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Experimental assessment of a coincident timing motor task of the
arm under a passive mechanical perturbation
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Abstract— There are many motor control aspects that must
be taken into account for the design and application of
rehabilitation robots and exoskeletons. In this respect the
outcomes from behavioral motor control studies can provide
relevant design criteria. In this context, to verify the level of
motor learning and adaptation under the influence of
mechanical perturbations, we used a coincident timing task.
The task consisted of hitting with the hand a virtual target
falling on the screen. The movement was performed in the
horizontal plane and consisted of an elbow flexion to reach the
real marker on a table. Sixteen volunteers were divided into
two groups: 1 — task without perturbation on the hand and, 2 -
task with a predictable mechanical perturbation on the hand.
Data were analyzed by the percentage of correct responses and
the tendency of the correct responses. In order to assess the
duration as well as the velocity and acceleration of the
movement, inertial sensors were used. The results showed a
task performance improvement for group 2 when compared to
group 1. Furthermore, group 1 showed a trend to delay on
correct responses, while the trend in group 2 was to anticipate
on correct responses. These results indicate that a predictable
mechanical perturbation during learning this coincident timing
task can improve the motor learning process and paves the way
to further experiments with the use of an upper limb
exoskeleton.

I. INTRODUCTION

Motor learning describes the internal changes in the
nervous system that improve the motor skills through
repetition, experience and practice of a specific task. These
changes result in the acquisition, retention and transfer of
motor skills [1]. In the process of learning new skills, motor
adaptation can be regarded as a response of the neuro-
musculo-skeletal system that adjusts previously known motor
strategies to match new goals or changes in the
environmental conditions [2]. Motor adaptation involves the
ability to transfer previously learned skills to a new context.
This process involves motor control modifications in order to
react adequately to the new task requirements [3].

It can be considered that there are three modalities of
control involved in motor performance. One is predictive (to
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compensate the high sensory feedback delays), the other is
reactive control (despite of the delay, it makes use of the
sensory feedback to update the motor commands) and,
finally, there is a biomechanical control, which involves
modulating the compliance of the limb and the interaction
with the environment. These control process are adaptable
and can contribute to motor learning [4].

There are several methods to induce motor learning and
virtual reality is being increasingly explored in this scenario.
Virtual environments can manipulate sensory feedback, e.g.
visual and auditory, and can provide adaptive learning
algorithms to create individualized paradigms and motor
learning [5].

Another method to induce motor learning is based on
tasks involving mechanical perturbations, imposing
constraints on the movement or modifying the impedance
either in the Cartesian or joint space. Then, it is possible to
observe the emergence of new motion patterns to perform the
task [6-9]. When unexpected perturbations are applied to a
certain segment of the human body, the nervous system
quickly changes in the response strategy, with the purpose of
fulfilling its objective [10]. Current literature is not clear in
defining what are the mechanisms involved in this change of
strategy, but it is suggested that the intrinsic variability of
human movements facilitates motor learning [11]. Some
authors have suggested that variance in motor performance
can result from a combination of noise and functional
properties of the neuro-musculo-skeletal system. This
combination might be relevant to adapt to perturbations [12-
14].

In this context, Molteni et al. [15] showed that the elastic
bands used as perturbations required an additional effort to
complete the task. Moreover, it can be noted that the
behavioral improvement found in the execution of the task
(reduced errors, decreased variability) was not associated to
smoother motion patterns [15]. It could be an indication of an
increasing neural effort to refine the strategy, despite the
improvement in behavioral performance. Therefore, this
interpretation would lead to conclude that the neural control
effort did not decrease through learning, but rather supported
behavioral improvement [15]. These ideas can be considered
in the design and applications of rehabilitation robots and
exoskeletons.

In the present study it was intended to test if a predictable
mechanical perturbation, in this case an elastic force in
Cartesian coordinates could help to improve adaptation or
learning of a coincident timing task. It was necessary to
perform an elbow flexion to hit the target in synchronism
with the arrival of a virtual object displayed on the screen,
with or without a perturbing elastic force. This study aims to



assess experimentally influence of mechanical perturbation
on the learning of task.

We hypothesized that the mechanical perturbations
increase and/or facilitate motor learning of a coincident
timing task. The reason would be the need to pay more
attention in view of the additional sensory feedback both
exteroceptive (contact forces) and proprioceptive (muscle
spindles or Golgi tendon organs) provided by the perturbing
force. It must be taken into account that interaction forces are
important in feedback control [6]. Therefore, providing an
external force can improve the execution of the task.
Moreover, it is also possible that mechanical perturbations
improve the smoothness and allow the emergence of a less
variable pattern of movement.

In this context, we expected more errors on the first phase
of the task and reduction of errors in the next phase after
stabilization of the strategy of the motion under the
perturbing elastic force applied at the hand.

II. MATERIALS AND METHODS

The experimental protocol was approved by the Ethical
Committee of the University Hospital of the University of
Sdo Paulo. All participants agreed voluntarily to participate in
the experiment and signed an informed consent before
participating.

A. Instrument

A custom computer program was used in this study in
which images of the real world were captured by a webcam
and the virtual 3D objects (falling cubes) were represented
superimposed to the real world, creating a mixed
environment for the subject. The program presented the
falling cubes and recognized a marker placed on the table as
the target in the real world that must be reached by the
subject to perform the coincident timing task. The software
was developed in the Department of Electronic Systems
Engineering. Coincident timing was based on the Basin
Anticipation Timer of Lafayette Instrument used in a study
by Fonseca et al. [8].

The program generated a text file with the results from
the task on each block: if the trial was correct (within £+ 200
ms of the target timing) or incorrect as well as the time
deviation with respect to the correct time.

The virtual coincident timing task consisted on ten cubes
displayed simultaneously on the computer screen within the
real environment registered by the webcam. These ten cubes
started to turn on (green light) in sequence, as if they were
falling, until the last cube, which is the virtual target and
coincident with the real target detected by a marker, is
reached (Fig. 1).

B. Procedure

Sixteen volunteers (ten males and six females)
participated in this study, divided randomly into two groups
with eight subjects each group. Group 1: Task without
perturbation dynamic change; Group 2: Task with a
mechanical perturbation applied by means of an elastic band
attached to the hand of the subject. The elastic band was a
one of commonly used in physical therapy (Carci model
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tubing beige strong 80cm). The participant ages ranged
between 18 and 40 years. For both groups, the task of the
participants consisted of moving the hand to obstruct the
webcam to hit the target.

During the Acquisition phase, all groups started
performing 28 attempts divided in 4 blocks with 7 attempts
each block (at slower speed — 1.78 m/s) of the coincident
timing task and, after five minutes, they performed seven
more repetitions for the Transfer phase. In this case the same
task was performed while the cubes were falling with a
faster speed — 2.02 m/s. Both velocities have been validated
in a previous study [8]. Acquisition phase refers to training
the task, usually characterized by several repetitions.
Transfer phase refers to perform the same task performed
before on the acquisition phase, but with some parameter
changed. In this case, the velocity of cubes that appeared
was increased.

Figure 1: Experimental setup: A) elastic band; B) angle 140° elbow
flexion; C) target; D) webcam; E) screen with the coincident timing task.

The subjects performed the task in a quiet environment
in front of the computer screen, a table with markers,
adjustable chair, supervised by an evaluator responsible for
the instructions. In order to perform the task, the chair was
adjusted according to the height of the individual, as well as
the footrest, in such a way that it would be properly
positioned in order to view the beginning and ending of the
virtual cubes. Before starting the task, the experimenter
explained in detail and demonstrated how to perform the
task three times.

The subject was instructed to place the right hand on the
table, on a mark determined by the evaluator (90° shoulder
flexion and 140° elbow flexion, measured by a goniometer).
The arm was supported by the table with elbow and shoulder
placed at the same height. The horizontal point-to-point arm
movements were performed by the upper limb with two
degrees of freedom elbow and shoulder. When the first cube
turned on (green light), the participant had to follow the
sequence of in order to reach the marker (real target) and
cover it with the hand, obstructing the webcam image exactly
when the last cube, (virtual target), turned on. The participant
received an auditory feedback, in which different sound
signals indicate either hit in time or error.



One inertial sensor (VN100, VectorNav, USA) was
attached in the dorsum of the right hand to measure angular
velocity and acceleration of the hand during task execution.

C. Data analysis

With respect to the data analysis, in order to verify the
occurrence of motor learning, two parameters were taken into
account: (a) the correct hits were those that occurred within
200 ms of the exact time when the last cube turned on
(between -200ms and 200ms); (b) measures of correct hits
were used to analyze the performance.

The measure of correct attempts was the time difference
between the arrival time of the last cube and the time at
which the sensor was actually obstructed with the hand. We
analyzed the percentage of correct responses and the
directional tendency, that is, if the response had a tendency to
anticipate or delay to complete the task.

In each trial, response time was recorded by the custom
computer program. Each repetition has duration 4500 ms,
considered hit if the subject touches the mark in the range of
4300-4700 ms. Along with incorrect responses, response
times of less than 200 ms or more than 200 ms were
discarded, we worked on from the successes. Mean was
calculated for each subject for each block of a given
experimental condition. Lastly, an error rate was calculated to
assess the number of incorrect versus correct responses in
each block and experimental condition.

The data were analyzed in blocks with seven attempts and
Matlab (The Mathworks, Inc) was used along with Excel data
analysis tools (Microsoft Corp. USA).

In order to capture the data from the inertial sensors the
Matlab toolbox provided by VectorNav was used. A custom
program was made to obtain the total duration of the
movement (difference between onset and end) as well as the
time duration to the peak angle that corresponded to the
instant when the target was hit. These data were analyzed
statistically in order to assess the differences between groups.

III. RESULTS

Fig. 2 shows the percentage of correct responses along
the task (acquisition and transfer phase) for both groups.
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Figure 2: Percentage of correct responses along the task comparing
both groups; B1, B2, B3 and B4 refer to acquisition phase; T refers to
transfer phase.

The directional tendency of correct responses is shown
in Fig. 3 for group 1 and Fig. 4 for group 2.
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Group 1 showed a clearly directional tendency to delay
on responses, while the group 2 showed the opposite, with
directional tendency of anticipation of the responses.
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Figure 3. Directional tendency on correct responses for group 1
(without perturbation).
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Figure 4. Directional tendency on correct responses for group 2
(predictable mechanical perturbation).

The motion trajectories showed a consistent pattern with
a peak in the forearm angle that corresponded to the target



hit. With respect to the total movement duration and the time
duration to peak angle, the time between the movement
initiation and the maximum angle, none of these parameters
had significant results after non-parametric tests.
Intersubject variability was larger than the condition
difference, suggesting the need to increase the number of
subjects.

However, both variables showed a clear trend to
decrease with practice (Fig. 5). In addition, there was a trend
to have a lower movement duration when the task was
performed under mechanical perturbation.
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Figure 5. Block mean time duration of the movement to the angle peak
duration. The mean and the confidence intervals for each block (bl1-bl4)
and the Transfer (T) task.The line with circles represents the group 2
(predictable mechanical perturbation) while the line with squares represents
the group 1 (no perturbation).

IV. DiscussioN

The goal of this study was to investigate if a mechanical
perturbation during learning of a coincident timing task
resulted in a task performance improvement when compared
with the same task without mechanical perturbation.

In the present study, we first hypothesized that the group
that practiced the task under a force using an elastic band
applied on the movement of arm (group 2) would show an
improvement in the motor learning or adaptation. This
improvement would be reflected in a lower number of errors
during the Transfer phase of the task. This hypothesis was
confirmed, because the rate of correct responses for this
group were increasing during the experiment and resulted in
less errors during the Transfer phase.

These results can be explained by the need of a temporal
organization taking into account the external forces applied
on the hand that difficult task execution. The clear results
about the performance from this group suggest a consistent
planning to adapt the motion pattern to hit the target on time

[8].

The mechanisms of learning may be more related to the
ones observed in recent studies [16,17] on which
amplification of the visual error from the task, rather than
physically perturbing the motion produce faster adaptation
to a novel environment.
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A recent model of motor adaptation [18,19] suggests that
the CNS (central nervous system) corrects the motion, either
increasing or decreasing muscle activation, based on muscle
stretch or shortening in the previous movement. The CNS
integrates the sensory information from visual and
proprioceptive sources and learns to associate sensory
patterns with motor actions. Additional sensory information
about the success or failure of the task would help to
establish the correct motor patterns to reach the target on
time. Sensory integration is part of the CNS internal
representation of movement, where associations are
developed between a motor command and the resulting
motion [6]. The group 2 (predictable mechanical
perturbation) showed a trend to anticipate the responses.
This can be explained by the internal representation in the
CNS that may take the form of a forward model of limb
dynamics. The motor command can be used to predict the
expected motion and the associated sensory feedback [7,9].
Therefore, the elastic band attached to the hand requires that
the subject adapts the forward model of the limb. This
suggests an increased neural effort to refining the strategy
that resulted in the improvement of behavioral performance.

This interpretation is consistent with Molteni et al. [15],
that showed in their research that the statement that neural
effort did not decrease trough conditions, but rather
supported behavioral improvement.

The percentage of correct responses for group 2 was
growing along the task, except blocks 2 and 3 that
maintained the same values) for the group 2 (predictable
mechanical perturbation). Differences between expected and
actual afference might then be used to refine the motor
command during learning, allowing improvement of
performance [6]. The organization of control within each of
those principal strategies likely represents a transformation
of the movement trajectory and frequency into different
control modalities, each representing a context-dependent
application of modular control for motion with the shoulder
and elbow [20].

Probably, the repetition of the same task created some
dispersion  between trials and with a possible
accommodation of the movement. Therefore, the repetition
of the trials was not generating any learning or adaptation. It
can be noted that this explanation is consistent with the
observations made by the participants themselves who
performed the task.

Our results demonstrated that the internal model allowed
compensation for the force field and the subjects performed
better when performing the task under a predictable elastic
force. The group 2 (predictable mechanical perturbation)
presented better levels of adaptation and learning than group
1 (without perturbation). It can be concluded that training a
task under predictable mechanical perturbations was more
effective to promote adaptation and learning when compared
with tasks without mechanical perturbations.

It can be argued that this result is mainly due to the effect
on the attention of the subject. In this respect, it would be
recommended to include more challenging conditions during
the execution of repetitive tasks, for instance, in



rehabilitation environments. The inclusion of perturbing
forces during the task execution could be implemented in a
rehabilitation robot either an end-point manipulator or an
exoskeleton. These results pave the way to further studies on
coincident timing tasks involving different types of
perturbations for the design of rehabilitation exoskeletons.
Further experiments incorporating these concepts are being
carried out with a 1 dof exoskeleton already developed in
this group [21].
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