a movement before knowing
where to go (35–37), as our experimental manipulation does
not redefine the task goal, instead they altered the structure
of the goal with an impact on the feedback controller.

In this framework, our experiments indirectly probed the
two terms typically used in standard OFC models: a term
related to behavioral performance that penalizes error in the
state and a term related to motor cost that penalizes control
commands. On the one hand, a switch from a rectangle to a
square, or an appearance of obstacles, clearly alters the pen-
alty related to the state. On the other hand, when the target
switched from a square to a rectangle, or when the obstacles
disappeared, adjustments of control commands were not
mandatory. The visual perturbation only modified the pen-
alty on behavioral performance and left the penalty on
motor cost unaffected, but the relative weight of motor cost
likely promoted an adjustment of the control policy when
the task became easier, as following a switch from a square
to a rectangle, or when the obstacles disappeared. The net
result is a decrease in EMG-evoked responses. This adjust-
ment is observed with the rightward perturbation for both
early and late target switches (Fig. 4B, red and blue traces,
respectively), yet only for the early target switch with left-
ward perturbation (Fig. 4E, red trace). Moreover, even
though the penalty regarding behavioral performance
decreased, participants did not have to adjust their control
policy to succeed in the trial. The fact that those adjustments
are not mandatory, may explain why the decrease observed
was not strong in all cases at short latencies, although an
overall decrease later in the trial was always observed (right
part of Fig. 5,A and C).

Importantly, our study differs from previous research
showing that target structure and size affected the control
policy across conditions (1, 2, 17, 38, 39). These studies
showed that target redundancy was handled during both
motor planning and execution (40, 41), and that feedback
responses to mechanical perturbations were tuned to target
redundancy (2, 17). Our contribution was to show that the
process of selecting a control policy adjusted to the target re-
dundancy could also modify an ongoing movement. Our
results could not be directly inferred from previous work on
target (11, 42–49) and cursor jumps (50, 51) because these
perturbations did not necessarily implied a replanning of
movement. Indeed, it was recently demonstrated that both
target and cursor jumps can be handled through state feed-
back control using an infinite horizon optimal feedback con-
troller (20, 21). Thus, our key contribution was to probe
changes in target structure and in environmental context to
measure the latencies of online changes in control policies.

Besides the occurrence of online adjustment of the control
policy, we also sought to measure the latency at which these
adjustments occurred. In the first two experiments, the aver-
age latencies observed in the EMG responses were surpris-
ingly short: 150ms in experiment 1 and 180ms in experiment
2. In comparison, visuomotor corrections by muscles in a
target jump paradigm emerge within �100ms after the tar-
get jump (1, 50, 52). Thus, we conclude that it takes on aver-
age 150ms to replan the control policy of the ongoing
movement, as revealed by changes in stretch responses to
mechanical perturbations that occurred later than the target
switch. This delay was longer than typical latencies of visuo-
motor reflexes (11, 50), and likely corresponded to early vol-
untary corrections. Interestingly, the difference of 30ms
observed across experiments 1 and 2 may be due to differen-
ces in the tasks performed. Although the first change only
affects the task goal, the second change affects the environ-
mental context. A recent study also reported an additional
30-ms latency in feedback responses to cursor jumps when
the response was influenced by the presence of obstacles in
the context of motor responses to visual perturbations (33).
Indeed, Cross and colleagues have shown that the motor
response to a visual perturbation includes two distinct
phases. The first phase starts after 90ms and is sensitive to
goal redundancy. Meanwhile, the second phase starts after
120ms, and it is sensitive to environmental factors.
Similarly, in the present study, a change in goal and a change
in context resulted in a 30-ms difference in latency. Thus, it
is conceivable that 30ms is a common additional processing
time for tasks involving environmental obstacles.
Considering a fixed visuomotor delay of�100ms (42, 50, 53),
and 30ms across experiments linked to a specific processing
of obstacles, the measured latencies of target-dependent
responses suggest that a change in control policy requires
50ms.

To set constraints on the online processes that adjust con-
trol policy, we compared the latencies observed in the pres-
ent study with the visuomotor delays previously measured
with target or cursor jumps and also with reported reaction
times required to initiate a movement. The latencies we
observed were longer than visuomotor delays associated
with target or cursor jumps (�100ms), which suggests that a
more demanding process than the one involved in target
jumps is used. On the other hand, the latencies wemeasured
were shorter than the reaction times characterized for ini-
tiating a movement (45). The latter result suggests that the
control policy is not recomputed from scratch. However, this
assessment has to be taken with cautious since Haith and
colleagues (54) showed that these reaction times not only
reflect control policy selection and that movement prepara-
tion can occur in as little as �130ms. It is also important to
stress out that the reaction times we used for these compari-
sons were mostly measured for transitions from postural
control to reaching movements. In a previous study (55),
reaction times were reduced if movement planning and
movement execution overlapped. This result is consistent
with the present experiments since our participants had al-
ready started their movement when they had to adjust their
control policy.

Two different kinds of adjustments in control policy could
occur during the movement in our experiments. The first is
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recomputation of a new control policy for the new task, cor-
responding to the framework of model predictive control
(18). Many recent theories of motor control consider that the
control policy is computed before movement is initiated (12,
13, 56, 57). It has recently been suggested that specification of
this control policy may overlap with movement execution
(55), which could support hypothesis about the process that
perform the adjustment in control policy. The second process
which could produce an online adjustment in control policy
is a switch between different control policies stored in the
brain. It has already been suggested that the central nervous
system is able to change online the target goal of a movement
if a perturbation interferes sufficiently with the task (16).
Other recent studies have suggested thatmultiplemotor plans
may be handled in parallel by the central nervous system (15,
58). The present data do not allow us to determine whether
the observed adjustments corresponded to a switching or
recomputation. Thus, further studies are needed to elucidate
the details of this process.

Interestingly, when the goal target was switched from a
rectangle to a square in experiment 1, we observed a shorter
latency of the EMG-evoked motor response for the late
switching condition than for the early one. This difference
may reflect the participants’ urgency in correcting their
movement toward the new goal target. Indeed, long-latency
responses and early voluntary epochs of responses to pertur-
bations have been shown to scale with task-related urgency
(59). In the present study, the participants’ urgency to cor-
rect mechanical perturbations was larger when the switch
from a rectangle target to a square target was made late in
the trial. This result could explain the smaller latency of the
response to the perturbation load. Another factor which may
have potentially influenced these differences in latencies is
the temporal evolution of feedback gains during reaching. It
has been shown both experimentally and theoretically that
feedback gains follow a skewed bell shape curve over time
(14, 19). As a result, different responses to the same perturba-
tion are applied at distinct points in time. In our experiment,
the same differences were observed when the target was
switched from a square to a rectangle.

Understanding the neural basis of the change in move-
ment control remains an open question; however, our devel-
opments provide a measurement of the latency and sets
constraints on candidate underlying circuits. On the one
hand, both spinal and supraspinal circuits are recruited dur-
ing movement and following disturbances, but when the tar-
get did not change, the task-dependency emerged in the
long-latency and voluntary epochs, consistent with previous
work (17) and suggesting a contribution of cortical origin (13,
60, 61). On the other hand, the main timing constraint in the
condition where the target switched was due to the process-
ing of the visual system. Rapid reflexive responses to visual
perturbations are typically evoked in a little less than 100ms
(1, 50, 52), but we observed longer latencies for task-related
changes likely due tomore demanding processing associated
with a change in control strategy. In fact, our measure of the
latency associated with changes in the shape of the target
involves both visual and somatosensory systems; thus, it is
reasonable to speculate that associative regions in parietal
cortex play a central role. With regard to timing, this sugges-
tion is consistent with a cortical pathway collecting sensory

signals from V1 and S1 to modulate the generation of motor
commands throughM1 (62).

To conclude, we have demonstrated that humans are able
to quickly update their control policy when a task goal or its
environment changes during reaching movements, and that
these changes characterize unperturbed movements as well
as feedback responses to mechanical loads applied to their
limb. We observed adjustment delays which were slightly
longer than the visuomotor delays observed in a target jump
paradigm, which suggests that a more demanding neural
operation is needed to the change in control policy. Our esti-
mate of the latency associated with this process is �30ms,
therefore allowing fast motor adjustments suitable for the
execution of ongoing movements in a dynamic context.
These valuable insights provide direction for further studies
of movement planning and how it interacts with movement
execution dynamically.
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