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Examining age differences in motor learning using real- world tasks is often problem-
atic due to task novelty and biomechanical confounds. Here, we investigated how 
children and adults acquire a novel motor skill in a virtual environment. Participants of 

upper body movements to control a cursor on a computer screen. Results showed that 

found that the lower task performance of children was associated with limited explo-
ration of their movement repertoire. These results reveal the critical role of motor 
exploration in understanding developmental differences in motor learning.

• Motor exploration is a critical part of motor learning—yet develop-
mental differences in motor exploration are not well understood.

-

adults even when the task was designed to minimize biomechanical 
constraints.

• Lower task performance was associated with limited exploration of 
movement repertoire during learning.

|

Despite the popular belief that children are better at learning motor 
skills compared to adults, there is a large body of evidence document-
ing poorer performance and learning in children relative to adults 

Movements in children are generally slower, less smooth and show 

differences have been mainly attributed to the fact that the nervous 
system of children is still developing both structurally and functionally, 

and therefore impacts critical learning mechanisms such as informa-

However, two important factors need to be considered when ex-
amining differences between children and adults in motor learning. 
The first issue is task novelty—typical motor learning tasks used for in-
vestigating developmental differences (such as key pressing or reach-

adaptation or re- parameterization of already well- learned coordination 

in favor of adults simply because of their extensive prior experience 
with these coordination patterns. To overcome this confound, recent 
studies have used tasks which require the acquisition of a novel spa-

there is a second issue that could potentially confound results—de-
velopment results in changes not only to the nervous system but also 
in biomechanical factors such as body mass, size, and strength. For 
example, although children show increased movement variability com-
pared to adults when adapting the same force field, the higher vari-
ability may simply be a consequence of children operating at a higher 
percentage of their maximum force production capability (Takahashi 

of these differences by adapting the task for children—for example, by 
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real- world physical tasks especially if they require movements of large 
body segments because biomechanical factors play a larger role in 
performance. Therefore in order to characterize developmental differ-
ences in motor learning, it is critical to use a paradigm that minimizes 
confounds due to task novelty and biomechanics.

In view of these two confounds, we used a novel virtual task based 

body–machine interface transforms body movements into com-
mands for the control of a device—for example, the position of a 

task can be made equally novel to children and adults since the ex-
perimenter is in control of how the movements map to the device 

motor performance due to biomechanical factors since it is com-
pletely virtual and can be customized to each individual (to account 

-
portant feature is that the dimensionality of the body space can be 
made higher than the dimensionality of the task space, meaning 
that there is “redundancy” or multiple solutions to achieve the goal 

-
ences in motor learning because in addition to quantifying learning 
in terms of improvement in the task outcome, we can also examine 
how the task was achieved in terms of the coordination between the 
degrees of freedom in the body.

In this study, we used this novel paradigm to address the issue 
of motor exploration—a topic that has received very little attention 
especially with respect to development. Motor exploration is the abil-
ity to generate different movement patterns during learning, and this 
variability has been considered critical to learning both from dynamical 

considered essential to being able to move out of existing solutions 
-

strated exploratory activity when transitioning to a new behavior like 

such as spontaneous arm flapping are gradually sculpted into smooth 
goal- directed reaching movements. In adults, increased movement 

and it has been shown that this variability during learning can also 

there is also evidence that too much variability can also affect learn-

-
ity may be related to exploration. Therefore, while motor exploration 
plays a central role in motor learning, there is currently limited under-
standing of how motor exploration impacts learning in children.

Here, we examined how children and adults learned a novel 
motor task, where we could quantify both task performance and 
motor exploration. Based on previous research, we hypothesized 
that children would show lower task performance at the end of 
practice compared to adults. and we examined whether the these 
differences in task performance could be attributed to differences 
in motor exploration.

|

|

M SD n
M = 12.17 years, SD = 0.68 years, n = 12, 2 

M SD n = 20, 10 

years. Moreover, because this is a virtual task, we had a concern that 
-

derstand the task instructions to perform the task. Informed consent 
-

dures were approved by Michigan State University Human Research 
Protection Program.

|

instructed to move their upper body to control a cursor on the com-

-
-

retraction, protraction, elevation and depression (Farshchiansadegh 
-

terior end of the acromioclavicular joint on both the left and right 

to the roll and pitch angles from each IMU sensor since the yaw angles 
were relatively noisy. This resulted in an 8- D signal (4 IMU sensors × 2 

|

h
into the 2- D task space, which was the cursor position (p -
ping used was given by p = A h + p0, where A refers to the map and p0 

map A, we used a calibration procedure similar to previous studies 

calibration, participants performed free exploratory movements for 
60 s where they were asked to explore different motions that they 
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could perform with the upper body, while maintaining a comfortable 

These two vectors of component coefficients were scaled by a gain 
factor (which was equal to the reciprocal of the square root of the re-

-

then used to form the matrix A. The offset p0 was set so that the aver-

resulted in the cursor being in the center of the computer screen.

signals from the IMUs captured only angles in the upper body (i.e., 

developmental differences in the length of body segments (such as 

participant could successfully perform the task—this meant that dif-
ferences in range of motion and sensor placement also did not affect 
participants’ ability to perform the task. This approach to scaling the 
task based on the participant’s own movement repertoire is similar to 
the approach of scaling the task differently for children—for example, 

-
duction experiments where targets are scaled to the maximum force 

|

Participants had to move their shoulders and torso (where the sen-

to perform a virtual center- out reaching task. Participants moved the 

then returned back to the home target. The peripheral targets were 
presented in a random sequence. Each trial started when the home 

-
ripheral target. Participants were instructed to move the cursor to the 
target as fast and as close to the center of the target as possible. The 
task also required the participant to keep the cursor inside the target 

Participants performed two types of blocks: there were eight 
“training” blocks in which they reached for 4 peripheral targets in the 

-
isons between groups were focused on the test blocks, and the addi-
tional targets placed along diagonal directions in the test blocks were 
designed to test whether the learning in the training sessions general-
ized to unpracticed directions. The experimental set- up and protocol 
is shown in Figure 1.

|

is, when the participant moved from the home target toward the pe-

the return movement to the home target involved coming back to the 

h into the position of 
a screen cursor p
experiment, the goal of the participants is to move the cursor to different targets displayed on the screen. The lower panel shows how the x- y 

on the screen
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same initial posture, which was generally easier to do (and therefore 

the data analysis metrics into two categories: task performance and 
coordination.

|

normalized path length (which measured the straightness of the path 

only when the target was reached, at which point the subsequent tar-
get was presented. Because all targets were at a fixed distance from 
the home target, we used movement time as the primary measure 
of task performance (spatial accuracy was controlled for because 

this was not an explicit instruction to the participants, we used the 
-

ure of task performance to measure the degree of control they had 
over the cursor. The rationale for this metric is that there is a ten-
dency for participants to move in straight lines when learning novel 

Moreover, because the targets were arranged in a circle around the 
home position, moving the cursor in straighter paths would indicate 
that participants are able to control the x-  and y-  motion of the cursor 

differences in movement time better—longer movement times could 
be due to convoluted cursor trajectories indicating poor control of 

Movement time was calculated from the time that the cursor left 
the home target to the time that it reached and stayed inside the tar-

targets was defined as the actual distance traveled by the cursor di-
vided by the straight line distance between the targets (i.e., reaching to 
a target in a straight line without any movement reversals would result 

to measure learning, we also computed the peak speed of the cursor 
during the movement to examine whether differences in movement 
time were due to differences in the ability to move at high velocity.

|

For assessing the coordination of the upper body, we used principal 

direction, the cursor control task over an entire training or test block 
required the participant to control the cursor in a 2- D space, requiring 

components to investigate the degree of exploration in participants’ 

-

To analyze the degree of motor exploration, we used the relative 

were interested in how participants explored between different co-
ordination patterns (and not the variation within a single coordination 

larger variance ratio indicates greater exploration along both coordi-
nation patterns. The ratio along two orthogonal directions has been 
used as a measure of motor coordination in the uncontrolled manifold 

that indicates that participants were able to successfully explore along 
two coordination patterns. On the other hand, if the distribution of 

-
atively “stuck” in one coordination pattern and only showed limited 
exploration of the second.

|

To examine changes with learning, we analyzed only the pre- test, mid- 
test and post- test (i.e., the training blocks were not included for sta-

To minimize the number of comparisons, post- hoc comparisons for 
group were examined using the Sidak correction only at the pre- test 
and post- test. Significance levels were set at p

|

|

-
sentative participant in each of the age groups is shown in Figure 2. 

a significant main effect of block, F p < .001 
-

nificant main effect of group, F p < .001, which was 
F

= 4.72, p
that at the pre- test, adults had significantly shorter movement times 
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p
In addition, the 12- year- olds had shorter movement times than the 

p
Results were similar for analysis of the normalized path length 

F
p < .001. There was also a significant age- related effect indi-

cated by a significant main effect of group, F p < .001, 
F(2.07, 

p = .02. Post- hoc analysis of this interaction effect 
showed an ordinal interaction where both at the pre- test and post- 

but the magnitude of this difference decreased with practice (pre- test 
p = .004, post- test p

In addition, to rule out the possibility that the shorter move-
ment times in adults were simply a consequence of adults being 
able to move with higher velocities, we also examined the peak 
speed of the cursor during the movement. Surprisingly, peak speed 
actually decreased with practice as indicated by a significant main 
effect of block, F p < .001. There was also 
an age- related difference indicated by a main effect of group, F(2, 

p

F p
interaction indicated that at the pre- test, adults in fact had lower 

p = .011 and p 

was smaller but persisted at the post- test (p
of the 12- year- olds were not significantly different from either the 

shorter movement times were due to a better ability to control the 
cursor, and not due to a biomechanical advantage of being able to 
move faster.

|

There were also age- related and practice- related changes in coordi-

F p
effect of group, F p = .004, which was mediated by a 

F p
hoc analysis of the main effect of group indicated that adults had 

p
the interaction was due to the fact that trends with practice in the 
groups were different: 12- year- olds and adults showed an increase in 

straighter paths with increasing age, which were also associated with shorter movement times

Pre-test

Post-test

9 yr 12 yr Adult
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p = .014 for adults, 
p -
sistently high value that did not change much with practice (p

F
p

p

movement repertoire of the upper body (i.e., the ability to make dif-

(where participants explored moving their upper body but there was 

F p F
p

the task were specifically related to learning how to control the cursor.

Finally, to further examine the hypothesis that the restricted ex-
ploration of the movement repertoire led to lower task performance, 
we computed a correlation between the aspect ratio (defined as the 

-
-

nificant correlation r p
if the correlation was influenced by outliers, we also computed a ro-

r p

|

One of the key issues in the study of developmental science is to 

tendency to get “stuck” in one coordination pattern. Error bands represent one standard error

(a) (b)

(c) (d)
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to address the issue of how the ability to learn a novel motor skill 

-
founds due to task familiarity and biomechanics, the analysis of task 
performance showed that the children did not perform as well as the 

that were also associated with longer path lengths (and higher peak 

ability to control the cursor, and were unlikely to be biomechanical 

performance, we found evidence of age- related differences in motor 
exploration—younger children restricted exploration mostly along the 
first principal component (i.e., they were “stuck” in one coordination 

These age differences in exploration were not only evident at the 
group level, but we also found that overall, individuals with reduced 
exploration tended to show worse task performance (longer move-

in fact greater in children, this was primarily due to children having sig-
nificantly longer movement times at the pre- test, and our focus in the 
current study was to relate the degree of motor exploration directly to 

critical feature of motor control and development (Davids et al., 2006; 

-
ration in learning, the trajectory of how this exploration evolves with 
development has been difficult to study experimentally in multiple de-

we found that, perhaps counterintuitively, children show limited 
movement repertoire when learning a novel motor task. Importantly, 
the reduced motor exploration in children did not seem to be biome-
chanical in nature since the calibration phase (where participants did 

Therefore, this might be a strategy adopted by the children when 
learning this novel task involving the coordination of multiple degrees 
of freedom—analogous to the “freezing of degrees of freedom” stage 

of freedom problem by “freezing” certain degrees of freedom initially 

reduction in the amplitude of movement in certain joints been de-

-
tion by limiting motor exploration is consistent with the results seen 
here. Interestingly, given that children have been shown to have faster 

whether this initial inflexibility is consolidated and persistent, or is ul-
timately replaced by greater exploration of the movement repertoire. 
However, the fact that children can be more variable (as observed in 

repertoire highlights the fact that variability cannot be treated as a sin-
gle construct, and has multiple distinct roles in learning (Ranganathan 

These results showing that performance in children is worse than 
adults support similar studies on motor learning in other contexts such 

-

of the current study was to use a novel task that minimizes confounds 
due to task familiarity and biomechanical differences between chil-
dren and adults. Specifically, the paradigm used here more closely re-

had to learn a relatively novel movement pattern which could be used 

to using already well- learned movements (such as reaching or walk-

dependent variable used to measure adaptation. For example, partic-
ipants are not explicitly instructed to reduce asymmetry during split- 
belt walking, or to move their hand in a straight path when reaching 
in force fields. This distinction is important because it means that age- 
related differences seen in adaptation tasks are not only attributable 
to differences in the ability to adapt, but may also reflect differences in 
sensitivity to deviations from the normal movement pattern (for e.g., 
children walking on a split- belt treadmill with different speeds may not 
be as sensitive to deviations from the symmetric walking coordination 

participants were explicitly asked to reduce movement time (which is 

Scatterplot of variance aspect ratio (a measure of 

age groups. Reduced exploration of the movement repertoire is 
associated with lower task performance in learning the novel task
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likely to be representative of real- world learning tasks where the goal 
is to improve performance.

The current work highlights the role of age- related differences in 
motor exploration in learning a novel motor skill, and has implications 

variability in terms of modifying exploration in motor learning both 

that practice schedules that increase exploration of the movement 
repertoire (i.e., getting them to perform different coordination pat-

than simply increasing variability within the same coordination pat-
-

ture experiments will provide greater insight into the causal role of 
exploration in learning and development, and how it may eventually 
translate to movement rehabilitation both in children and adults.
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