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According to Bernstein, the central nervous system solution to the human body’s
enormous variation in movement choice and control when directing movement—the
problem of degrees of freedom (DF)—is to freeze the number of possibilities at the
beginning of motor learning. However, different strategies of freezing DF are
observed in literature, and the means of selection of the control strategy during
learning is not totally clear. This review investigated the possible effects of the class
and objectives of the skill practiced on DF control strategies. The results of this
review suggest that freezing or releasing the DF at the beginning of learning does not
depend on the class (e.g., discrete skill class: football kick, dart throwing; continuous
skill class: athletic march, handwriting) or objective of the skill (e.g., balance,
velocity, and accuracy), in isolation. However, an interaction between these two skill
elements seems to exist and influences the selection of the DF control strategy.

Keywords: joint coordination, motor behavior, motor skill, skill acquisition,
task constraints

One of the concerns in the motor behavior area is to understand how the
coordination and control of movements are modified during motor skills learning
(McDonald, Van Emmerik, & Newell, 1989). Therefore, it is important to under-
stand how a system (human body) with so many independent components (bones,
joints, muscles, etc.), which have countless combination possibilities, can be
controlled by a single effector system (central nervous system). For Bernstein
(1967), the solution to this problem would be mastery over the degrees of freedom
(DF), known as the independent components of the control system and the various

Guimardes, Dascal, Porto, and Okazaki are with the Departamento de Educagdo Fisica, Universidade
Estadual de Londrina, Londrina, Parand, Brazil. Ugrinowitsch is with the Escola de Educacéo Fisica,
Fisioterapia e Terapia Ocupacional, Universidade Federal de Minas Gerais, Belo Horizonte, Minas
Gerais, Brazil. Guimardes (guimaraes188 @hotmail.com) is corresponding author.

457


https://doi.org/10.1123/mc.2019-0060
mailto:guimaraes188@hotmail.com
mailto:guimaraes188@hotmail.com

458 Guimaraes et al.

possibilities of its movement (Latash & Turvey, 1996). According to Bernstein
(1967), during the initial phases of learning a new skill, the motor system uses a
strategy to reduce the many possibilities of skill performance to the minimum
number required, and this strategy is denominated by freezing the DF. This
condition decreases the possibilities of a relationship between the performance
method and reaching the skill goal, which simplifies the control. Posteriorly,
influenced by the skill practice effect, the DF is released gradually, providing the
performer with conditions to explore a higher number of combinations of
independent components and reach the goal by means of different methods.
Among the studies that tested the hypothesis of DF freezing, the study by
Newell and van Emmerik (1989) investigated handwriting learning with the
nonpreferred hand and observed that, even after much practice, the joint pairs
of fist—elbow and elbow—shoulder maintained an organization of movement
coupling (freezing) characterized by strong and positive correlation values
between these joints. They also analyzed the preferred hand, which naturally
had a higher quantity of practice, and verified that the movement coupling was
smaller between the joints of this limb, suggesting that the strategy of DF freezing
was initially explored in the handwriting learning and that a great amount of
practice could cause the DF freeing of the nonpreferred limb. McDonald et al.
(1989) analyzed learners in dart throwing and showed that its practice provided
a decrease in the correlation values between the fist—shoulder and elbow—shoulder
angular velocity, characterizing the release of DF. Other evidence of DF freezing/
freeing was also observed in studies with skiing on a simulator (Hong & Newell,
2006; Vereijken, Van Emmerik, Whiting, & Newell, 1992), football kicking
(Anderson & Sidaway, 1994; Hodges, Hayes, Horn, & Williams, 2005), the
racketball forehand drive serve (Smith, McCabe, & Wilkerson, 2001), volleyball
serve (Temprado, Della-Grasta, Farrell, & Laurent, 1997), athletic march (Majed,
Heugas, Chamon, & Siegler, 2012), and walking on hands and feet (Sparrow &
Irizarry-Lopez, 1987). These studies add support to the hypothesis of utilization of
a strategy with a freezing/freeing sequence during the motor skill learning process.
On the other hand, studies with skills of pointing/touching an object on a target
(Jaric & Latash, 1999), balancing on a moving platform (Ko, Challis, & Newell,
2003), and kicking a ball over a height barrier to reach different targets on the
ground (Chow, Davids, Button, & Koh, 2008) reported contrary evidence on DF
freezing at the beginning of learning. An explanation for this is that the initial
strategy of DF freezing would not be unique or universal and that reorganization of
DF would be dependent on each type of skill, the skill objective, the individual
constraints of the individual executing the skill, and the environment where it is
realized (Newell & Vaillancourt, 2001). When analyzing balance maintenance on a
dynamic platform (Ko et al., 2003), the hip and knee joints demonstrated a larger
range of movement (pre = 11°, post=3° and pre = 9°, post = 3°, respectively) and
weak values of correlation between the ankle and hip angles in pre and post
practice (pre = 0.1, post =—0.4). These results indicated greater exploration of joint
spaces and independent control of these joints in the initial phases of learning,
besides being a strategy with a sequence of DF freeing/freezing. Chow et al. (2008)
investigated whether strategies used during the practice sessions would be the same
for every participant. For this, they evaluated four subjects performing a ball kick
over a barrier aiming at different targets on the ground and observed that there was
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no DF reorganization pattern between the participants. Some participants used
strategies with a sequence of DF freezing/freeing, while others used the inverse
strategy, reinforcing that DF reorganization could be dependent on each individual
constraint.

These divergences in different strategies of DF freezing/freeing could be
due to the different characteristics and/or demands of the tested skill, as well as
the objectives proposed for the skill in each study. For example, Anderson and
Sidaway (1994) and Chow et al. (2008) analyzed discrete skills (kicking in
soccer) and found different results, freezing/freeing in the first study and freeing/
freezing in the second study. Despite the same skill classification (discrete),
these skills differed in their objectives, in which one was to produce greater
ball speed and the other greater pass accuracy. It is suggested that skills of the
same class, but different objectives, can explore different strategies of DF
reorganization.

The general strategy of DF freezing/freeing during motor skills learning is still
unclear, which demonstrates the need to review the studies performed to date, to
obtain answers to the following important questions: First, is the strategy of DF
freezing/freeing related to the learning level of the practice task? Second, does this
strategy depend on the skill class practiced (e.g., discrete skill class: football kick,
dart throwing, etc.; continuous skill class: athletic march, handwriting, etc.)? Third,
is this strategy related to the objective of the practiced skill (e.g., balance, velocity,
accuracy)? Finally, is there an interaction between the class and objective of
the practiced skill that influences the strategy of DF freezing/freeing used? The
purpose of this study was to realize an integrative systematic literature review
and verify the effect of the skill class practiced and objectives in the DF control
strategy, to answer these questions.

Methods
Search Strategy

The information search was realized using the following databases: PubMed,
Embase (ScienceDirect), Web of Science, Scopus, and SPORTDiscus (EBSCO).
The terms were combined according to the following combination:

(a) Practice of motor skill OR Practice effect OR Skill learning OR Learning a
new Skill

(b) Inter joint coordination OR Multi joint coordination OR coordination
changes

(c) Practice of motor skill OR Practice effect OR Skill learning OR Learning a
new Skill) AND Inter joint coordination OR Multi joint coordination OR
coordination changes

Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (a) original studies about motor skills
practice, (b) published in English, (c) participants aged between 16 and 50 years,
and (d) studies that analyzed the practice effect on DF freezing (Bernstein, 1967).
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The exclusion criteria were as follows: (a) studies comparing novice and
experienced individuals, as they did not verify the practice effect in DF freezing;
(b) studies with special populations (e.g., Down syndrome, coordination deficit
disorder); and (c) studies that analyzed only the dynamics and dimensional aspects
of coordination, as this approach seeks to determine the variables that may
represent the state of the organization of the system dynamics. In addition, it is
possible to achieve a change in the dimension of system dynamics with learning,
even if there is no change in the number of mechanical DF in motion (Newell &
Vaillancourt, 2001). The results and search strategies used for each database are
described in Table 1. Figure 1 illustrates the stages adopted for the selection and
inclusion of studies in this review, according to the PRISMA Statement (Liberati
et al., 2009; Moher, Liberati, Tetzlaff, & Altman, 2009).

Results

The selected studies were published between 1987 and 2013 in ActaPsychologica
(Chow et al., 2008), Human Movement Science (Jaric & Latash, 1999; Ko et al.,
2003; Majed et al., 2012; Newell & van Emmerik, 1989), Perceptual and Motor
Skills (Didier, Li, & Magill, 2013; Smith et al., 2001), Journal of Motor Behavior
(Hong & Newell, 2006; McDonald et al., 1989; Sparrow & Irizarry-Lopez, 1987,
Vereijken et al., 1992), Ergonomics (Hodges et al., 2005), and Research Quarterly
for Exercise and Sport (Anderson & Sidaway, 1994).

Table 2 shows the skills practiced, sample characteristics, total amount of
practice, measures used, and a summary of the main results of each study. Majority
of these selected studies had young adult participants (18-35 years) and only one
study included higher age range participants (21-49 years) (Smith et al., 2001).
Among the 13 studies that compose this review, the first works to test the effects of
practice in DF freezing are dated from 1987 to 1989 (McDonald et al., 1989; Newell
& van Emmerik, 1989; Sparrow & Irizarry-Lopez, 1987) and the most recent work

Table 1 Total of Studies Acquired in Each Database, the Filters
Used, and the Total Studies After Filtering

Total
after
Database Total Filters used filtering
PubMed 148  Not used 148
Embase 38.149 a. Publication title (human movement 95
(ScienceDirect) science and social science and medicine)
b. Topic (human movement, movement,
motor, practice, relative phase,
and experiment)
Web of Science 553  a. Categories (sport science and 99
multidisciplinary sciences)
Scopus 85 Not used 85
EBSCO 19 Not used 19

(SPORTDiscus)

MC Vol. 24, No. 3, 2020



Freezing Degrees of Freedom 461

c
.g Records identified through Additional records identified
8 database searching through other sources
& (n=446) (n=1)
c
]
=2
A A 4
Records after duplicates removed
(n=425)
8o
=
c
o
L
Q
“w Records screened Records excluded
(n=425) (n =408)
Full-text articles assessed Full el —
= for eligibility ull-text a(rtlc i; exclude
= n=
3 (n=17)
)
g I
Studies included in
qualitative synthesis
(n=13)
;. I
7]
k-]
% Studies included in
£ quantitative synthesis
(n=13)

Figure 1 — Stages adopted on the systematic search.

was published in 2013 (Didier et al., 2013). Two studies tested everyday skills, such
as pointing/touching an object on a target (Jaric & Latash, 1999) and handwriting
(Newell & van Emmerik, 1989). Nine studies tested sports skills such as skiing on a
simulator (Hong & Newell, 2006; Vereijken et al., 1992), football kicking and
passing (Anderson & Sidaway, 1994; Chow et al., 2008; Hodges et al., 2005),
racketball forehand drive serves (Smith et al., 2001), athletic march (Majed et al.,
2012), and throwing darts at a target (Didier et al., 2013; McDonald et al., 1989). The
other studies analyzed skills such as balancing on a moving platform (Ko et al., 2003)
and walking on hands and feet (Sparrow & Irizarry-Lopez, 1987).

Among the forms used to measure DF freezing, the joint range of motion
(JROM) (Anderson & Sidaway, 1994; Chow et al., 2008; Didier et al., 2013;
Hodges et al., 2005; Ko et al., 2003; Majed et al., 2012; Smith et al., 2001;
Vereijken et al., 1992) and cross correlation (CC) between the joint pairs (Chow
et al., 2008; Didier et al., 2013; Hodges et al., 2005; Ko et al., 2003; McDonald
et al.,, 1989; Newell & van Emmerik, 1989; Sparrow & Irizarry-Lopez, 1987;
Vereijken et al., 1992) were the most commonly used. Thus, these two measure-
ment strategies will receive more attention in the following sections of this review.
In addition, Table 2 presents the sample size in each study and the amount of
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practice performed by the participants. With respect to the JROM, only one study
assessed a sample size involving more than 10 participants (Didier et al.,
2013).With respect to the CC, the amount of practice varied between seven
and 10,000 repetitions (Majed et al., 2012; Newell & van Emmerik, 1989).

The main results presented in Table 2 show that nine studies demonstrated
evidence of a strategy of DF freezing at the beginning of learning (Anderson &
Sidaway, 1994; Didier et al., 2013; Hodges et al., 2005; Hong & Newell, 2006;
Majed et al., 2012; McDonald et al., 1989; Smith et al., 2001; Sparrow & Irizarry-
Lopez, 1987; Vereijken et al., 1992). Didier et al. (2013) observed an increase in
shoulder, elbow, and fist JROM after 480 repetitions of dart throwing. Anderson
and Sidaway (1994), analyzing a soccer kick before and after a practice period of
300-400 repetitions, verified lower values of JROM of hip and knee joints at the
beginning of practice. Hodges et al. (2005) also analyzed a soccer kick, and the
results at the beginning of learning revealed lower hip JROM and strong CC values
between the movements of the ankle—knee, hip—knee, and ankle-hip. Lower values
of JROM and strong CC values between pairs of joints are characteristics of DF
freezing and the search for a strategy that simplifies the control to execute the skill
to be learned.

Table 2 also presents three studies that, differently, provided evidence of DF
release in the initial phase of learning (Chow et al., 2008; Jaric & Latash, 1999; Ko
etal., 2003). Chow et al. (2008) verified that the knee and hip JROM were lower at
the beginning of learning in the pass in soccer. However, the CC values of hip—
knee and ankle—hip movement before the practice were lower than postpractice,
indicating a decoupling between these two joints in the initial phase of learning.
Ko et al. (2003) when analyzing learning of balance maintenance on a moving
platform, observed that the JROM of the neck, hip, and knee were higher at the
beginning of practice, when compared with postpractice and that the DF freezing
was explored in the final sessions of learning. One study did not verify significant
differences in the reorganization of the DF during handwriting practice with the
non-preferred hand, which remained frozen throughout the experiment (Newell &
van Emmerik, 1989). Nevertheless, when compared with the preferred limb, it is
suggested that a great amount of practice could alter the reorganization of the DF of
the nonpreferred limb, with the release of DF similar to the one verified in the
preferred hand. The effect of practice on the strategies of DF control was also
observed by Hodges et al. (2005) after assessments every 10 days of football kick
practice. The authors observed that the hip DF was frozen gradually between Day 1
and Day 5. With the increase in the number of sessions between Day 6 and Day 10,
the DF of this joint demonstrated reorganization with a DF freezing/freeing
sequence.

Joint Range of Motion

Increases in JROM values are understood as a release and exploration of a higher
number of DFs available in the motor system (Smith et al., 2001; Vereijken et al.,
1992). Six of the eight studies that used this variable to analyze DF freezing found
an increase in JROM in the process of the final phase of learning, when compared
with the first measure obtained at the beginning of practice, showing greater
utilization of DF in the later phase of learning (Anderson & Sidaway, 1994; Didier
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et al., 2013; Hodges et al., 2005; Majed et al., 2012; Smith et al., 2001; Vereijken
et al., 1992). Similar results were found in the study of Hodges et al. (2005), who
measured the JROM everyday intended for practice and found reductions during
the first half of the learning period, followed by an increase in the second half. This
fact shows that DF reorganization in the learning process depends on the amount of
practice. Different to expected, Ko et al. (2003) analyzed a continuous skill that had
the objective of balance maintenance and showed reductions in neck, hip, and knee
JROM and an increase in ankle JROM during practice. As the corrections in
posture (balance) maintenance occur faster in the ankle joint (Horak, 2010), the DF
of this joint was released while the other DF joints were frozen.

Cross Correlation

Values close to zero suggest greater independence of the control and coordination
between the joints analyzed. In addition, it also suggests a release and higher
number of DFs available (Hodges et al., 2005; Vereijken et al., 1992). Six of the
eight studies that evaluated the freezing/freeing of DF by means of this measure-
ment method reported alterations in the CC values after the practice period. In the
Ko et al. (2003) study, the task required balance maintenance on a movement
platform, and a reduction in CC values was observed only between pairs of joints
of the ankle—knee, while the hip—knee and ankle—knee did not present any changes.
These results support the proposal of using the ankle joint for the necessary control
and corrections to balance maintenance. Newell and van Emmerik (1989) found
that the CC values of the wrist—-elbow and elbow—shoulder joints motions of the
nondominant limb were significantly higher compared with those in the dominant
limb. After 10,000 repetitions of handwriting practice by the nonpreferred limb,
these authors verified a tendency to reduce CC of the most proximal joints (al-
though nonsignificant). These results show the utilization of a dependency strategy
of control between the joints. This movement organization of the nondominant
hand suggest that in more complex skills such as writing, a greater number of
practice repetitions is necessary to change the DF reorganization.

The previously mentioned results show that analysis only by the practiced
skill is not sufficient to identify a behavior pattern, which led to analysis of the
classification and objective of each skill. Table 3 presents a classification based
on the temporal aspects and motor skills organization analyzed by the studies.
Table 3 also presents classification of the proposed objective for each skill,
according to the methods description of each study and the results that were
favorable or contrary to the DF freezing hypothesis. Six studies evaluated
continuous skills (Hong & Newell, 2006; Ko et al., 2003; Majed et al., 2012;
Newell & van Emmerik, 1989; Sparrow & Irizarry-Lopez, 1987; Vereijken et al.,
1992) and seven studies evaluated discrete skills (Anderson & Sidaway, 1994;
Chow et al., 2008; Didier et al., 2013; Hodges et al., 2005; Jaric & Latash, 1999;
McDonald et al., 1989; Smith et al., 2001). Some of these studies evaluated tasks of
the same classification, discrete skills (Anderson & Sidaway, 1994; Chow et al.,
2008), and showed divergent results, freezing/freeing of DF in one skill learning
and freeing/freezing in another. These differences in the results seem to occur due
to different objectives proposed, such as greater ball velocity during kicking
(Anderson & Sidaway, 1994) and movement accuracy to hit the ball at a target

MC Vol. 24, No. 3, 2020



466 Guimaraes et al.

Table 3 Classification of Skill and Objective in All 13 Studies
Revised

Skill Authors Task objective Positioning
Continuous Sparrow and Accuracy Favorable to the DF
Irizarry-Lopez (1987) freezing hypothesis
Newell and van Accuracy Favorable to the DF
Emmerick (1989) freezing hypothesis
Vereijeken et al. Balance, accuracy, Favorable to the DF
(1992) and velocity freezing hypothesis
Ko et al. (2003) Balance Against the DF
freezing hypothesis
Hong and Newell Balance, accuracy, Favorable to the DF
(2006) and velocity freezing hypothesis
Majed et al. (2012) Accuracy Favorable to the DF
freezing hypothesis
Discrete McDonald et al. (1989) Accuracy Favorable to the DF
freezing hypothesis
Anderson and Sidaway  Velocity Favorable to the DF
(1994) freezing hypothesis
Jaric and Latash (1999) Accuracy and Against the DF
velocity freezing hypothesis
Smith, McCabe, and Velocity Favorable to the DF
Wilkerson (2001) freezing hypothesis
Hodges et al. (2005) Accuracy Favorable to the DF
freezing hypothesis
Chow et al. (2008) Accuracy Against the DF
freezing hypothesis
Didier et al. (2013) Accuracy Favorable to the DF

freezing hypothesis

DF =degrees of freedom.

from different distances (Chow et al., 2008). Therefore, there seems to be a
relationship between the objective to be reached and the practiced skill class, which
could influence the DF freezing and release at the beginning of learning. These two
studies suggest that when the objective of a discrete skill is movement accuracy,
freezing the DF throughout the learning process to gain precision could be the
strategy to explore. On the other hand, if the objective of the discrete skill is
maximum velocity production, releasing the DF during learning could be the
selected strategy to ensure greater ball velocity.

Among the proposed objectives for the skills of each study, accuracy was the
aim in six studies (Chow et al., 2008; Didier et al., 2013; Hodges et al., 2005;
Majed et al., 2012; McDonald et al., 1989; Newell & van Emmerik, 1989) and
velocity in four studies (Anderson & Sidaway, 1994; Hong & Newell, 2006; Smith
et al., 2001; Vereijken et al., 1992). One study proposed accuracy and velocity
together as the objective (Jaric & Latash, 1999), two studies proposed the objective
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of accuracy in combination with velocity and balance maintenance (Hong &
Newell, 2006; Vereijken et al., 1992), and one study proposed only balance
maintenance as the objective (Ko et al., 2003).

The joint analysis of the classification and objective of each skill showed that
three of the six studies evaluated continuous skills aimed at accuracy and all of
them positioned themselves in favor of DF freezing at the beginning of learning
(Majed et al., 2012; Newell & van Emmerik, 1989; Sparrow & Irizarry-Lopez,
1987). Among the other studies with continuous skills, two studies included the
combined objective of accuracy, velocity, and balance, and both studies showed
that DF freezing occurred at the beginning of learning (Hong & Newell, 2006;
Vereijken et al., 1992). The Ko et al. (2003) study also analyzed a continuous skill,
but with the objective of balance maintenance and the results were contrary to
DF freezing at the beginning of learning. This could have occurred as this study
worked with a single skill objective (balance) and not a combination of two or more
objectives (balance, velocity, and accuracy) as in the other studies. Thus, the DF
reorganization during balance maintenance in studies with combined objectives
may have been influenced by the other objectives, the velocity and/or accuracy,
justifying the strategy difference in the DF reorganization.

When analyzing studies with discrete skills, it was noticed that four studies
had accuracy as the objective (Chow et al., 2008; Didier et al., 2013; Hodges et al.,
2005; McDonald et al., 1989). Of these studies, three studies showed that there was
DF freezing at the beginning of learning. The exception was the Chow et al. (2008)
study with a pass above the head in football. In this study, the participants
performed the pass over a barrier positioned 2 m above the ground. It is probable
the skill practiced was not new to the participants, as most of them would have
experienced situations of kicking an object over an obstacle. The velocity was the
objective in two studies (Anderson & Sidaway, 1994; Smith et al., 2001), and both
demonstrated a favorable position regarding DF freezing at the beginning of
learning. Only one study had the objective of combining accuracy and velocity
(Jaric & Latash, 1999), and was contrary to DF freezing. Thus, with the exception
of the Chow et al. (2008) study, studies with the same skill class and same objective
to be reached showed the same DF organization at the beginning of learning and
similar positioning with respect to the DF freezing hypothesis.

Discussion

Studies on the control of the DF in motor skills learning started in 1987 (Sparrow &
Irizarry-Lopez, 1987), and a significant number of studies have investigated this
issue with different tasks. The Majority of these studies showed that at the
beginning of the motor skills acquisition process, the strategy of DF freezing is
explored. This strategy is characterized by smaller JROM and by strong CC
between pairs of joints that form rigid units and that behave in a coupled manner.
These initial characteristics suggest that the motor system organizes itself to
simplify the control to perform the designated task (Anderson & Sidaway, 1994;
Majed et al., 2012; Vereijken et al., 1992). In contrast, some research has evidenced
smaller JROM and strong CC at the end of learning, suggesting that DF freezing
does not only occur in the initial sessions of practice (Chow et al., 2008; Jaric &
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Latash, 1999; Ko et al., 2003), and this movement control strategy is not universal.
Due to the divergence between the results, this integrative review was elaborated
using the theme multijoint coordination and interjoint coordination to investigate
the changes in coordination observed in the DF. Four questions were established:
Is the freezing/freeing DF strategy related to the learning level in the practice task?
Does this strategy depend on the practiced skill class? Is this strategy related to the
objective of the skill practiced? Is there an interaction between the practice skill
class and its objective that may influence the strategy sequence of DF freezing/
freeing used?

In relation to the first question, the DF freezing/freeing strategy seems to have
a relation with the learning level in the practiced task, which is related to the
amount of practice performed. Hodges et al. (2005) analyzed the same individual
learning a football kick daily. DF progressive freezing was observed until the first
half of the practice period (i.e., hip JROM reductions), followed by a release in the
second half of the practice period (i.e., hip JROM increase). These results show that
if the analysis had been stopped in the middle of the study, the final conclusions on
the DF control strategy would have been inverse. Newell and van Emmerik (1989)
verified that 10,000 handwriting practice repetitions with the nonpreferred hand
were insufficient to change the DF control strategy and alter the CC value between
the fist-elbow and elbow—shoulder. However, the handwriting analysis with the
preferred hand revealed that the DF of this limb was released compared with the
nonpreferred limb. Again, if the tested hand performed the same amount of practice
compared with the dominant hand, the strategy of control could be changed and
similar to the preferred hand. The use of an experienced group as a parameter,
similar to the study of Anderson and Sidaway (1994), would help to avoid final
errors in conclusions about changes in the DF control of learners, mainly in
complex skills such as handwriting, which seem to require greater practice for DF
reorganization to occur.

Another factor that must be considered, related to the learning level or the
amount of practice, is the transfer of learning effect. The learning transfer to other
contexts, tasks, and body limbs seems to play a role and, probably, is one of the
main factors responsible for the different results found between the studies. If the
learner has few motor experiences in tasks similar to the desired one, the strategy
of freezing DF would be seen. However, if the learner has already accumulated
experiences with similar motor tasks, even if a new motor task is practiced, the
release DF strategy would emerge (Chow et al., 2008). Therefore, it is important to
consider the motor repertory and the intrinsic tendencies or constraints of the
learner (Kelso, 1995). This learning transfer can also help us to understand how
different learners with the same level of performance in a new task could present
different strategies of control (freezing—releasing). Despite the effect of the amount
of practice, the strategy of control has also been shown to depend on the class and
objective of the motor class.

The answers to the second and third questions of this review are displayed in
Table 3. The second question is related to a motor skill control class, and the testing
of discrete motor skills confirmed the hypothesis of the DF freezing/freeing
sequence in five studies (Anderson & Sidaway, 1994; Didier et al., 2013; Hodges
et al., 2005; McDonald et al., 1989; Smith et al., 2001), while two studies showed
the DF freeing/freezing sequence (Chow et al., 2008; Jaric & Latash, 1999).
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All the discrete skills studies with the task goal required to perform the movement
as fast as possible show results favorable to DF freezing/freeing (Anderson &
Sidaway, 1994; Smith et al., 2001). When accuracy was the objective analyzed
in isolation, almost every study showed favorable results to the strategy of
DF freezing/freeing (Didier et al., 2013; Hodges et al., 2005; McDonald et al.,
1989).

The Chow et al. (2008) study used the skill of passing a football over a barrier,
a skill that involves the control of great number of DFs, which increased the
demand of the task control. This task characteristic can first lead to a more released
DF by the subjects and, with learning, freezing the DF to gain precision in the task.
Another possible explanation is that only four subjects were analyzed in this study,
which could prejudice generalization of the results, although it could also be related
to the total practice attempts performed (570 repetitions). This author, as well as
the majority of authors of the reviewed studies, do not state whether the amount
of practice was sufficient to provide the skill learning proposed. As mentioned
previously, a factor that could help in understanding which strategy of DF re-
organization is indeed performed in execution of the skill analyzed by Chow et al.
(2008) is the use of an experienced group that has had many years of practice.
The result difference in this study, according to the authors, could also be due to
the fact that the proposed skill was not completely new to the participants, and they
had some previous experience in similar movements to perform the pass over in
football. This may have provided learning transfer between similar skills and
allowed the participants to start the research with a DF organization close to ideal,
to reach the objective of this skill. However, Jaric and Latash (1999) showed
another particularity, as precision of touching an object as fast as possible was
required, which also increased the control demand in the task when compared with
others that presented only an objective (precision or velocity). In this final study,
there was an interaction of the skill class and task objective.

In studies that tested the continuous motor skills, five confirmed the hypothe-
sis of the DF freezing/freeing sequence (Newell & van Emmerik, 1989; Sparrow &
Irizarry-Lopez, 1987), and only the Ko et al. (2003) study showed an opposite
result. Once more, there was interaction between the class and objective of the
task. Every result that requested precision with a continuous skill, confirmed the
hypothesis, and only the Ko et al. (2003) study, where the task objective was
balance maintenance on a dynamic platform, did not confirm the hypothesis. It is
probable, the fact that the subjects did not have to develop velocity and accuracy
could have cooperated so that there was no need for exploration of a greater DF
number during the learning process. However, the lack of studies with continuous
skills with an objective isolated from balance does not allow comparisons between
studies to confirm if the reorganization strategy of DF evidenced in the Ko et al.
(2003) study will always be used in continuous skills with an objective isolated
from balance.

These results show that the task class is a factor that predominates in DF
hypothesis testing, but the effect is mediated by the task objective, answering the
fourth question of this review. One possibility is that the strategy used in skills with
similar classifications and objectives occurs due to similarity in temporal structures
of skill and due to constraints imposed by the task objectives. Therefore, when
a temporal structure is the same in two different skills, the joints responsible for
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the movement are controlled and coordinated in a similar way in every situation in
which the objective or the set of objectives are the same.

Last, further studies are needed that analyze combinations of skills with
similar classifications and objectives to the studies that did not confirm the
hypothesis of a DF freezing/freeing sequence. It is necessary to verify if DF
reorganization would be the same as observed in these experiments and confirm
the existence of the relationship between the skill class and task objective on the
determination of the strategy of DF control in the learning process of motor skills.

Conclusion

The DF freezing/freeing strategy seems to have a relation with the learning level of
the practice task, with the most complex skills needing a greater amount of practice
so that reorganization of the control of DF can be evidenced. A different conclusion
may occur in cases where the amount of practice is not ideal for the proposed skill
learning, and an expert group could be a strategy for this control. Freezing or
freeing of DF at the beginning of learning does not depend on the skill class to be
practiced or the task objective to be performed in isolation. However, there seems
to be an interaction between the skill class and its objective that influence
determination of the DF control strategy. This review showed that the studies
that analyzed skills of the same class with the same objective presented similar
positioning about the DF freezing/freeing strategy. However, due to small number
of studies in literature, new experiments that take into consideration both analyses
(skill class and skill objective) are necessary to confirm this relationship, particu-
larly studies including discrete skills with the objective of movement velocity and
accuracy, and continuous skills with the objective of balance maintenance.
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