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Movement variability is one of the fundamental topics concerning the control of human movement.
In recent years, researches have focused on various aspects of variability, which has changed the noise
to useful variable on human movement. Present study investigated movement variability level in high

Seven experienced dart players (three women and four men) were threw 36 darts in three sets (each set
12 throws) from a standard distance (2.37 meters), while the kinematic features of the shoulder, elbow,
and wrist were recorded during the throws. Qualisys motion capture system with six cameras was used

Entropy analysis revealed that greater variability in movement angle, velocity and acceleration resulted
in better dart throwing performance but after reach to this level, throw variability was decreased. The
remarkable point in these findings was that variability was constant across all samples despite the varied
range of experience in throwing darts from 2.37 meters distance. Entropy analysis showed that in the

These findings suggest that variability in a throwing activity, which revealed that moderate movement

variability results in optimal throwing performance when dart throw has massive amount of practice

Abstract
Purpose:
skilled dart players that repeated throws over many years.
Material:
to record the kinematics of the elbow.
Results:
throws of highly experienced individuals, variation led to greater throwing efficiency.
Conclusions:
during many years.
Keywords: motor variability, dart throw, optimal performance, moderate variability, kinematics.
Glossary

Movement variability: Movement variability normal
variations that occur in motor performance across multiple
repetitions of a task.

Kinematic: Kinematics is a subfield of classical mechanics
that describes the motion of points, bodies (objects), and
systems of bodies (groups of objects) without considering
the forces that cause them to move.

Generalized motor program: A generalized motor
program is thought to develop over practice and provides
the basis for generating movement sequences within a
class of movements that share the same invariant features,
such as sequence order, relative timing, and relative force.
Dynamical system theory: The basic premise is that
movement behavior is the result of complex interactions
between many different subsystems in the body, the task
at hand, and the environment.

Kinematic variability: Kinematic variability was
computed as the average SD (Mean SD) of acceleration
patterns among some movement repetitions.
Uncontrolled manifold: A hypothesis proposes that the
central nervous system does not eliminate the redundant
degrees of freedom, but instead it uses all of them to
ensure flexible and stable performance of motor tasks.
Degrees of freedom: Degree of freedom of a system is
the number of parameters of the system that may vary
independently.

Throwing accuracy: It refers to that throwing score that
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more near to triple 20.

Joint kinematic: Joint kinematics is the relative motion
between two consecutive segments of the human that here
is elbow joint.

Entropy: Entropy analysis is applicable to a larger class
of problems than is usually studied through the use of
mean square error analysis and yields the classical results
when applied to Gaussian-linear systems.

Sagittal plane: The sagittal plane is an anatomical
boundary that exists between the left and right sides of
the body.

Trajectory: Trajectory refers to the marker elbow path
during dart throw.

Round: Every three dart throws means one round in dart
rules.

Triangle 20: There is one triangle of 20 score in which
one dart has multiply in 3.

Introduction

Movement variability is considered as a regular
change in human movement and can be defined as normal
changes during repetitions of a motion [1]. If a darts
player completes five dart throws from the same distance,
none of the throws would be identical to one another as
changes occur at different levels of the nervous system. In
this regard, movement variability has been investigated
and reviewed based on three general perspectives.
Firstly, from the perspective of the generalized motor
program (GMP), more changes in new movements, the
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greater the movement learning, and movement schemata
learning will be [2]. In other words, increased movement
variability is considered advantageous, and the stability of
repetitions is a relatively negative factor in learning. The
uncontrolled manifold (UCM) hypothesis comprises the
second major viewpoint regarding movement variability.
The basis of this hypothesis is the unlimited degrees of
freedom and movement solutions in the nervous system,
stating that the movement system always has excessive
components and solutions that can easily solve any
momentary problem in movement [3]. The third view
on movement variability is the dynamic systems theory,
which holds that the movement system is in a steady state
prior to learning a new movement. When a new variable
is added to the system, the system enters chaos, before
arriving at another period of stability; this process is called
self-organization and forms the basis of many changes in
the human nervous system [4]. The commonality between
all three theories on human movement variability is that
whenever variability decreases, performance enhances
and the system quality increases [5]. Nevertheless, some
arguments have been made in the literature about whether
movement variability is good or bad [6]. Findings from
clinical trials indicate that movement disorders in certain
diseases can increase the variability of movements. In
this case, increased variability is indicative of decreased
performance quality [7]

However, research findings have not always been
against movement variability. Some researchers have
reported that increased variability at various levels of
the motor system helps to increase performance quality.
Zoffoli et al [8] investigated the kinematic variability of
walking, and, by placing accelerometers on C7 and S2,
concluded that walking with the aid of a pole can increase
walking quality and variability at different speeds.
In contrast, Qiao et al. [9] investigated the kinematic
variability of the gait of aged subjects, and concluded
that kinematic variability depends on the phases of gait,
with the greatest variability occurring during the push-
up and swing phases. Aged subjects were able to correct
intentional disturbances during walking, probably by
changing the width of the step, by which the hip joint
variability increased in the sagittal plane. The results of
these two studies opposed one-another; in the first study
[9], increased variability improved walking, while in the
second study [8] decreased movement stability using
walking poles corrected and improved gait. There has
also been a lot of research on skilled performance, with
results being in contradiction with the conventional idea
that reduced variability tends to boost motor performance.
For example, Wagner et al. [10] examined movement
variability and skill level in different throwing patterns.
They produced different throwing patterns using handball
throws and found that the more skilled players would
decrease their throwing variability by taking an additional
step. This study demonstrated that decreased movement
variability at higher skill levels. It should be noted that
similar throwing patterns were used in the present study.
In contrast to these findings, Wilson et al. [11] looked up
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at the variability of movements during triple-jumping.
They reported that movement variability was greater in
both highly skilled jumpers and beginners compared to
intermediate jumpers. These results are in contrast with
the conventional idea that movement variability decrease
with increasing skill level. Wilson et al. [11] reported that
the relationship between movement variability and skill
level follows an inverse model. The findings reported in
the literature vary in this regard in which some studies
suggest that reduced movement variability at different
levels of the system signify an increase in motor efficiency
and skill [12-14], while some researchers have reported
otherwise [15, 16]. In other words, movement variability
is not always bad; changes in the components related
to motor performance are sometimes advantageous [6].
The question that arises is how can these findings be
interpreted? Is variability an advantage in the movement
system or does it hinder performance in skilled players?
To provide more evidences, a hypothesis can be proposed
on the subject of aiming skills in which the relationship
between throwing accuracy and joint kinematic changes
can explain the degree of variability in a targeting task.
If kinematic variations have less entropy with throwing
scores, then this variability can be interpreted as an
advantage for throws, and if greater entropy prevails, then
variability can be considered as a flaw in movement. We
used dart throwing and we enrolled skilled darts players
with different levels of training to examine the issue at
various skill levels.
Hypothesis. Purpose:

*  High throwing scores acquire with high variability in

elbow angle, velocity and acceleration.
*  High throwing scores acquire with low variability in

elbow angle, velocity and acceleration.
* High throwing scores acquire with moderate

variability in elbow angle, velocity and acceleration.

Material and methods

Participants

Seven experienced darts players (three women, four
men) with an average training experience of 6.38 years
M = 6.38, SD = 2.78) participated in this study. All
players had a minimum of four and maximum of eight
years of training experience. Most of the participants
were involved in the national darts team, with some being
members at the time of the study.

Research Design.

Materials. Qualisys motion capture system with six
cameras was used to record the kinematics of the elbow.
The markers, which were silver in colour with diameters of
1.5 cm, were fixed to the shoulder, elbow, and wrist using
double-sided tape; these sites of marker placement were
selected based on the Helen Hayes marker placement.
In addition, a standard dartboard was used according to
World Darts Federation (WDF) regulations. Each player
used their own standard set of darts in the experiment,
such that they had used the same darts for prior training
sessions and competitions.

Procedure. Prior to each throw, the markers were fixed
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on the player’s elbow and the cameras were calibrated on
the throwing zone. First the players were sitting on the
chair then markers were installed based on the Helen
Hayes marker system. Markers position was detected by
touch elbow epicondyle before two markers were installed
on the players’ right hand external and internal elbow, the
cameras were checked again after each set (12 throws) in
order to increase the accuracy of the kinematic measuring
then the cameras were calibrated again if necessary.
Frequency of kinematics measurement was 100 hertz.
Trajectory that used to calculate angle was from starting
the forearm back movement to when elbow is straight
after dart release.

The participants began throwing at their own rhythm
whenever they were ready. Before the actual throws, the
players took several pilot throws. After declaring their
readiness for recording, each participant threw 36 darts
over three sets from a 2.37 meters distance. Five-minute
rests were devised between each set. Every three throws
were regarded as one round, and there was a brief interval
between each round. Data related to the middle throw
from each round was used in later analysis. Scoring was
limited to triangle 20, which was divided into 15 scoring
regions, each 1 cm apart. The highest score of 60 points
was achieved by hitting the middle area, while the most
distant regions from the centre were worth 25 points; the
points decreased by five with each region leaving the
centre.

Data processing and analysis. MATLAB software
was used for data filtering and processing. First, data was
filtered using a band pass 10-500 Hz, fifth-order. Positions
of the shoulder and wrist markers were used to calculate

Table 1. Evaluation of the skill level of the participants

Participant Number of throws
1 12
2 10
3 12
4 10
5 12
6 12
7 11
Total / Means 79

the normalized values of the angle, angular velocity and
angular acceleration of the elbow. In order to investigate
the variability in the throw scores, entropy analysis of the
throw angle, velocity and acceleration was conducted.
SPSS was used for statistical analysis.

Results

The mean skill level of the participants can be
expressed as 53%. In this regard, the percentage of throws
that hit the target triangle was considered as the benchmark
for skill level. For more information, see table 1.

The entropy of the throwing angle, angular velocity
and acceleration was examined. In order to investigate the
impact of angular variability on throwing performance,
general linear regression models were used to evaluate
the participants’ scores. At a significance level of 5%,
disregarding the y-intercept, the hypothesis that angular
stability has an effect on throwing score was rejected. This
means that if the players change their throwing angle in
any way, the number of scores obtained will not change.
On the other hand, disregarding the y-intercept, which its
linear model is later described, it was found that variability
in angular changes had a significant effect on the score
achieved. The fitted data of the entropy related to the
impact of variability in angle, acceleration and velocity
on the by scores obtained darts throwers, disregarding the
y-intercept, is shown in table 2.

The coefficient of determination for the three models
in which the entropies of angle, acceleration and velocity
were investigated were 0.53, 0.44 and 0.53, respectively,
which demonstrated the suitability of the models.

Skill level (%)
50%**
58%**

20%*

50%**
45%**
53%**

Table 2. The fitting obtained from the linear model of scores on angle, velocity and acceleration entropy, disregarding

the y-intercept

Parameter Parameter Estimation
Angle 5.922
Velocity 5.580
Acceleration 2.106

* significant entropy

Standard Error  Test statistic Significance
0.638 9.392 0.000*
0.597 9.399 0.000*
0.270 7.799 0.000*
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Discussion

The purpose of the present study was to investigate the
variability of movement in throwing at high skill levels.
The results indicated that for highly skilled individuals
who have trained and repeatedly performed a dart-
throwing task from a specific distance, optimal throws
are achieved by moderate variability. The remarkable
point in these findings was that variability was constant
across all samples despite the varied range of experience
in throwing darts from 2.37 meters distance.

Entropy analysis showed that in the throws of highly
experienced individuals, variation led to greater throwing
efficiency. The efficiency of the motor system seemed to
increase as the variability in throws increased to a certain
limit, beyond which the performing components appeared
to have trouble maintaining efficiency. The figure 1 clearly
demonstrates these findings.

Fitting of the quadratic model demonstrates a U-like
performance curve, which supports the idea that throws
with moderate variability result in the highest scores which
is supported by some previous studies [16]. Button et al.
[16] reached at the unexpected conclusion that movement
variability does not decrease with increasing skill levels
by examining the variability of basketball free throws at
different skill levels. They also reported that along with
increased skill levels, the, wrist and elbow joint stabilities
increased that may refer to compensation of wrist and
elbow in one trial [16]. These findings are contrary to the
conventional notion that regards movement variability
as noise that is indicative of the human motor system’s
inefficiency [7, 17] The findings of the present study are
in contrary with those of the recent study of Longo et al
[18], who reported that as movement accuracy increases,
the kinematic variability of movement decreases [18].
Considering that the dart throwing task revolves around
accuracy, the present study was not support that finding
since increased variability in elbow angle, angular
velocity and acceleration was associated with better
throwing performance. Although these changes were only
effective to a certain limit, these differing findings may
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be related to the differences in skill levels (amateur vs.
experienced participants). Another possible reason may
be the difference in the task examined between the two
studies (bimanual reaching vs. dart throwing).

One hypothesis was proposed by Latash et al. to
explain the moderate variability as optimal [6]. The need
for variation to perform better throws and earn higher
scores in this system can be interpreted as the existence
of different solutions for the nervous system and the
existence of a kind of internal flexibility in the system
for creating variables related to performance [19]. These
interpretations are in regard to the effect of the internal
changes occurring in the elbow on throwing scores, and,
given the paired coordination between the operating
muscles and joints [20], these changes must be looked at
more closely. In this case, it can be said that the internal
connections of the elbow markers represent a kind of
cooperation between the involved muscles and motor
units of the arm and forearm during throwing.

Conclusions

The results of the present study revealed that numerous
repetitions of throwing at a target from a specific distance
optimize the movement variability in the kinematics of
the elbow joint. These findings show that with increased
performance levels, variability within the system becomes
a performance improvement factor, but only a moderate
amount of variability causes this improvement, beyond
which the system is degraded.

Highlights

*  Variability of angle, velocity and acceleration have
significance effects on throwing scores.

» variability was constant across all samples despite
the varied range of experience

*  Optimal throws are achieved by moderate variability
in highly skilled individuals who have trained and
repeatedly performed a dart-throwing task from a
specific distance.

LN
* *
y =0,3074x* - 6,9792x + 87,299
9,75 11,75 13,75 15,75 17,75
Entropy

Figure 1. Entropy analysis — The quadratic model (curved line fitted to the effect of variations in throwing darts on

scores achieved (blue points)
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