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Abstract: The levels of learning in motor tasks have been investigated by means of extensive practice (i.e., practice that is
continued beyond the achievement of performance stabilization), which shows better performance than practice until
performance stabilization when facing situations that require adaptation. However, the better performance of extensive
practice has been tested with unpredictable perturbation, in which changes are necessary after the movement onset, but not
with predictable perturbation, which allows planning a new organization of the action before the movement onset. The
present study investigated adaptation to predictable perturbation, comparing no performance stabilization at all, practice until
performance stabilization and practice beyond performance stabilization, i.e., extensive practice, in a coincident timing task.
This task required the performance of a sequence of movements in accordance with a visual stimulus. Forty-five self-reported
right-handed volunteers participated in this study, and they were randomly divided into three groups during the first phase of
the study: Pre-Stabilization (PG), Stabilization (SG) and Extensive Practice (EG), which were operationally defined as 10
trials, three trials in a row with absolute error (AE) < 30 msec and six blocks of three trials in a row with AE < 30 msec,
respectively. In the second phase, the velocity of the visual stimulus changed, causing a perceptual perturbation. The results
showed that adaptation is easier after performance stabilization and that the variability observed after performance
stabilization could be a source of adaptability. In general, these results indicate that the process of motor learning continues
beyond performance stabilization.
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1. Introduction
The acquisition of motor skills requires practice [1]. In the
last few years, studies have shown that extensive practice
(i.e., practice beyond performance stabilization) provides
individuals with increased capacity to adapt to new situations
[2,3]. Thus, motor learning can be conceived of as a
continuous process [4] that extends beyond performance
stabilization [5]. For instance, with extensive practice,
individuals become able to adopt different strategies to reach
the goal of the task [6]. It has been suggested that extensive
practice might change the structure that controls the skill and
that perturbations may expose different levels of learning, the
highest of which is the ability to adapt to these perturbations
[2,3,7]. A perturbation refers to a change in the task (e.g., a

new goal), which requires a change in performance, that is,
adaptation [2].
Adaptation has been found to differ depending on the
predictability of the perturbation [8]. For instance, Fonseca
et al. [2] have shown that extensive practice with a
sequential coincident timing task increases the ability to
adapt to an unpredictable perturbation compared with
practice until performance stabilization. Extensive practice
increased the variability of the structure that controls the
skill, thereby providing individuals with the ability to adapt
to unpredictable perturbation. This type of perturbation
requires changes in the planned action after the movement
onset, which demands that the structure that controls the
motor skill must be highly adaptable [9]. Extensive practice
improves the ability to adapt by increasing the variability,
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particularly of the last component of the sequential task [2].
It has also been suggested that adaptation is facilitated
when some type of cue is provided to the participant prior
to the trial (making the perturbation predictable) compared
with no cues at all [9]. It is likely that the cue enables
participants to plan changes in the action before the
movement begins. Therefore, we sought to investigate the
effects of planning an action in advance [10] using an
initially unpredictable, abrupt perturbation that demands a
large change in the response and that is introduced and then
kept constant through several trials. This condition allows
the participant, after the first trial introducing the
perturbation, to plan all of the changes in action in advance
and to use feedback from one trial to the next to make
corrections. In this situation, extensive practice may not
provide an advantage in relation to practice until
performance stabilization. Therefore, we sought to
investigate whether the effects of extensive practice on
adaptation to unpredictable perturbation are replicated with
predictable perturbation.
Our expectations were as follows: first, under predictable
perturbation, extensive practice would produce similar
performance as practice until performance stabilization;
second, extensive practice would diminish the performance
variability under the perturbation condition; third, extensive
practice would incur smaller changes in the structure of the
skill to adapt to the predictable perturbation.

2. Method
2.1. Sample
Forty-five college students (24 males and 21 females) 20
to 30 years of age (mean 24.7 ± 3.4), without prior
experience with the sequential coincident timing task
participated in this experiment. All participants were
self-reported as right handed and had normal or
corrected-to-normal vision. The study was performed in
accordance with the ethical standards established in the 1964
Declaration of Helsinki amended in 1989.
2.2. Instrument and Task

Figure 1. Instrument of the complex coincident timing task.
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The apparatus was designed to accomplish a complex
coincident timing task [2,7]. The participant sat in front of
the table with the right hand on sensor 0 (Figure 1). The first
LED (yellow diode) was turned on to attract the subject’s
attention, and when it turned off, all of the other red LEDs
turned on and off in sequence, simulating an object
descending the array toward the table.
The LEDs were turned on and off at a constant 1.104 m/s,
which was the time constraint of the task. During this time,
the participant had to touch the other five sensors in a
pre-determined sequence (1, 4, 2, 3, 5) at any velocity but
with the constraint that the last sensor had to be touched at
the same time that the last diode was turned on, i.e.,
coincident timing. We analyzed the task in five components:
component 1 (C1) was the movement from sensor 0
(Reaction Time) to sensor 1; component 2 (C2) was the
movement from sensor 1 to sensor 4, and so on. Throughout
the experiment, the participants could visually evaluate their
touching the last sensor and the last diode turning on.
2.3. Experiment Design
The experiment was divided into two phases; the
pre-exposure and the exposure phase. To investigate the first
hypothesis, during the first phase of the experiment, three
groups with three levels of performance stabilization were
created: a) a pre-stabilization group (PG), with 10 trials (i.e.,
far too few trials for any participant to actually learn the
task); b) a stabilization group (SG), whose participants had
to perform three trials in a row with the absolute error less
than or equal to |30 msec| in a maximum of 120 trials; and c)
an extensive practice group (EG), whose participants had to
perform six blocks of three trials in a row with absolute error
less than or equal to |30 msec| in a maximum of 300 trials.
These criteria were adopted because stability is slightly
different in a continuous than in a discrete task [11], and
coincident timing tasks are generally considered successful
when the absolute error ranges from 1 to 30 msec [12,13].
This procedure guaranteed that the groups had different levels
of performance stabilization [2,3] and that SG and EG had
learned the task [14]. One volunteer did not reach the required
performance level and was not included in data analysis.
The perceptual perturbation (change in the time constraint)
was inserted three minutes after the end of the pre-exposure
phase by manipulating the velocity at which the diodes were
turned on and off. Although the velocity was constant during
the first phase, during the second phase it was slower in the first
half (the first 49 diodes) and faster during the second half (the
last 50 diodes). The total time was the same as that in the
previous phase, similarly to the method used by Fonseca et al.
[2]; however, the perturbation was inserted in a predictable way,
similarly to the Kagerer et al. study [10]. Different velocities of
the time constraint were tested [3], and the easiest and the most
difficult were adopted for the pre-exposure and exposure
phases, respectively. The exposure phase comprised 25 trials
with the same response sequence for touching the sensors as in
the pre-exposure phase.
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2.4. Data Analyzes
The following dependent variables were used to assess
performance: a) absolute error (AE), a measure to assess
performance accuracy; b) variable error (VE), a measure to
assess performance consistency; c) standard deviation of the
relative time (RT) of the five components of the task, defined
as the variability of the time spent to perform the movement
from one sensor to another divided by the total movement
time, which reflects the structure that controls the skill [15].
The results related to accuracy (AE) and consistency (VE)
of performance during the pre-exposure phase were tested
with a two-way ANOVA (3 groups x 2 blocks) for the first and
last blocks because the participants had different amounts of
practice during the pre-exposure phase. During the exposure
phase, data were analyzed with a two-way ANOVA (3 groups
x 5 blocks) on blocks of five trials each. When necessary, a
post hoc TukeyHSD test was adopted for pairwise
comparison in both phases. The stability of the structure of the
skill (relative time - RT) was tested with a MANOVA
comparing the first and last blocks in both phases of the
experiment, followed by a univariate test of significance when
necessary. The type I error was set at 5%, which means that
the effects were significant at p < .05. All data analysis was
carried out using Statistica 8.0 for Windows.

3. Results
3.1. Pre-Exposure Phase

difference between groups (F (2, 42) = 4.271, p < 0.020).
The Tukey test determined that PG was less accurate than
SG (p < 0.046) and EG (p < 0.034). Figure 1b shows a
significant interaction between groups and blocks in the
performance consistency measure (F (2, 42) = 3.038, p <
0.038). The Tukey test determined that PG and SG became
more consistent from the first to the last block (p < 0.05), but
EG was less consistent than PG (p < 0.002) and SG (p <
0.023) in the last block.
Figure 1c shows that the RT of all three groups becomes
more consistent from the first to the last block of this phase
(MANOVA: Wilks' λ = 0.868, F (10, 76) = 11.246, p < 0.001).
Univariate tests showed that PG increased the consistency of
components C1 and C3 (p < 0.01) and that both SG and EG
increased consistency from C1 to C5 (p < 0.003).
3.2. Exposure Phase
Figure 2a shows significant interaction between groups
and blocks during the exposure phase in performance
accuracy (F (8, 168) = 6.453, p < 0.05). The Tukey test
detected that in the first block, SG and EG were more
accurate than PG (p < 0.04 and p < 0.001, respectively) and
that PG increased its accuracy from the first to the later
blocks (p < 0.04). After the second block, all groups
showed similar accuracy (p > 0.05). Figure 2b also shows
significant interaction between groups and blocks in
performance consistency (F (8, 168) = 2.164, p < 0.032).
The Tukey test detected that in the first block, EG was
more consistent than PG (p < 0.002) and SG (p < 0.018).
Subsequently, EG consistency decreased in the other four
blocks (p < 0.05). Figure 2c shows that the consistency of
the RT of the three groups changed from the first to the last
block of the exposure phase (MANOVA: Wilks' λ = 0.173,
F (10, 76) = 12.602, p < 0.005). Univariate tests showed
that PG diminished consistency of component C1 (p < 0.05)
and increased consistency of component C3 (p < 0.05); SG
increased consistency of component C3 (p < 0.05); and EG
increased consistency of components C3 and C5 (p < 0.04).

Figure 2. Comparison during the pre-exposure phase. The absolute error
(+ SD) in the FIRST and LAST blocks of the pre-exposure phase (a). The
variable error (+ SD) in the FIRST and LAST blocks of the pre-exposure
phase (b). The standard deviation of the components in the FIRST and LAST
blocks of the pre-exposure phase (c).

Data obtained in a previous study using an unpredictable
perceptual perturbation [2] showed that extensive practice
resulted in better performance (i.e., adaptation) than practice
until performance stabilization. Moreover, extensive
practice resulted in a smaller number of changes in the
structure of the skill. In our study, Figure 1a shows that
during the pre-exposure phase, there was a significant effect
of practice on performance accuracy – AE diminished – (F
(1, 42) = 53.002, p < 0.001), and there was a significant

Figure 3. Comparison during the exposure phase. The absolute error (+ SD)
in the Perturbation blocks of the exposure phase (a). The variable error (+
SD) in the Perturbation blocks of the exposure phase (b). The standard
deviation of the components of the Perturbation blocks of the exposure
phase (c).
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4. Discussion
This study aimed to investigate whether extensive
practice facilitates the acquisition of the ability to adapt to
predictable perturbation in a sequential motor skill task
compared to practice until performance stabilization or no
stabilization at all. Initially, we analyzed the first phase of
the experiment, and then we used the exposure phase to test
our hypotheses. In the condition without perturbation, SG
and EG had better performance accuracy than PG, which
was reflected in the variability of the structure of the skill:
although PG exhibited diminished variability in components
C1 and C3, SG and EG exhibited diminished variability in
all components. Similarly to the results from previous
studies [2,3], practice until achieving a stabilization criterion
seems to be enough to form a structure to control the skill in
a coincident timing task. Moreover, at the end of this phase,
PG and SG had higher performance consistency than EG. At
first glance, this result may seem counterintuitive because it
might be expected that performance variability would
diminish with learning [16]. Nevertheless, there is a study
showing that when practice extends beyond performance
stabilization, the variability increases [3], most likely
because changes in variability are related to the level of
learning [17]. When a subject had only a few trials of
practice (PG), performance accuracy was poor, but the
participants did not know how to improve it. As a
consequence, variability was low. With practice beyond
performance stabilization (EG), it was possible to have high
variability in performance while keeping the structure
consistent at the same time. The results from the first phase
indicate that low performance consistency resulting from
extensive practice is helpful for adaptation [2,3]. These
results led us to the first and second hypotheses.
The first hypothesis proposed that under predictable
perturbation, extensive practice as well as practice until
performance stabilization would produce similar
performance and both would produce better performance
than no performance stabilization at all. When all groups
were exposed to predictable perturbation, the performance
accuracy results showed that in the first block of the
exposure phase, PG was less accurate than SG and EG;
however, from the second block onward, all groups became
similar. These results are different from those of other
studies [2,3]. Most likely, the type of perturbation influenced
these results. Ugrinowitsch et al. [3] manipulated both the
time constraint and the sequence of movements, which made
perturbation more difficult to adapt to than in our study.
Fonseca et al. [2] manipulated the perturbation in an
unpredictable way, whereas our study manipulated the
perturbation in a predictable way. Predictable perturbation
facilitates the ability of all groups to plan the whole
sequence of movements before the movement onset [9]. In
contrast, when the perturbation is unpredictable, changes in
the plan of action can happen only after the movement onset,
making it more difficult to change the movement and
accomplish the goal of the task [8]. Although Fonseca et al.
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[2] found better adaptation with extensive practice, in this
study, SG and EG reached similar performance accuracy,
showing that when it is possible to plan the movement
before the movement onset, extensive practice is not
necessary for performance adaptation. Moreover, PG, the
group that practiced only 10 trials before facing the
perturbation, reached similar performance accuracy in the
second block of the exposure phase, giving support to the
proposal that an unpredictable perturbation is more difficult
to adapt to than a predictable one [9].
The second hypothesis proposed that the performance
variability with extensive practice would diminish under the
perturbation condition. Unexpectedly, the results from the
variable error showed that EG had higher variability (lower
consistency) than PG and SG prior to the perturbation. Most
likely, this effect occurs because the stability of the system is
related to the performance consistency when facing a
perturbation [18]. This finding is another counterintuitive
result because traditionally, it is expected that variability
would decrease throughout the learning process [16].
However, when the perturbation was introduced, EG
became more consistent than the other groups. Extensive
practice increases performance variability, which is
characteristic of the motor system [19] and can be useful for
adaptation [20,21,22]. Reaching this level of performance
(i.e., extensive practice) gives more information to the motor
system, which constitutes a source of adaptability, a reserve
capacity that allows a system to face perturbations [23].
Latash calls this reserve “abundance” [24]. During the first
phase, PG had smaller variability than EG, but when it was
exposed to perturbation, its variability was higher than that
of EG, and its accuracy was lower. In other words, our results
show that variability before performance stabilization is
detrimental [16], particularly for adaptation, but after
performance stabilization, variability is helpful for
adaptation [21,22]. Moreover, our results show that
variability is necessary for change [10] because stability and
variability can have different mechanisms of control [25].
Other studies also showed that variability changes
throughout the learning process [17] but did not analyze
variability in an extensive practice condition.
The third hypothesis proposed that extensive practice
would have a more stable structure and consequently would
need smaller changes to adapt to the predictable perturbation.
Accuracy and consistency of performance result from the
structure of skill [2,15]. Relative time represents a structure
of the skill showing the relationship between components of
the task and tends to become fairly consistent but not rigid
with practice [26]. This measure aims to identify changes in
the relationship between components of the skill [27] by
comparing the blocks immediately prior to with those during
exposure to the perturbation. This analysis contributes to the
understanding of how the structure of the skill behaves
facing the perturbation, and it shows that the groups adapt
differently to the perturbation. Although the perturbation
was predictable, and all groups could plan the strategy
before the start of the task, only PG exhibited diminished
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consistency in the structure, particularly in C1, indicating
that the amount of practice during the pre-exposure phase
was not enough for this group to acquire a flexible structure
to control the skill. Moreover, this observation indicates that
PG was using online planning, as C1 is the first component
of the task. In addition, PG still increased the consistency of
C3, similarly to SG and EG. However, SG and EG differed
from PG in that they did not lose consistency in any
component and became more consistent in components C3
and C5. These results indicate a hierarchy in managing the
perturbation: PG exhibited increased consistency of one
component and decreased consistency of another; SG
exhibited increased consistency of one component; and EG
exhibited increased consistency of two components.
Comparison with other studies using the same task
indicates that predictable perceptual perturbation is easier to
adapt to than predictable perceptual-motor perturbation
because in the latter, SG adapts only in the last block with
perturbation [3]. Moreover, predictable perturbations are easier
to adapt to than unpredictable perturbations, as Fonseca et al. [2]
found that SG exhibited decreased consistency in component
C5. Our current results confirm the results of Richter et al. [9].
Planning a new movement to address the perturbation before
the movement onset was not a great challenge for SG and EG,
and these groups increased the consistency of the components
even when exposed to perturbations. These differences in the
structure are responsible for the differences in performance:
although SG and EG had similar accuracy in the last block of
the pre-exposure phase as well as in the first block of the
exposure phase, EG was less consistent in pre-exposure but
more consistent in the first block of exposure than SG. Practice
beyond performance stabilization strengthens the structure of
the skill, which can be verified by inserting the perturbation.
Because variability has been used to indicate the ability to
adapt [21,23,28,29], we analyzed the correlation between
changes in performance accuracy (∆) with the variability of
the structure of the skill at the moment a perturbation was
inserted. This analysis should indicate whether the
variability of the structure is related to the ability to adapt.
We used both variability measures (performance and relative
time) in the block immediately before perturbation and the
amount of change in performance accuracy (∆) as a result of
the perturbation. The tests showed a correlation between ∆
and performance variability (r = .63 and p < .012) for PG.
There was no significant correlation for SG (p > .05), and
there was a significant high correlation between ∆ and
variability of the structure (r = .74 and p < .05) for EG. On one
hand, these results show that the correlation of PG cannot be a
predictor of adaptation because the small ∆ in performance
accuracy was related to high variability resulting from error
[30]. On the other hand, the high correlation of EG results
from the highest level of learning that can be a predictor of the
ability to adapt. These results indicate that motor learning
extends beyond the autonomous stage [5,31], as proposed by
Tani [4] and Zanone and Kelso [32] and extend the results of
Corrêa et al. [7], Ugrinowitsch et al. [3] and Fonseca et al. [2],
confirming not only that performance increases with

extensive practice but also that variability is functional when
practice continues beyond performance stabilization. Most
notably, we think that this is the first study to investigate
extensive practice and predictable perturbation. Future work
should compare the predictability of the perturbation in
similar experimental conditions.
In conclusion, the results of the present study suggest that
extensive practice provides a more flexible structure of the skill,
which implies variability. However, the variability diminishes
when adapting to predictable perceptual perturbation.
Moreover, the results indicate that the small variability that
remains after performance stabilization (EG) facilitates
adaptation, indicating that motor learning is a continuous
process that extends beyond performance stabilization.
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