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Abstract

Nikolai Bernstein was a forerunner of the systemic concept of human movement control, who had an over-
whelming influence on authors of modern ideas of motor control and motor learning. The purpose of this
scientific essay is general knowledge about the importance of neuro-physiological conditioning using new
technologies of movement pattern analysis against the background of Bernstein's theory. Three issues were
subjected to heuristic evaluation: reduction of degrees of freedom, timing, and anticipation. The study group
comprised novice and advanced athletes of various sports. A novice-expert paradigm was used to determine
the variability and quality of acquired movement patterns in the athletes. The following testing procedures
were reviewed: surface EMG, ground reaction force plates, eye tracking, and motion capture systems. The
findings confirm the key role of timing, anticipation, and reduction of degrees of freedom in the motor learn-
ing process. Practical implications were formulated, and significant importance was assigned to contextual
interference, overlearning training, and trial-and-error method as well as perceptual training in reducing the
processing time and improving motor learning efficiency.
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Open Forum

Motor neuron, motor neurone
- noun a neuron that is part of
a nerve pathway transmitting
impulses from the brain to

a muscle or gland [37].

The cortico-basal ganglia-
-thalamo-cortical

loop (CBGTC loop) - m is

a system of neural circuits

in the brain. The loop
involves connections between
the cortex, the basal ganglia,
the thalamus, and back to the
cortex [38].

Technique - noun a way of
performing an action [37].

Tactics - plural noun the art
of finding and implementing
means to achieve immediate
or short-term aims [37].

Mae geri - ‘front kick’" is the
most basic of the many kicks
in Shotokan karate.

INTRODUCTION

The modern pioneers of neurophysiology are con-
sidered to be Charles Scott Sherrington (1924) [1]
and Nikolai Bernstein (1967) [2], who developed
their respective concepts in the first half of the
20th century. The former described the mecha-
nisms of brain function, muscle innervation, and
the nature of synapses and receptors. For these
accomplishments he was awarded the Nobel Prize
in Physiology or Medicine. Nikolai Bernstein devel-
oped the movement control theory from an evo-
lutionary perspective. The essence of Bernstein’s
original concept was the systemic relationship
between the structure of the nervous system and
construction of purposeful motor activities, which
paved the way for new fields of knowledge such
as motor control (control and regulation of human
motor activities) and motor learning. The outcome
of this concept was a hierarchical ‘brain skyscraper’
five-level model of mental-motor abilities [3].

In the model the A-level is responsible for and
controls muscle tone, necessary for postural
balance and generation of biological energy to
ensure movement. Muscle synergies are con-
trolled from the B-level, enabling co-activation
of the flexors and extensors of individual joints. In
conjunction with the higher levels, the synergies
determine coordinated actions of the entire neu-
romuscular system. The C-level has been termed
the ‘space field level’ responsible for, e.g. the
temporal structure of sensory-motor responses.
It is divided into two sublevels: the C1-sublevel
associated with the striatum; and the C2-sublevel
with the cerebral cortex. The D and E-levels are
all-cortical, detached from environmental stimu-
lation. All processes at these levels have explicitly
psychological associations. The A, B, and C-levels
operate mainly from the spinal cord, controlling
ongoing motor activities in response to environ-
mental stimuli. In contrast, the D-level operates
far more slowly and is involved in the develop-
ment of new movement patterns and the mod-
ification of previously acquired ones for future
use, based on temporal and spatial anticipation.
On the basis of neurophysiological analyses, the
highest, cortical, E-level is associated with con-
sciousness, motor imagination, and motivational
and emotional factors of movement control in
a changing environment.

In the hierarchical movement control sys-
tem, a higher level of the central nervous sys-
tem should not control the entire movement

process specifically. The system controls move-
ments so to speak ‘in general’ while making rel-
evant corrections on an ongoing basis [4]. As
Czajkowski [5] indicates, well-learned motor
habits take the form of movement patterns, con-
trolled independently from the spinal cord level.
From the point of view of technique improvement
in sports based on open motor habits, the corti-
cal level provides strategic and tactical thinking,
while technical operations occur in a state of sec-
ondary consciousness at the A, B, and C levels.

One of the main paradigms of the above-dis-
cussed theory is the concept of reducing degrees
of freedom in the process of learning complex
motor activities. It involves the gradual elimina-
tion of previously learned but unhelpful habits in
the course of learning a new motor activity so as
to deliberately create a new, technically complex,
and correct sensorimotor action.

In practical terms this idea was extended into
a way of learning movements called by Bernstein
the “repetition without repetition” method, which
found much wider applications, for example, in
robotics and prosthetics. A reverse analogy to
the operation of machines that always perform
the same movements in the same way can serves
as an illustration here. The sequence of machine
actions involves a strictly programmed number
of degrees of freedom, whose trajectories are
determined by mechanical joints. In the event
of changes in circumstances, machines have no
alternatives; they are, as it were, helpless. The
advantage of human beings lies in the fact that
the goal of a movement task can be achieved dif-
ferently, faster, and more rationally. This ratio-
nale yields the idea of contextual interference
effect in motor learning popularized by [6], the
essence of which is the discontinuation of ineffi-
cient learning of motor activities in blocked order
and in fixed conditions in favour of variability of
practice in random order [7]. This neural-psychic
mechanism enables a more secure, permanent,
and, at the same time, flexible memorization of
movement patterns in the memory structures of
the central nervous system. Moreover, in cases
of combined motor habits in sports technique, it
promotes the efficiency of performance in states
of high arousal, e.g. in competitive sports.

Another issue related to Bernstein's concept is
timing, i.e., the changing time frame character-
izing all motor activities in the process of their
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improvement. Using the above-described five-
level model, timing is controlled from the C2
sublevel, and thus above the capabilities of the
subcortical nuclei in the zone of influence of cor-
tical centres, and even from the D-level [8].

Based on Bernstein’s system, a number of differ-
ent concepts of motor control have been devel-
oped, the most useful of which are theories of
dynamic systems within complex neurobiologi-
cal systems [9-11], described from an ecologi-
cal standpoint and emphasizing the interactions
between the human body and the environment.
Another trend comprises Richard Schmidt’s [12]
ideas of motor control, presented in his seminal
work Motor Control and Learning developed on
psychological grounds including neurophysiolog-
ically conditioned motor behaviours. It is signifi-
cant that in the introduction to his book Schmidt
included notes with photographs of Sherrington
and Bernstein, which can be seen as reflections
of the impact of their views on Schmidt's findings
in the area of motor control.

One of the main hallmarks of Schmidt’s concept
is the psychomotor response pattern based on
motor programs, intrinsic and extrinsic feedback,
and the reaction time (RT) paradigm using EMG.
In addition, Schmidt emphasizes the importance
of the fore period and premotor time within RT
in complex sensorimotor responses. He attributes
an essential role to the hypothetical course of the
EMG curve during the various phases of motor
activity. This approach highlights the essence of
neuromuscular control from the motor cortex and
its reflection at the level of effectors, i.e. a muscle
activation structure defined by the EMG signal.

Using the main premises of Bernstein’s system,
the aim of this study was to discuss three aspects:
reduction of degrees of freedom, timing, and
anticipation in the light of current research with
the aid of modern technologies, and to formulate
practical implications.

When analysing motor activities and their con-
trol, it is rather difficult to proceed without sur-
face electromyography (SEMG) - a key tool
allowing multi-channel recording of bioelectric
tension of muscle activity, in cooperation with
motion capture systems or ground reaction force
plates. However, the flow of stimuli at the neu-
ronal level depends on biochemical factors such
as protein activity at synaptic junctions and the
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sodium-potassium pump. It is the bioelectrical
tension induced by the polarization and depo-
larization of the nerve membrane of axons and
dendrites that affects the EMG values of muscles
innervated by the relevant moto neurons.

The reduction of degrees of freedom has been
the subject of many publications, mainly from
the motor learning perspective. Authors empha-
size the application of new learning methodology,
e.g., the trial-and-error method recommended
by Bernstein himself. A somewhat more mod-
est contribution can be observed in laboratory
research including pedagogical experiments.
A useful research method has been also the
novice-expert paradigm, which allows for the
description of model characteristics of move-
ment patterns following a long-term learning
process [13]. The use of EMG in studies of the
quality of movement patterns - mainly move-
ment structure and timing of activation of indi-
vidual muscles and muscle groups in terms of
their co-activation (agonists and antagonists) -
has made it possible to qualitatively assess the
development of complex movement structures.

The question of timing, i.e. the time frame that
defines each motor activity, is an integral part of
any analysis of movement patterns from the per-
spective of both motor control and biomechan-
ics. Reaction time (RT) and movement time (MT)
belong to different ‘brain skyscraper’ levels of the
central nervous system, with the former associ-
ated with the cortical centres in decision-making
processes. The centres responsible for stimulus
perception and identification play an important
role here. Studies have shown that a reduc-
tion in RT (the interval from stimulus onset to
the first EMG activity) always affects the motor
phase (MT), resulting in better efficiency (reduced
time) of the whole of sensorimotor responses.
Results of research on simple and complex sen-
sorimotor responses, including choice reactions,
have proven to be extremely relevant. Although
studies of simple responses revealed no signifi-
cant differences considering novice and expert
athletes, the results of complex responses gave
unambiguous primacy to the latter. The inter-
pretation of this phenomenon has two implica-
tions: one stemming from genetic reasons, i.e.
simple reactions are not very trainable; and the
other related to experience, i.e. the effects of the
training process. As shown by studies of martial
arts practitioners (karate, taekwondo, fencing)
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outstanding athletes were able to reduce their
reaction times in complex tasks to the levels sim-
ilar to those in simple reaction tests on novices.

Temporal and spatial anticipation plays also plays
a significant role in the training of sensorimo-
tor responses in sports. According to experts,
80-90% of competitive responses in sports
based on open motor habits are anticipatory in
nature [14]. A notable illustration of this is pro-
vided by [15] in his metaphor of a fox that suc-
cessfully hunts a hare dodging zigzags, heading
in a straight line anticipating the movements of
its prey. Research on students revealed their
reduced decision-making times in temporal and
spatial anticipation tests, with temporal anticipa-
tion being more effective.

In sports practice there may be a simultaneous
overlap between the two anticipation types and
the resulting final benefits. The source of signals
of anticipatory reactions in studies on athletes
can be movements of individual joints and muscle
tension before the performance of a given sports
technique. An illustration of this phenomenon
can be the behaviour of a tennis player awaiting
an opponent’s serve, or a fencer’s defensive reac-
tion to an opponent’s attack based on the obser-
vation of activation of the opponent’s front and
rear leg muscles. As platform posturography and
EMG research indicate, an incredibly important
component of anticipatory processes is antici-
patory postural adjustment (APA). Postural equi-
librium mechanisms ensure the stabilization of
movement patterns at the very beginning of per-
forming a given technique.

Modern research into degrees of freedom
reduction, timing, and anticipation
Following Bernstein the process of motor learn-
ing is based on the gradual reduction of degrees
of freedom to achieve a state defined as sta-
ble. Then the freezing of the entire movement
structure occurs. When a given movement is
perfected, adjustments are possible, involv-
ing simultaneous changes in all involved joints.
According to Czyz et al. [16], the lack of intercon-
nections leads to a phase called freeing.

In this context, Piechota et al. [17]carried out
an interesting study on sprinters, in which they
recorded the EMG signals of selected muscles
during the sprint start along with a time inter-
val of about two seconds preceding the take-off,

from the command ‘Get set. Comparing the
structure of the bioelectric tone of the acti-
vated muscles, it turned out that the novice ath-
letes activated significantly more muscles than
advanced athletes. A study of the kinematics of
various technical actions, including the front kick,
e.g. mae-geri, on a group of novice and advanced
karate practitioners revealed that they the latter
were characterized by lower leg joint angles (knee
and hip joints during the execution of this tech-
nique) [18] than the former. This resulted from
simplifying and rationalizing the technique com-
pared with the initial movement models result-
ing from long years of experience. In addition,
a reduced activation time of the involved muscles
in response to visual signals of the studied expert
karatekas was proven. Both examples confirm
unequivocally that the economy and efficiency
of expert athletes’ sports techniques (movement
patterns) is due to the process of overlearning
occurring at the higher levels of the central ner-
vous system. In addition, a high level of synergy is
noted in terms of speed of execution of actions in
conjunction with modified techniques. An impor-
tant role is played here by the preparatory period,
in which the expression of mental factors (focus,
concentration, divided attention) contributes to
the selection of an appropriate movement pro-
gram. As the referenced studies show an excel-
lent mastery of movement patterns also resulted
in their repeatability in subsequent trials.

In addition to the above-mentioned kinematic and
dynamic aspects of reducing degrees of freedom,
the new concept of ‘perceptual degrees of free-
dom’ [19] displaying analogies to Bernstein’s view
should also be discussed. It is based on the search
for visual information that provides optimal sen-
sorimotor responses, ignoring those visual stim-
uli that are of little use. For example, in a study of
soccer players by Williams & Davids [20] observed
that experienced goalkeepers fixated for longer on
the opposing player’s hip region, the foot support-
ing the body, and even the head, while novices
had more scattered fields of view. In their eye-
tracking study of soccer players during their spe-
cialist training Zwierko et al. [21] concluded that
compared to novices expert players were quicker
to locate objects in their field of view. Saccades,
i.e. conjugate eye movements, in expert athletes
featured higher acceleration, velocity, and post-
test duration. An original experiment in this regard
was carried out by Witkowski et al. [22], who
studied the effectiveness of defensive actions of
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right-handed fencers in confrontation with left-
handed fencers. It turned out that the advantages
and superiority of left-handed athletes stemmed
from the misperception of their offensive actions
by right-handed fencers, who fixated on the posi-
tion of the opponent’s blade, guard, and sword
forearm instead of the torso and rear leg mus-
cles, which usually provides effective anticipatory
input. Thus perceptual selectiveness - a kind of
information reduction - can contribute to the
effectiveness of technical actions in various sport-
ing competitions.

When referring to the temporal aspects of move-
ment patterns, timing controlled from the level
of the motor cortex of the central nervous sys-
tem is crucial. In addition to the purposefulness
and precision of movements, timing indicators
describe the quality of movement patterns.
Without the recording of intervals of sensorim-
otor responses, the concept of movement pro-
grams according to Schmidt and Wrisberg [23]
would be rendered impossible.

It should be noted that in the world of animals,
even in species at higher levels of evolution, the
sense of timing is not subject to central control
processes. Rather, it can be said that animals
sense cycles, such as diurnal cycles, or cycles
related to changes in the environment due to
specific weather or seasons. The concept of tim-
ing is broad and takes into account the latent
reaction time and the motor phase (movement
time) of sensorimotor responses. From the point
of view of control of movements, the timing of
activation of muscles involved in motor activi-
ties is highly significant. For example, the rhythm
and pace of performance of technical actions is
also important in sports of artistic expression.
In sports based on open movement habits the
rhythm of the game is often referred to, while
in combat sports it is the choice of pace, i.e.
moment to attack the opponent.

Long-term studies using a properly designed EMG
system, conducted on martial arts experts and
novices (fencing, karate, tackwondo) revealed the
following regularities. In simple reactions, expert
athletes required 160.83 ms (milliseconds) in the
latency phase (RT) and 69.00 ms in the MT phase.
The total sensorimotor response was the sum of
RT and MT. The RT in novices was 180 ms, while
their MT amounted to 68.00 ms. Significant results
were achieved by the studied athletes in terms
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of their choice reactions: experts 238.33ms (RT)
and 99.17ms (MT), and novices 299.47 (RT) and
103.07 (MT), respectively. This proves that the
increased difficulty scale of the motor task sig-
nificantly prolonged the RT, and only slightly the
MT, with expert athletes processing information
for about 60 ms shorter in the RT. These studies
demonstrate that RT, also understood as latency
or decision-making time, is highly significant. In
temporal terms it usually accounts for about 70%
of the total sensorimotor response. It should also
be noted that an increased RT in both simple and
complex reactions always results in increased
MT. The above-mentioned system was also used
to study timing differences depending on the
type of stimulation: visual, auditory and tactile.
Observations from the literature that humans
respond faster to tactile stimuli, than to auditory
stimuli followed by visual stimuli were confirmed.

Closely related to timing in different types of
sensorimotor responses is temporal and spatial
anticipation. Researchers have proven the greater
effectiveness of temporal anticipation over spa-
tial anticipation. These differences occurred
in experiments in which participants pressed
the buttons and specially integrated pedals of
a measuring device [24]. In simple responses
the benefit of spatial anticipation, i.e., a reduc-
tion in processing time in RT was about 60 ms,
while in MT it was about 20 ms. Comparatively,
in novice athletes it was 25 ms less in RT, and
several ms less in MT than in expert athletes.
The hypothesis, consistent with conclusions by
Rosenbaum [25], about the essential role of infor-
mation processes, including the reduction of pro-
cessing time in choice reactions, is justified here.
It is worth adding, however, that the response
gains also apply to MT, although to a much lesser
extent. What is more, the benefits of reduced
processing time affected expert athletes more
than novices, demonstrating the importance of
long-term motor learning in the formation of
desired movement pattern structures. Studies
of anticipatory behaviours have been conducted
in training conditions during the performance of
specific motor activities in fencing [26].

By integrating three research tools: EMG, ground
reaction force plates, and the OptiTrack motion
capture system, it was possible to obtain time-
synchronized indices of muscle activity prior to
the movement initiation in sprinters’ 100-meter
dash start and in fencers performing a forward
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lunge push on a trainer’s signal. It was assumed
that the anticipatory phase was the interval
between the activation of the stimulus (sound
signal in sprinters and movement of the train-
er's blade in fencers) and the start of the given
movement (MT). Furthermore, the activation
of the athletes’ muscles in the fore period was
recorded. Such an approach made it possible to
identify the anticipatory structure of muscle ten-
sion, corresponding to previously learned move-
ment programs. Thanks to the use of sEMG
and ground reaction force plates, anticipatory
postural adjustment (APA) was also evaluated,
revealing the anticipatory role of the postural
muscles in the studied sports motor activities.
It is worth mentioning that the APA phenome-
non was also noticed by authors using the same
tools in a study of wheelchair fencers, whose pos-
tural muscles played a key role during the perfor-
mance of technical actions. Despite the paresis of
the lower limbs, the back and abdominal muscles
being the postural muscles of wheelchair fencers
were activated first, based on the neurophysio-
logical mechanisms described above [27].

In conclusion, the phenomenon of anticipation is
associated with the programming of sensorimotor
responses at the central level and in the premo-
tor phase, where the ground force response also
plays an important role in synergy with EMG. As
proven the shortening of both phases: fore period
and reaction time, contributes to the reduction
of movement time, thus making the entire motor
action more effective.

CONCLUSIONS AND PRACTICAL
IMPLICATIONS

There is no doubt that Bernstein’s ideas have not
lost their relevance in modern times and continue
to inspire research ideas and motor learning prac-
tice in the area of development of productive and
sports motor skills. The focus of the present study
is on sports motor skills, following the novice-
expert paradigm. This approach provides broader
opportunities to interpret motor effects over lon-
ger time horizons. The development and acqui-
sition of motor patterns in various sports take
years, and their effects appear to be permanent,
which does not preclude later modifications. From
this perspective the following manifestations of
Bernstein’s original concept in the application of
modern technologies should be mentioned:

Firstly, the so-called contextual interference has
become immensely useful in learning motor skills.
It involves the use of new activities in learning
motor tasks with a similar structure. The point
is that tasks similar in their structure are charac-
terized by a high level of interference. This phe-
nomenon is due to a ‘peculiar randomization’
within the information processes, as opposed to
the blocked order methods used so far. The clas-
sic transition from one exercise to another after
mastering the previous task is inefficient and pro-
longed in time. Random order methods actively
engage students in the learning process owing to
constant changes in the stimuli affecting them.
They enforce active thinking, permanent control,
and comparison with previously acquired skills.
Thus new skills are more malleable, reaching
a plateau, and do not fluctuate continuously [28].

Secondly, in developing motor skills many hab-
its learned in a long process become highly auto-
matic. For example, an experienced driver after
many years of practice concentrates on observing
the road without being aware of the movements
of their arms and legs. Similarly, a supersonic jet
pilot reacts to changing conditions according to
automated movement programs in short inter-
vals. In sport, similarities can even be drawn with
mid-range basketball players, who subconsciously
dribble the ball, while focusing on tactical tasks
and game strategy. Similarly, fencers, when per-
forming parries to protect their torso, arm, or
head, automatically, as it were, counterattack
the opponent, giving primacy to the previously
assumed combat tactics. These phenomena were
accurately interpreted by Antoinnete Gentile and
Zbigniew Czajkowski, who introduced new terms
to the area of motor control. Czajkowski [29] used
the concept of actions in a state of ‘secondary
sub consciousness’, while Gentile [30, 31], while
honouring the concept of implicit learning, used
the term ‘development of automaticity, without
conscious awareness’. This is particularly evi-
dent at the championship level in competitive
sports. Sport champions often use previously
learned movement patterns subconsciously (as
some kinds of scripts) to act out different sce-
narios of events in a certain space and time [32].
The approach presented here is of fundamental
importance and allows distinguishing between
reflexes that have physiological connotations,
and motor habits acquired in a long-term motor
learning process involving memory processes and
motor imagination.
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Thirdly, the results of studies, particularly those
concerning the problems of timing and anticipa-
tion, prove the objective validity of the signifi-
cance of RT - the interval from stimulus onset
to the first EMG activity - preceding MT. As
shown in the referenced experiments, the RT is
clearly dominant in a temporal sense. Moreover,
when anticipatory factors that occur prior to the
sensory-motor response in the fore period are
considered, it is justifiable to assert the over-
whelming influence of perceptual processes on
the quality and speed of execution of motor pat-
terns. Perceptual training is, in addition to physi-
cal, technical-tactical and psychological training,
the main component of athletes’ preparation for
high-level sports performance [33]. Perceptual
skills allow athletes to respond to the relevant
signals in sports competition and disregard dis-
ruptive information that reduces the effective-
ness of sports combat. It should be emphasized
that competition in sports based on open motor
habits (team games, racket sports, martial arts)
takes place in a time deficit and necessitates
maximal reduction of decision-making time and
effort expenditure. Numerous studies show
that experienced athletes, guided by goal strat-
egy, base their perceptions on long-term mem-
ory (LTM) [34]. In addition, thanks to external
focus, they control their movement habits bet-
ter and reduce their muscle tension. This strat-
egy, although prolonging the stimulus detection
phase, in effect, comprehensively reduces the
entire information processing. The phenomenon
of considerable visual fixation and EMG signal
reduction in advanced athletes compared to nov-
ices has been confirmed by many authors, e.g.
Vance et al. [35]. An important factor in further
reducing information processing in the response
choice phase is perceptual anticipation. Studies
of fencers as well as karate and taekwondo prac-
titioners have shown that properly conducted
perceptual training affects the sensory system,
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