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General description of the Doctoral Thesis
Motor control is the process of initiating, executing, and grading voluntary movements
(Medical Dictionary for the Health Professions and Nursing). It studies how the nervous system
interacts with the human body and the environment to provide coordinated movements (Latash,
2012). Motor control has evolved rapidly over the last decades and has separated from
neurophysiology and biomechanics as a distinct discipline.
Motor control can be traced back to ancient Greece, where philosophers and
mathematicians of the time were interested in the movements of the human body and the soul
that directs and controls them. Over time, different mechanisms of movement control were
explored and understood. In the second century AD, the physician Galen discovered that joint
movements are controlled by two opposing pairs of muscles: agonists and antagonists. The
study of human movement continued during the Renaissance. Descartes put forward a theory
based on the idea that humans are composed of two independent parts, the body and the soul
(similar to the ancient Greeks) (Cappozzo & Marchetti, 1992; Latash, 2012).
The existence of electricity in human internal processes was discovered in the late
eighteenth century, and in the mid-nineteenth century, the German scientist Flugger discovered
in experiments on decapitated frogs that the spinal cord could generate meaningful and
controlled movements (Verworn, 1907). At the same time, the American scientist Woodworth
explored one of the first conclusions about motor control: that control of rapid movement
consists of an initial impulse and later corrections. This idea is now often formulated as a
combination of feedforward and feedback control processes (Elliott et al. 2001).
The founder of motor control is the Russian scientist Nikolai Bernstein, who proved that
joints do not work independently but correct each other's mistakes when performing a
movement task. He concluded that the human central nervous system does not provide a unique
and unambiguous motor solution, but uses the information it receives from the periphery to
ensure a more precise execution of the movement task. Bernstein developed the theory of
limitation of excess degrees of freedom (kinematic and dynamic abundance): in order to realise
a movement task, there are infinitely many possible solutions, so unnecessary or excess degrees
of freedom must be limited and mechanically coupled. Bernstein's greatest contribution is the
development of the multi-level theory of the motion control system, which consists of five
levels: the palaeokinetic level, the synergy and pattern level, the spatial field level, the action
level and the symbolic, highly coordinated action level, and their sub-levels. This hierarchical
system of movement generation that he developed is still considered the best system because it
covers all levels of central nervous system activity (Bernstein 1967; Latash, 2012, 2020).
Although motor control has its origins in BC, it is a relatively recent development as a
separate scientific discipline. It is a young science and therefore has much unexplored or underexplored potential. One such topic of interest to scientists is the control of the human hand and
fingers. It is related to the fact that, for example as a result of a stroke or some neurological
disease, the human hand is one of the first to deteriorate in its functional activity (Hunter &
Crome, 2002). Finger motor development is also of interest to researchers because the flexor
muscles of the four fingers (index, middle, ring and little fingers) have two muscles (m. flexor
digitorum superficialis (FDS) and m. flexor digitorum profundus (FDP)) and the extensor
muscle of the same fingers has only one muscle (m. extensor digitorum). (Kalberg, 1973;
Knipše, et al., 2020). Other muscles, such as m. extensor digiti minimi or m. extensor indicis,
also contribute to the functionality of the fingers. There are no muscles in the fingers themselves
to flex or abduct them. These facts make the study of fingers both simpler (relatively few
muscles are involved in the movement) and more complex (finger differences are probably of
neural origin).
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The joint is normally powered by two muscles with opposite actions. This phenomenon
is known as agonist-antagonist coactivation (Smith, 1981). The agonist exerts a force and/or
moment of force in the direction of the task, while the antagonist opposes this action. When
pressed with the fingertips, the agonist is the external finger flexor muscle - FDP - a
multifilament muscle in the forearm and the four tendons located in the distal phalanges of the
four fingers (Kalberg, 1973; Knipše, et al., 2020). This shows that the fingers are interconnected
by nature, which motor control has only started to study in more depth in the last twenty years.
Our publications are a complement to these studies and an attempt to further understand finger
control and their interdependence. This new knowledge can serve as a basis for future research
directions in sport, as in many sports (e.g. archery, shooting, rock climbing, etc.) finger
specialisation is a key factor in achieving high performance.
Topical relevance
The functionality of the arm and hand plays a very important role in people's
daily lives. The fingers are always involved when grasping an object, pointing in a direction, or
performing any other action with the hand. This is why, for example, in people with Parkinson's
disease or other neurological conditions, the loss of finger functionality significantly reduces
their quality of life. Even after a stroke, one of the main functionalities lost is the full use of the
hand and fingers (Hunter & Crome, 2002).
In sport, the functionality of the arm, hand, and fingers is very important. In sports such
as shooting, pole vaulting, dart throwing, javelin throwing, gymnastics, rowing, rock climbing,
and many others, the fingers are involved in movement performance, so changes in their
strength, agility, accuracy, stability, etc., can have a significant impact on performance in these
sports (Di Russo et al., 2005; Ertan et al., 2005; Horsak & Heller, 2011; Limonta et al., 2016;
Matsuo et al., 2018; Mon-Lopez et al., 2019; Nestler et al., 2019; Shibata et al., 2021; Van den
Tillaar & Aune, 2019). Archery research shows that finger kinematic variability, or low finger
stability, can affect shooting performance (Horsak & Heller, 2011). On the other hand, rock
climbers may have learned to use more motor units due to many years of training, leading them
to control finger force more successfully, which may lead to lower finger interdependence
(Limonta et al., 2016). In sports where people have to throw a ball, such as baseball, the ability
to individually control the fingers is a very important factor in achieving high scores (Matsuo
et al., 2018). In baseball, the person throwing the baseball tries to "turn" it to make it more
difficult for the opposing team's hitter to predict where the thrown ball will fly. The player
needs to control the fingers individually, and high finger interdependence can be seen as a
performance lowering factor (Shibata et al., 2021). These results show the critical role finger
control plays in sports. Specific training of the fingers can lead to increased finger
interdependence (Olafsdottir et al., 2008) or, conversely, to lower finger interdependence
(Slobounov et al., 2002). Athletes and coaches need to understand which finger characteristics
they need and which type of training is more appropriate.
The strength, dexterity, cooperation, and stability of the fingers also determine the
performance of surgeons, musicians, and many other professions. The new knowledge of finger
stability and other indicators of finger cooperation gained from these studies will help improve
the diagnosis of neurological diseases, assess the progression of these diseases, and identify
changes in finger dependence and collaboration that occur with aging. This means that the data
produced by the research can be used not only in sports but also in other areas, including the
important one of health.
Previous studies have shown that fingers are not stable in force production under
isometric conditions (Cuadra et al., 2021a; Parsa et al., 2017; Ricotta et al., 2021; Solnik et al.,
5

2017). When performing an isometric task, humans cannot maintain a constant force without
visual feedback on task performance - it changes to lower values.
For a long time, finger interdependence was considered a stable and constant quantity
that varies slightly from person to person but generally manifests itself in the same way for
everyone. A recent study (Hirose et al., 2020) shows that finger interdependence loses stability
under isometric conditions. However, it is unclear what exactly causes the loss of finger stability
during the task. Which finger is less stable and more stable in isometric force tasks has not been
investigated so far. Therefore, exploring this phenomenon is essential to increase our
knowledge of the control of finger action and cooperation in general and for each finger
individually. This knowledge can help to understand, firstly, which finger functionality needs
to be altered to increase athletic performance and, secondly, to determine whether the
performance improvement is attributable to finger stability.
The equilibrium point (EP) hypothesis is one of the dominant motor control theories. In
the classical equilibrium point hypothesis, neural control of a single muscle is related to the
threshold of the stretch reflex (λ), which is determined by varying the subthreshold
depolarizations of a set of alpha-motoneurons (Feldman 1966, 1986). Changing λ may change
muscle force (under isometric conditions), may not change force but may change muscle length
(under isotonic conditions), or may change both. At the level of individual muscles, λ can be
considered a reference coordinate (RC), meaning that removing an external load would cause
the muscle to move in the direction of λ. At the effector level, agonists and antagonists produce
oppositely directed force values. The stretch reflex threshold can describe their control at the
neural level for agonists (λAG) and the stretch reflex threshold for antagonists (λANT). A parallel
change in these two λ leads to a shift in the force-coordinate characteristic of the effector along
the X-axis, called a reciprocal command or R-command shift. Shifts of λAG and λANT, in the
opposite direction, change the spatial range over which both muscle groups are active. This
changes the slope of the effector force-coordinate characteristic called the coactivation
command or C-command (Feldman 1980, 2015). The R-command changes the reference
coordinate, while the apparent stiffness (Latash & Zatsiorsky, 1993) is altered by the Ccommand. If the change in force is small, then in steady states or during slow movements, the
relationship between force and reference coordinate is close to linear and their slope shows the
apparent stifness. The reference coordinate and apparent stiffness are mechanical variables that
reflect changes in the R and C commands (Latash & Zatsiorsky, 1993). One of the problems
with two commands (R and C) is that there are an infinite number of solutions to produce the
same force. Figure 2, panel a, shows how different commands (reference coordinates and
apparent rigidities) for R and C can be used to obtain the same force value. All combinations
of RC and k for the same force belong to the same hyperbolic curve or solution space (Figure
2, panel b). Young and healthy people use very different RC and k values. Important is that
they stick to the hyperbolic solution space. (Ambike et al. 2016a, b; Reschechtko and Latash
2017; de Freitas et al. 2019).
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Figure 1. (a) The dependence between muscle active force, F, and length, L. An
equilibrium point {F1; L1} corresponds to a state when the muscle force balances the
external load. A change in λ (e.g., from λ1 to λ2) can lead to a change in muscle force
(point a to point b), in muscle length (point a to point c), or both (point a to point d)
depending on the external load. (b) Force coordinate, FX(X) characteristics of the
agonist and antagonist muscle groups are defined by λAG and λANT, respectively. The
effector FX(X) characteristic is shown with the bold line. Changes in the R-command
(ΔR) shift λAG and λANT in the same direction along X and lead to translation of the
effector FX(X) characteristic. Changes in the C-command (ΔC) shift λAG and λANT in
opposite directions leads to rotation of the effector FX(X) characteristic. Reproduced
with the permission of Abolins & Latash (2021)
The same force can be produced in two ways under isometric conditions - voluntarily
and involuntarily. Voluntary force production is natural - a person presses a finger or several
fingers on a force sensor or other surface at will. An external force causes Involuntary force
change, e.g., the surface being pushed against moves in the opposite direction to the push,
thereby changing the coordinate of the effector and moving it away from (or closer to) the
reference coordinate. In other words, changes in the external load cause involuntary
movements, while changes in the value of λ cause voluntary movements. Voluntary force
production is typically associated with changes in the reference coordinate (Latash 2010, 2016,
2019; Feldman 2015), whereas apparent stiffness is subject to the reference coordinate
(Feldman 2015).
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Figure 2. (a) An infinite number of {R; C} combinations can be used to perform an
accurate force production task to a target (filled circle). Various C-commands translate
into various slopes and various R-commands translate into various intercepts of the
force coordinate characteristics. (b) These solutions are typically constrained to the
uncontrolled manifold (solid curve) for the task force level on the {RFT; CFT} plane
where the subscripts refer to the fingertip. Reproduced with the permission of Abolins
& Latash (2021)
The equilibrium point hypothesis has a number of unanswered questions, such as
whether the resistance of the muscles to displacement during movement is sufficient to support
this form of control. Also problematic is measuring the characteristics, which is currently only
feasible under laboratory conditions. Another unanswered question is the control of finger
interdependence and its loss of stability. These studies investigated the loss of finger stability
and the change in finger interdependence during an isometric task, using the EP to describe
their mechanisms.
Object of research: Motor control of human fingers.
Research subject: Interdependence of fingers and loss of force stability in isometric tasks.
Research basis: Young and healthy men and women (with no previous neurological diagnosis
and no physical hand injury in the last year) aged between 18 and 41 years, whose dominant
hand is the right hand.
The aim of the research: Investigation and description of the mechanism of stability and
interdependence of the contraction force of the fingers of the human hand.
Hypotheses:
● The enslaved fingers will lose stability in the opposite direction to the task fingers,
regardless of the finger combination.
● If a person performs an isometric force-production task with the fingers of the hand, he
will not perceive a loss of force.
● The force produced under isometric conditions will decrease if the reference coordinate
decreases.
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● Fingers with higher accuracy in the precision tasks have a greater loss of stability than
fingers with lower accuracy.

Tasks:
1. To investigate and summarise the scientific literature on the finger interdependence and
loss of force stability in isometric tasks.
2. To investigate whether humans perceive force drifts in isometric tasks.
3. Investigate the force drifts in finger enslaving.
4. Investigate whether the change in force in isometric tasks depends on the change in the
reference coordinate.
5. Investigate force drifts in isometric tasks between different fingers of the hand.
6. Describe the mechanism of finger interdependence and stability of the hand in the
framework of the equilibrium point hypothesis.
Research methods:
1. Theoretical research methods:
● Reviewing, summarising, and analyzing the scientific literature.
2. Empirical methods:
● Dynamometry;
● "Inverse Piano";
● A confirmatory experiment;
● Mathematical statistics.
Methodological substantiation to the research
• Findings on neural control of the fingers of the hand (Baker et al., 1999; Bernstein,
1947, 1967; Feldman, 2019; Ilmane et al., 2013; Latash, 2020; McKiernan et al., 1998;
Raptis et al., 2010; Schieber & Hibbard, 1993)
• Finding on the equilibrium point hypothesis: (Feldman, 1966, 1986, 2015; Latash, 2005,
2019; Latash & Zatsiorsky, 1993; Martin et al., 2009; Scholz & Schöner, 1999)
• Findings on finger interdependence: (Danion et al., 2003; Fish & Soechting, 1992;
Kilbreath & Gandevia, 1994; Kim et al., 2008; Li et al., 1998; Reilly & Hammond,
2000; Schieber, 1991; Schieber & Santello, 2004; van Duinen & Gandevia, 2011;
Zatsiorsky et al., 2000).
• Findings on drifts in finger force during isometric tasks: (Ambike et al., 2015, 2016;
Cuadra et al., 2021; Hirose et al., 2020; Ricotta et al., 2021; Vaillancourt & Russell,
2002; Vaillancourt et al., 2001, 2003; Poon et al., 2012; Jo et al., 2016)
• Findings on the use of "inverse piano" in finger studies: (Budgeon et al., 2006; Martin
et al., 2009, 2011)

The scientific novelty of the research
This thesis summarises the results of five separate but related scientific studies on finger
motor control and stability in different tasks.
The stability of finger interdependence in isometric tasks is investigated for the first
time. The scientific literature on finger interdependence is summarised, and the possible
mechanism of this phenomenon is described.
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The phenomenon of force loss in isometric tasks and force increase in enslaved fingers
are investigated. The results obtained refute the hypotheses previously put forward and provide
new knowledge about this phenomenon. A new direction of research has been created in a
currently still little explored and not understood area.
The practical significance of the research
The five scientific articles that make up the unified set of articles included in the Ph.D.
thesis deal with a number of fundamental issues of neural control of movement, using motor
control of the human fingers as the object:
● Voluntary motion control theory with time-varying reference coordinates of the
involved effectors. This theory was used to interpret the results of studies with
unintentional force-displacement/drift (articles 1, 2, 3, and 4). The theory also addressed
force perception (articles 1 and 4).
● Lack of independence of the fingers of the human hand (finger interdependence). In our
studies, this phenomenon was interpreted at two levels: at the level of control by finger
coordinates and the neurophysiological level related to cortical control (articles 2 and
3).
● Specialization of the fingers of the hand for different tasks. Studies have shown that the
index finger, generally considered the most controllable, performs worse on tasks
requiring action stability (article 5).
Overall, this research is relevant to a number of applied areas, such as movement
rehabilitation and training of athletes in different sports, treatment of movement disorders in
patients with neurological disorders, and ergonomics.
Applications in sport
Many sports require precise control of the hand. These include archery, shooting,
biathlon, darts, baseball, etc. Some of these sports have developed finger specialization
techniques, such as the middle and lower fingers in archery. Specialized training can be
designed to reflect the natural specificity of finger control. Minimizing finger engagement
and/or developing specialized finger engagement patterns may be useful in tasks that require
only one finger or a subset of fingers.
Ergonomics
The design of hand-controlled instruments must consider the finger interdependence
properties. For example, actions that require sustained finger force should be performed with
the middle and ring fingers, while actions that require quick and precise action should be
performed with the index finger. The design of instruments requiring individualized finger
action should also consider the changing (increasing) interdependence of the fingers over time.
Studies of unplanned force drifts show the importance of visual feedback in tasks requiring a
steady force level.
Neurological disorders
Finger interaction and coordination have been used as early markers of neurological
disorders such as Parkinson's disease. They are also sensitive to cerebellar dysfunction and
systemic brain disorders such as multiple sclerosis. These markers are also exposed to drug and
brain stimulation therapy. The studies in this paper show that some finger interaction indices,
such as finger interdependence, are inherently unstable and need to be assessed using
standardized procedures that are not yet common in clinical trials and practice.
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Motor rehabilitation
One of the main goals of motor rehabilitation is to improve function in essential
activities of daily living. Objective tools are needed to objectively and quantitatively measure
early signs of such improvement. Our research points the way towards developing such tools
in the context of hand function. Such tools should be different for different groups of fingers,
requiring steady force production for the middle and ring fingers and fast action for the index
fingers. Not only the primary values of finger interdependence, but also the characteristics of
the interdependence drift need to be taken into account. Another potentially important issue is
the design of prosthetic and orthotic devices. In particular, devices that are controlled using the
RC control principle may be easier and more natural to use, leading to better clinical outcomes.
Music performance and musician's seizures
Music performance is usually based on very complex, individualized finger control. To
date, only one study has quantitatively assessed the twitching of professional musicians
(Slobounov et al.), and these people were found to have lower twitching indices. The studies in
this paper highlight the importance of standardized procedures for assessing finger
interdependence and can be used for early detection of children with higher/lower finger
interdependence than average and consequently lower/higher chances of success in music,
particularly piano playing. One of the most common disorders in musicians is the musician's
seizure, task-dependent focal dystonia. Part of the musician's seizure is likely due to the spread
of cortical excitation over neighbouring effector representations, similar to the interdependence
of fingers. Quantification of finger interdependence for musical instrument playing in similar
and dissimilar tasks could be a useful tool to predict the onset of a musician's seizure and
monitor its treatment.
Robotics
Most robotic devices have been based on actuators' direct force and torque control. Still,
there have been promising examples of mechanical gripper design based on the control
principle by reference coordinates (Antonio Bicchi group). Such grippers adapt better to the
changing shape of the manipulated objects. The research data from this work suggest that such
biology-inspired designs would be more adaptive to changing environments and could be more
easily used in human-robot interactions.
All five articles have been published in peer-reviewed journals (Experimental Brain
Research (two articles), Neuroscience, Journal of Neurophysiology, Motor Control). All
journals are indexed in international databases (SCOPUS, etc.). Until the submission of the
thesis for defense, the articles have been cited a total of 20 times.
Theses for the defense
● If the muscle coactivation and/or reference commands drift, the force produced by the
fingers in isometric tasks will also drift.
● If the force produced by the fingers of the hand drifts in isometric tasks, people will not
be able to perceive it and will not be able to match this drifted force.
● If the fingers of the hand are more suited to precision tasks, their stability in isometric
tasks will be lower than fingers that are less suited to precision tasks.
● If a person receives information about the force drift in isometric tasks, they improve
their performance in subsequent attempts.
● If the task is constant under isometric conditions, the interdependence between the
fingers of the hand increases over time.
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● The mechanisms of force drift and finger interdependence can be described using the
equilibrium point hypothesis.
Research boundaries
We investigate the motor control of human fingers of the hand by looking at finger
interdependencies and loss of force stability in isometric tasks.
The experimental tasks are mostly steady-state. The studies were carried out on people
with the dominant hand being the right hand. The observed differences in behaviour and control
between the dominant and non-dominant hand suggest that the current results should be
confirmed in both hands.
The effects observed in the experiments were a superposition of peripheral
biomechanical factors, such as muscle force dependency on muscle length and changes in
muscle activation through reflex loops. At present, it is not possible to distinguish between the
effects of these factors. The use of electromyography is complicated because, in the
experimental task, the primary moving force is the m. flexor digitorum profundus, which is a
deep muscle and requires intramuscular recording. Intramuscular electrodes are uncomfortable
for the participants and may alter their behavior. In addition, it provides information on the
activation of a relatively small part of the muscle in the vicinity of the inserted electrode.
The effect of fatigue (despite rest intervals) or, more likely, boredom cannot be
excluded, given that the experimental procedure was boring. However, the effect of these
factors on the main conclusions should be counteracted by the application of the randomisation
principle in different conditions to all subjects.
The results are discussed and analyzed using the equilibrium point hypothesis, which is
widely used but not unique in the field of motor control.
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Abbreviations used in the study
MVC – maximum voluntary contraction
IP – inverse piano
RC – reference coordinate
k – apparent stiffness
E – index of enslaving
SE – standard error
SD – standard deviation
I – index finger
M - middle finger
R – ring finger
L - little finger
EP - equilibrium point hypothesis
CNS - central nervous system
NU - normalized unit
FDP – m. flexor digitorum profundus
FDS – m. flexor digitorum superficialis
EDC – m. extensor digitorum communis
AG - agonist
ANT - antagonist
C-command - coactivation command
R-command - reciprocal command
UCM –Uncontrolled manifold
λ - stretch reflex threshold
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1. RESEARCH METHODOLOGY, MATERIALS, AND
ORGANISATION

1.1 Objectives of the study
In order to test the hypotheses and fulfil the formulated research objectives, six
objectives were set, which define the limits of the research.
The aim of this thesis is to investigate the interdependence between the fingers of the
human hand and the stability of the force generated by the fingers and to describe their
mechanism.
Based on the analysis of scientific literature and research results, the hypotheses of the
thesis were put forward:
● The enslaved fingers will lose stability in the opposite direction to the task fingers,
regardless of the finger combination.
● If a person performs an isometric force-production task with the fingers of the hand, he
will not perceive a loss of force.
● The force produced under isometric conditions will decrease if the reference coordinate
decreases.
● Fingers with higher accuracy in the precision tasks have a greater loss of stability than
fingers with lower accuracy.
In order to confirm the above hypotheses and the aim of the thesis, the following tasks
were set:
1. To investigate and summarise the scientific literature on wrist-finger interdependence and
loss of force stability in isometric tasks.
The first task was to summarise and analyse the scientific literature. This task served
as the theoretical basis for the whole study and the subsequent tasks.
2. To investigate whether humans perceive force changes in isometric tasks.
For the second task, an experimental study using an "inverted piano" was chosen. This
method makes it possible to measure the reference coordinate and the apparent stiffness of the
fingers. Force perception was measured by force reproduction: the person had to reproduce
the force generated by the hand twice (at the beginning and at the end of the task) with the
other hand (in an isometric task). Both reference coordinates and apparent stiffnesses were
measured for both arms to allow the human to understand whether the force was reproduced
by the reference coordinate, the apparent stiffness, a combination of these parameters, or
something else that was not measured.
3. Investigate the changes in force between fingers.
For the third task, an experimental study was chosen in which the force exerted by the
fingers (both task and non-task fingers) in an isometric task was measured using sensors.
Participants were "fooled" in some of the trials into thinking they were performing the task
with the task fingers (2 fingers that were changed during the experiment), but in reality they
were performing the task with the "fencing" fingers. The participants were unaware of this
"hoax". This experiment showed how the interdependence of the fingers changes over time
(an isometric task does not change).
4. Investigate whether the change in force in isometric tasks depends on the change in the
reference coordinate.
In order to investigate whether the force changes in isometric force generation tasks are
due to reference coordinate changes, a fifth task was set. For this task, an experimental study
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was chosen in which subjects had to perform an isometric task of pressing their fingers
against a surface. Unbeknown to the participants, the surface was changed. In some
conditions it was a hard and rigid surface, while in others it was springs with different
stiffnesses. The participants were unaware of the change of surface. This experiment
demonstrated that the loss of force is related to the change in the reference coordinate.
5. Investigate force changes in isometric tasks between different fingers.
In order to implement the fourth task, an experimental study was carried out. In this
study, all fingers were measured in isometric tasks and whether and how the force changes
over 20 seconds when the experimenters are not given feedback on their performance. No
such study has been carried out before. The results of this study provided insight into how
fingers differ in the performance of such a task.
6. Aprakstīt savstarpējās pirkstu atkarības un stabilitātes mehānismu līdzsvara punkta hipotēzes
ietvaros.
Sestais uzdevums bija aprakstīt pirkstu savstarpējās atkarības mehānismu. Lai īstenotu šo
uzdevumu, tika veikta zinātniskās literatūras izpēte un apkopošana, tā rezultātā izdarīti
secinājumi un izvedots iespējamais mehānisma apraksts pirkstu savstarpējai atkarībai.

1.2 Research methods
The thesis studies used a variety of quantitative methods.
Theoretical research methods:
● Reviewing, summarising, and analyzing the scientific literature.
Empirical methods:
● Dynamometry;
● "Inverse Piano";
● A confirmatory experiment;
● Mathematical statistics.
1.2.1 Experiment participants
All experiments involved young and healthy subjects aged between 18 and 41 years.
The gender split (male, female) in each experiment was close to 50:50. The dominant hand was
the right hand for all participants, as determined by self-reports of which hand they used for
everyday activities such as eating and writing. Participants were practically healthy, had no
hand injuries or neuromotor impairments, and provided written informed consent in accordance
with procedures approved by the Pennsylvania State University Office of Research Protection
(Article 1 and Article 2) or a protocol approved by the Institute of Electronics and Computer
Science Ethics Committee (Article 4 and Article 5).
1.2.2

Data analysis

Data were processed using R version 3.6.1 (R Development Core Team 2019). Prior to
analysis, all force data were filtered using a fourth-order zero-lag Butterworth filter with a
cutoff frequency of 10 Hz.
The force was normalized to each finger's maximum voluntary contraction (MVC) and
expressed as a percentage of the MVC force. Force values were calculated within a 0.5s time
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window. Force drift was expressed as relative values, where negative force drift meant that
force decreased, while positive force drift meant that force increased.
Inverse piano (IP) was used to record the hand reference coordinate (RC) and apparent
stiffness (k) values. As a boundary effect is created when using IP, only a time window starting
at 50 ms and ending 250 ms after the start of each IP episode was used to calculate RC and k.
A regression analysis was performed within this time window, with which RC (intercept) and
k (slope) can be determined. Trials with R2 less than 0.85 were excluded from further analysis.
The interdependence of the fingers was expressed by a value calculated by dividing the
force produced with the enslaved fingers by the total force produced with all fingers, called the
enslaving index: E = FENSLAVED/FTOTAL. The enslaving index of each finger was calculated as
follows: Ei = Fi /FTOTAL, where i = I, M, R, and L enslaved fingers. The difference in finger
interdependence was calculated between the beginning (4-4.5 s) and the end (19-19.5 s) of the
trial, yielding ΔE and ΔEi.

1.2.3 Mathematical statistics
Mean values ± standard error (SE) are used in the text. A repeated measures ANOVA
(using a mixed models) was used to test the hypotheses. Bonferroni corrections were used for
pairwise contrasts. Normality was tested with quantile-quantile plots. Fisher's z-transformation
for the coefficient of determination (R2) was performed before parametric analysis. Student's ttest was used to test for differences between the two data sets. The correlation between RC and
k was obtained using Pearson's correlation coefficient.

1.3 Experimental procedures
1.3.1

Article 1 (What do people match when they try to match force?)

1.3.1.1 Hardware
In this experiment, data were recorded using an inverse piano (Martin et al. 2011). The
IP consists of linear actuators with force sensors mounted on top (model 208C01, PCB
Piezotronics, Depew, NY). The IP can be used to raise and lower the fingers (speed and height
can be adjusted depending on the needs). The top layer of the sensors was covered with
sandpaper (Figure 3). Visual feedback was provided to the experiment participants and
displayed on a 20-inch monitor (Figure 4, panel a). This feedback displayed the target and a
cursor that represented the force produced by the fingers. The force values were recorded at a
frequency corresponding to 1000 Hz.
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Figure 3. Inverted piano and its sensors
1.3.1.2 Experimental procedure
The experiment was carried out on two fingers of each hand, the index and middle
fingers (Figure 4, panel a). The remaining two fingers (ring and little fingers) were not tasked.
They had to be folded and placed comfortably on the table. The experiment consisted of three
parts: a maximal voluntary contraction task, a voluntary force change task and an involuntary
force change task.
Maximum voluntary contraction exercise. Participants were asked to place all four
fingers on the force sensors. They were then given the task of trying to press as hard as they
could. This task lasted 5 seconds. During the task, the participants saw on the monitor how
much they had pressed. This task was repeated at 30 second intervals (or more). After two
successful tasks, the task with the highest summed four-finger force was selected as the MVC
and all forces were subsequently normalised to this value.
Training. Before starting the experiment, several training sessions were carried out to
get the subject used to the sensors and the task. The training was performed with the fingers (I
and M) of the right hand for the task. They were asked to press 15% of the MVC with both
fingers (the target and the force produced by the participant were displayed on the monitor in
front of them). After five seconds, the IP raised or lowered the fingers at a speed of 2 cm/s. The
height of the fingers was altered by 1 cm. The task was to try not to react to the force sensor
movements. The training was performed no more than 10 times, because after 10 times all
participants were accustomed to the sensors and were able to avoid reacting to them.
In these training sessions, data were recorded and the average values of the force
changes after the sensors were raised as well as after the sensors were lowered were calculated.
These values were then used to set new targets for the force changes of the volunteers.
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Trials of involuntary changes of force. The IP was used to create involuntary changes
in force. Specifically, to force the person to press more, the IP was used to raise the fingers,
while to force the person to press weaker, the IP was used to lower the fingers. The direction of
movement of the sensors in the trials was chosen randomly. In all trials, the target displayed on
the screen was set to 15% of the MBK of the task hand. At the beggining of the trial participant
had to press a target force so the cursor is in the target circle (Figure 4, panel B, top sub-panel).
After four seconds, the participant had to match the force with the left hand what the right hand
was producing. After another 3 seconds, the IP was used. Specifically, IP ascended for 0.5 s
and descended for 0.5 s (1cm up and 1cm down) (Figure 4, panel B, upper part). The participant
then had to relax the left hand and continue to apply a constant force with the right hand. After
3 seconds, the visual feedback disappeared and the IP raised or lowered. After another 1 second,
the participant had to try again with the left hand to match the force produced with the right
hand. These two hand forces had to be held. When the trial had lasted 17 seconds, the IP was
used again, raising and lowering the fingers. In these trials, 42 trials were recorded for each
participant. The RC and k values were obtained with the IP.
Trials of voluntary force change. In these trials, the participant had to perform almost
the same actions as in the involuntary tasks. The difference was that after the first IP, the fingers
of the right hand were not raised or lowered after relaxing the left hand. Instead, a new target
(calculated from training) appeared. The participants in the experiment had to reach this goal.
The visual feedback then disappeared for the experimental participant. When this happened he
or she had to match the force produced by the right hand with the left hand. The end of the
experiment was the same as in the involunteer task trials. Also in these trials, 42 trials were
recorded for each person - 21 with increased force and 21 with decreased force. All trials were
randomised.
To ensure that participants did not get tired, they were allowed to take as many breaks
as they wanted, and the experimenters took a forced rest break every 20 trials. If a participant
made a mistake, that recording was not taken into account for further analysis. The experiment
lasted approximately 70 minutes.
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Figure 4. (a) A schematic illustration of the experimental setup. The instructed fingers
are shown with dark gray. (b) Examples of trials with involuntary force change (top)
and voluntary force change (bottom), both to lower magnitudes. The solid traces show
the task hand’s force, the dashed traces show the match-hand force. The horizontal
dotted lines represent the targeted level of force required to be produced by the task
hand (Target 1 and 2). Notice that target 2 was only present for conditions where
voluntary changes in forces were required (bottom panel). IP1 and IP2 show the two
episodes of inverse piano finger motion. P1 and P2 show the intervals where forces were
quantified. Reproduced with permission from Springer Nature and Copyright
Clearance Center: Springer Nature, Experimental Brain Research, What do people
match when trying to match forces? Analysis at the level of hypothetical control
variables, Abolins V, Cuadra C, Ricotta J & Latash ML, 2020
1.3.2 Article 2: (On the origin of finger enslaving: Control with referent coordinates and
effects of visual feedback)
1.3.2.1 Hardware
The Nano-17 six-axis force/torque sensors (ATI Industrial Automation, Apex, NC)
were used in the experiment. As in article 1, these sensors were surfaced with sandpaper. The
sensors were located 3 cm apart. See Figure 5 for a view of the sensors. The data recording
frequency was 1000 Hz. A self-programmed LabVIEW application program recorded the data
and provided visual feedback, which was displayed on a 20-inch monitor.
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Figure 5. Sensor placement during the experiment

1.3.2.2 Experimental procedure
The first part of the experiment was MVC followed by steady force production tasks.
Figure 6, panel a, illustrates how the participants sat during the experiment. They were
asked to stick to this position and not to raise any finger, hand or elbow during the trial. The
experiment lasted approximately one hour.
Maximum voluntary contraction exercise. To record the MVC, the participant had to
press down on the force sensors as hard as possible with all four fingers. This task lasted 4
seconds. This was repeated several times and the performance with the largest forces was used
as the MVC against which further forces were normalised.
Submaximal finger force production task. In this task, subjects were asked to press
two-finger combinations on force sensors and hold the target force for 20 seconds. The other
two fingers were asked to be ignored and allowed to behave naturally. The finger combinations
asked to press were: index finger + middle finger , middle finger + ring finger, and ring finger
+ little finger (Figure 6, panel b).
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Figure 6. A: schematic illustration of the experiment setup. B: conditions used during the
experiment. The instructed (master) fingers for the three conditions of the experiment
are shown in gray. This panel also shows the finger pairs that produced forces, which
were used to provide visual feedback across conditions. IM, Index + Middle; MR,
Middle + Ring; RL, Ring + Little. Reproduced with permission from The American
Physiological Society and Copyright Clearance Center.
Participants were instructed to: “Press with the instructed fingers to match the target on
the screen with the cursor throughout the whole trial. Do not pay attention to possible force
production by other fingers of the hand. Keep the cursor in the target accurately until the end
of the trial. Never lift any finger off the sensor.” If the participant lifted a finger, the trial was
not counted and a new trial was performed. Participants had the opportunity to practice before
the experiment started. The force to be applied with the task fingers was 25% of the MVC.
During the training, how much the participant pressed with the enslaved fingers was also
recorded.
The participants were shown visual feedback at all times. Sometimes this visual
feedback was for the task fingers, but sometimes the participants were "fooled" - they were told
that the feedback was for the task fingers, but they were shown the force produced by the
enslaved fingers. In these cases, the target force was not 25% of the MVC, but the force they
produced with the enslaved fingers in the practice trials. The participants in the experiment
were not aware of this "fooling".
Each experiment lasted approximately one hour, during which 12 trials were performed
with each pair of fingers when the visual feedback was on the task fingers and 12 trials with
each pair of fingers when the visual feedback was on the enslaved fingers. One trial was 20
seconds long.
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1.3.3 Article 3 (The Nature of Finger Enslaving: New Results and Their Implications)
The theoretical literature review was a synthesis of existing information on finger
interdependence or finger "exposure", including both original articles and more recent papers
on the topic. After summarising the known literature, a theoretical model of how the equilibrium
point hypothesis could explain finger interdependence was proposed, which underpins the
theory of the other four papers.

1.3.4 Article 4 (Unintentional force drifts across the human fingers: implications for the
neural control of finger tasks)
1.3.4.1 Hardware
The force sensor used in this experiment was the TAL220-10 kg, SparkFun Electronics.
Its surface was covered with sandpaper. This helped to keep the finger from slipping. For the
experiment, a specific wooden structure was designed into which the force sensor was mounted
(Figure 7). This design was created so that spacers and springs (put in 3D-printed cases) can be
placed on the force sensor. The spacers ranged from 1,4 mm to 23,4 mm. Three different springs
were used in the experiment. They differed in both length and stiffness. The spring stiffnesses
were as follows: low stiffness spring, h = 41,7 mm, k = 1,00 N/mm; medium stiffness spring, h
= 53,2 mm, k = 2,07 N/mm; and high stiffness spring, h = 42,1 mm, k = 5,21 N/mm. Spacers
were used to ensure that the initial position of the finger was always at the same level. Figure 8
panel b shows what the spring and 3D-printed case solution looked like. In the rigid condition,
no springs were used, only spacers (Figure 8, panel c). To prevent the participant from seeing
the springs changing, a divider was placed between his head and arm (Figure 8, panel a).

Figure 7. Sensor and its set-up during the experiment. The recess is designed to
accommodate springs and spacers
The data was recorded at a lower frequency of 80 Hz, unlike in previous studies. The
sensor data was sent to a computer with an Arduino microprocessor and processed there using
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the Processing programming environment. The feedback was displayed on a 17" monitor at eye
level 0.8 m from the experimenter's head.

1.3.4.2 Experimental procedure
Figure 8, panel a, shows an illustration of a person sitting during the experiment. The
participant only pressed the sensor with his index finger during the experiment. A random
choice was made as to which hand would be used to start - right or left. The experimenter was
never informed about what he was placing his finger on - the rigid spacers or the spring.
The experiment consisted of two parts. The first was very short. It was about maximal
voluntary contractions (MVC), or how much the participan can press with his index finger (in
terms of force), and the main experiment was about producing a steady force. The whole
experiment took about 90 minutes.

Figure 8. (A) A schematic illustration of the experimental setup. (B) A cross section of a
spring in the case. An example of a spring in the initial position (left) and when
compressed (right). (C) An illustration of the force sensor in the Rigid condition (top)
and in a spring condition (bottom). Adapted and translated with permission from
Abolin (2022)
Maximum voluntary contraction trials. The MVC in this experiment very simlar to
the MBK challenges described in papers 1 and 2. The difference was that in this experiment
MVC was determined for the index finger of the right hand and the index finger of the left hand.
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Precise force production trials. In the main task of the experiment, participants had to
press a specific force with their index finger and try to maintain it even when the visual feedback
was lost. They were given the following instructions: "Press your index finger hard enough to
bring the cursor to the target shown on the screen and hold the cursor precisely on the target.
After five seconds, the cursor will disappear. Try to keep the force constant for the next 15s.
Do not lift your finger from the sensor. After these 15s (20s from the start of the trial), the word
"CANCELLED" will appear on the screen. Release your finger, but do not lift it off the force
sensor. The word "REPRODUCE" will then appear on the screen. Try to push with your index
finger to produce the force you produced at the end of the trial. When you think you have
reproduced the force, verbally inform the experimenter." If the participant did an action that
was not given in the task, such as lifting a finger from the sensor, the trial was stopped and
repeated.
Participants had to achieve a force of 20% of the MVC. This target force was
represented as a blue circle in the middle of the screen. The background of the screen was white,
while the force generated by the participant was a black filled circle that moved only vertically
to represent the magnitude of the force produced.
One trial was 26 s long, of which a steady force had to be produced for 20 s. In this
experiment, 3 different types of springs were used (their differences are described above), as
well as one rigid condition in which spacers were used instead of springs. For each condition,
12 trials were recorded in random order, thus eliminating the possibility of order influencing
the results. It is important to mention that the spacers ensured that the task finger (index finger)
was always in the same position at the start of the task.
Once all trials with one hand were recorded (48 in total), the hands were switched and
the same was repeated with the other hand. The experiment lasted about 90 minutes.
1.3.5 Article 5: (Unintentional force drifts as consequences of indirect force control with
spatial referent coordinates)
1.3.5.1 Hardware
The force sensor used in the experiment was: TAL220 -10 kg, SparkFun Electronics.
The top of the sensor was covered with sandpaper. This helped to keep the finger from slipping.
The sensor was mounted on a wooden structure (Figure 9). Data recording was done using a
SparkFun amplifier and an Arduino microprocessor. All data recording was done through a
self-written application developed in the Processing programming environment. The data
recording frequency was 80 Hz. Visual feedback was provided via a self-written application
and displayed on a 17-inch monitor.
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Figure 9. Sensor and its setup during the experiment

1.3.5.2 Experimental procedure
Figure 10 shows how the participants sat during the experiment. The finger of the right
hand was on the force sensor. The experimenter's other fingers were flexed so as not to interfere
with the task with the task finger, while the thumb was placed on the table (wooden structure)
without interference. The experiment started with a task to determine the maximum forces that
the fingers can press against the sensor, or the maximum voluntary contraction (MVC). This
was followed by the main task, which was to produce an accurate force magnitude. The
participant was instructed to push down vertically with his finger. The experiment lasted
approximately 1.5 hours.
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Figure 10. A schematic illustration of the experimental setup. Reproduced with
permission from Springer Nature and Copyright Clearance Center: Springer Nature,
Experimental Brain Research, Unintentional force drifts across the human fingers:
implications for the neural control of finger tasks, Abolins V & Latash ML, 2022
Maximum voluntary contraction trials. This task is very similar to the MVC task
described in articles 1, 2 and 4. Unlike in the previous articles, in this experiment the MVC was
determined for each finger separately. The maximum voluntary contraction force produced for
each finger was used in further trials. Specifically, the target force was determined relative to
the MVC.
Precise force production trials. The task was to press one of four fingers (I, M, R or
L) against a force sensor. The participants were instructed: "Press with the task finger until the
target on the screen lines up with the cursor and hold the force. After five seconds, the cursor
will disappear. Hold the force constant for the next 15 seconds until the end of the trial. Never
lift your finger from the sensor."
If the participant lifted the task finger or performed any other action that affected task
performance, the trial was stopped and repeated. The experimenter had the opportunity to
perform several trials before starting the experiment itself.
The force the participant had to apply was 20% of the MVC. Visual feedback was
provided on the screen in front of the participant, identical to the visual feedback described in
article 4.
To ensure that the chosen order of the fingers did not influence the results, it was
randomised (the protocol was set up randomly before the experiment). 12 trials were performed
with each finger, each lasting 20s. After the 12 trials with all fingers, the force drift of each
finger during the period when no visual feedback was available was calculated. The finger with
the largest drift was selected for further experimentation.
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Only the previously selected finger took part in the further experiment. The participant
was shown his or her average performance with that finger (the participant saw the drift of
finger force). He or she then had to perform the same task with the same finger 12 more times.
After these 12 trials, the average performance of the finger was shown again. This procedure
was repeated 5 times.

1.4 Study materials and organization
The research included in the thesis is organized in two locations - the Motor Control
Laboratory at Pennsylvania State University (USA) and the Cyber-Physical Systems
Laboratory at the Institute of Electronics and Computer Science (Latvia).
The thesis consists of five publications developed and published between 2019 and 2022,
divided into the following five phases (Figure 11).
Phase I.
2019 - 2021 Theoretical analysis of scientific literature
The first phase of the study, which is also the longest, involved a literature review and
theoretical analysis. This stage was different in that it ran in parallel with the other stages, and,
after each stage, this stage was passed through before the next stage started. Using the
equilibrium point hypothesis, a model of finger interdependence was developed and described
in this stage. (Tasks 1 and 6)
Phase II.
2019. - 2020. Study on finger force matching
The first experimental study was carried out on the human ability to match force after a change
in force, depending on whether the change in force was voluntary or involuntary. The 12
participants in this study were young (adult) and healthy people living in the USA, both men
and women. Data were collected in both 2019 and 2020. (Task 5)
Phase III.
2020. A study on finger interdependence and how it changes over time
This phase was a study of finger interdependence and how it changes in isometric tasks. Seven
young adults and practically healthy men and women living in the USA participated in this
study. (Task 3)
Phase IV.
2021-2022 Study on the effect of reference coordinates on force drift
Following results of Phases II and III, a study was carried out looking at force drifts in isometric
force production tasks. This study looked at the force drifts when pressing against surfaces with
different stiffness and, as a result, provided new knowledge that these losses are due to changes
in the reference coordinate. This result also looked at the differences between the dominant and
non-dominant hands. (Task 4)
Phase V.
2021-2022 A study about difference between fingers
The latter study was conducted to understand differences in finger stability in isometric force
production tasks. Unlike previous studies, this study involved 16 young, healthy adults living
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in Latvia. It was also investigated whether people can improve their stability in isometric force
production tasks if they are aware of their performance. (Task 1)

Figure 11. Overview of the study phases

2. RESULTS AND DISCUSSION

2.1 The role and perception of reference coordinates and apparent
stiffness in force production tasks (Article 1)

The same force can be generated in two ways under isometric conditions - voluntarily
and involuntarily. Voluntary force generation is natural - a person presses one or more fingers
on a force sensor or other surface. An external force causes Involuntary force production, e.g.,
the surface being pressed against moves in the opposite direction to the press, thereby changing
the coordinate of the effector and moving it away from (or closer to) the reference coordinate.
In other words, changes in the external load cause involuntary movements, while changes in
the value of λ cause voluntary movements (according to the EP hypothesis). Voluntary force
production is usually associated with changes directly in the reference coordinate (Latash 2010,
2016, 2019; Feldman 2015), while apparent stiffness is subject to the reference coordinate
(Feldman 2015).
Voluntary changes in force are due to changes in both the reference coordinate and the
apparent stiffness. The reference coordinate increased by 5.58% when force was increased and
decreased by 35.94% force was lowered, while the apparent stiffness increased by 7.47% with
increased force and decreased by 13.83% with decreased force. In contrast, the results for the
involuntary force changes differed significantly. Involuntary force changes were obtained by
raising or lowering the surface (with IP) against which the fingers are pressed. Apparent
stiffness did not change significantly, the mean change was 5.74%, while the reference
coordinate changed towards the position of the original reference coordinate in magnitudes up
to 50%. It should be noted that neither the reference coordinate nor the apparent stiffness was
expected to change before the experiment.
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Matching an action is not a trivial task. Any human action can be described in different
parameters - speed, joint angles, muscle forces, etc. When a person tries to match an action
(with the same body part or a different one), that person is expected to achieve the same
parameter values. However, the brain and the CNS that controls this reproduction do not know
what force, speed, or other parameters describes the task. Research has shown that people
attempt to reproduce the force produced by one hand with the other by reproducing the central
command's internal evaluation (van Doren, 1995, 1998), i.e., effort (Proske & Allen, 2019;
Proske & Gandevia, 2012). Classically, kinesthetic perception is the result of an interaction
between an afferent neural process and an efferent neural process. This interaction is attributed
to the efferent copy (von Holst & Mittelstaedt, 1950). Within the equilibrium point hypothesis,
kinesthetic perception with reference coordinates is described by the concept of the
isoperceptual manifold (Latash, 2018).
People are able to match force relatively close to the target force. Although this differs
slightly (14.95 ± 0.03 NU for the task hand; 14.22 ± 0.76 NU for the matching hand), the
difference is not statistically significant. In the situation where the force was not yet changed
or when it already was (both voluntary and Involuntary), the reference coordinates were always
larger for the hand that attempted to match the task hand force (larger by 34.3%), whereas the
apparent stiffness was always smaller at 22.9%. The hyperbolic correlation between these two
values for the task hand that had visual feedback was very high (r2 = 0.986), whereas it was
significantly lower for the other hand that tried to match it (without visual feedback) (r2 =
0.604). This correlation decreased strongly in the task hand following changes in force (both
voluntary and involuntary), particularly in tasks where force was reduced, however, correlation
did not change much in the hand that matched the force (Figure 12 shows the z-transformed
values of the hyperbolic correlations).
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Figure 12. Averaged z-transformed R2 values across subjects with standard error bars from the
hyperbolic regression for the {RC; k} data for both hands and all the conditions. Note the much
higher R2 for the task hand when visual feedback was available. Note also the overall higher R2
for the task hand as compared to the match hand. There are higher R2 values during IP2 when
force was increased compared to conditions when force was decreased. ID Involuntary decrease,
VD Voluntary decrease, II Involuntary increase, VI Voluntary increase. Reproduced with
permission from Springer Nature and Copyright Clearance Center: Springer Nature,
Experimental Brain Research, What do people match when they try to match force? Analysis at
the level of hypothetical control variables, Abolins V, Cuadra C, Ricotta J & Latash ML, 2020

A between-subjects analysis showed that at the beginning of the task, the correlations
between the RC and k values of the two hands were high and statistically significant (RC, r =
0.925, p < 0.001, k, r = 0.777, p = 0.008), while at the end of the task they decreased significantly
and in some tasks were no longer statistically significant (Figure 13). These results show that
people prefer particular task-sharing patterns between the two hands (in RC and k space), which
has been hypothesized previously (Haar et al. 2017a, b; de Freitas et al. 2019).
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Figure 13. Relationships between the task-hand and match-hand referent coordinate
(RC, A and C panels) and apparent stiffness (k, B and D panels) across subjects at IP1
and IP2 in all conditions. Correlation coefficients are shown for each condition with the
respective linear regression lines. ID Involuntary decrease, VD Voluntary decrease, II
Involuntary increase, VI Voluntary increase. Reproduced with permission from
Springer Nature and Copyright Clearance Center: Springer Nature, Experimental
Brain Research, What do people match when they try to match force? Analysis at the
level of hypothetical control variables, Abolins V, Cuadra C, Ricotta J & Latash ML,
2020
The apparent stiffness changes when the force changed (both voluntary and involuntary)
produced by fingers (or one finger) under isometric conditions, but the changes are not
statistically significant, while the changes in the reference coordinate are statistically
significant.
If a person does not see their performance, the reference coordinate in steady tasks drifts
away from the initial value. This happens relatively slowly (10-20s) (Latash et al. 2005; Martin
et al. 2009), while in fast tasks or with external perturbation, the drift occurs much more rapidly
(Ambike et al. 2016b; Zhou et al. 2014). For example, the force increases during rapid finger
lifting and slightly decreases right after the lifting (Wilhelm et al., 2013; Reschechtko et al.,
2014). The slow drift from the target force is due to unconscious changes in the reference
coordinate (Vaillancourt & Russell 2002; Ambike et al. 2015), called back-coupling of the
reference coordinate (Latash et al. 2005; Martin et al. 2009).
As the movement of the IP sensors causes a change in force, the change in reference
coordinates aims to minimize the change in force. This means that feedback loops from sensory
receptors play a key role (Martin et al., 2009). This suggests negative feedback loops acting to
minimize effector changes, i.e., contributing to homeostasis.
The effects observed in this study provide valuable insights into the methodology of
using IP to calculate RC and k, i.e., RC can uninentionaly drift after 0.5s of IP initiation. At the
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same time, the actions produced by the reflex loops cannot be observed in the first 50-100 ms
because this time is too short. The recommendation of this study for future studies with IP is:
Use a time window that starts no earlier than 50-100 ms and ends no later than 250-300 ms after
the initiation of IP sensor motion. This methodology was used in this study.
When trying to match the force produced by the task hand, the other hand consistently
used smaller k values and larger RC absolute values in all tasks. This suggests less muscle
coactivation (smaller C-command) in the hand with which the force was matched. On the other
hand, higher C-command, or higher muscle co-activation, is associated with the need to provide
more control variables, as then the performance variables could be stabilized (Latash 2018b).
We interpret these results as follows: Participants perceived the stability of the performance of
the task hand to be more important and therefore had higher k values, whereas the matching
hand, with which the task (matching) was performed for a very short time, did not perceive this
stability to be important and therefore had lower k values.

2.2 Finger interdependence and its drifts over time (lack of stability)
(Articles 2 & 3)
Although the fingers appear to be independent, a person cannot move one finger without
unconsciously moving another finger or even several fingers. Similarly, when one finger is
pressed against a surface, the other fingers will unconsciously press against it. This
phenomenon is called finger interdependence or finger enslaving (Kilbreath & Gandevia 1994;
Li et al. 1998; Zatsiorsky et al. 2000; Lang & Schieber 2003). The inability of the fingers to be
fully independent is often considered a lack of coordination in humans, although finger
interdependence is also found in the animal world (Schieber 1991). One reason for this view is
that finger interdependence increases in people with neurological problems (Brandauer et al.,
2012; Jo et al., 2015; Lang & Schieber, 2004; Latash et al., 2002; Park et al., 2013). In contrast,
finger interdependence decreases in people who have to perform very precise finger movements
daily, such as piano players (Aoki et al., 2005; Hiraoka et al., 2020; Slobounov et al., 2002;
Winges & Furuya, 2015). Although the quality of hand performance decreases in elderly but
practically healthy people (Hackel et al., 1992; Rantanen et al., 1999), their finger
interdependence decreases (Shinohara et al., 2003b, 2004; Yu et al., 2010), calling into question
whether finger interdependence is really a lack of coordination.
The following function created by Danion and his team describes force prduction in
isometric task (Danion et al., 2003):
F = (1 / np ) |E| mT ,
Where F is the vector of finger force, | E | is the 4 x 4 finger interdependence matrix, m
is the vector of finger modes, n is the finger count, p is a constant (p = 0.712), and T is
transposition.
It should be noted that finger interdependence can be observed not only in isometric
force tasks but also in kinematic space - simply by moving the fingers (Li et al., 2004).
2.2.1

Differences in different ages

As mentioned before, as people age, their fingers deteriorate due to a number of factors.
These include neuronal death in various brain structures (Dinse, 2006; Morrison & Hof, 1997),
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as well as a reduction in the number of motor units (the most significant cause), followed by
processes of muscle fiber denervation and reinnervation and slowing of motor unit contraction
(Doherty & Brown, 1997; Duchateau & Hainaut, 1990; Galganski et al., 1993; Kamen & Roy,
2000; Kernell et al., 1983; Larsson & Ansved, 1995; Owings & Grabiner, 1998). These aging
changes in neural processes suggest that finger interdependence should increase with healthy
aging, but studies are conflicting, and some suggest otherwise. Specifically, some researchers
have reported that finger interdependence increases with healthy aging (Mirakhorlo et al., 2018;
van Beek et al., 2017, 2019), while others that it decreases (Kapur et al., 2010; Oliveira et al.,
2008; Shinohara et al., 2003a, 2003b, 2004; Yu et al., 2010). This could be due to the fact that
in these studies were different tasks, and the interdependence between fingers changes with
aging depending on the task and experience.
Unlike older people, children do not have inconsistent results in finger interdependence
studies. They have a higher finger interdependence than a healthy adult, and as they get older,
finger interdependence decreases until it reaches adult levels. In flexion tasks, it is at adult levels
by the age of 10, while in extension tasks, it is not yet, still developing (Shim et al., 2007, 2008).

2.2.2

Differences in people with reduced mobility

There can be several reasons for people's disabilities. In people after a stroke, it is often
the movement of the hands and fingers that are affected, which significantly impacts everyday
tasks (Hunter & Crome, 2002). Another common cause is neurological disorders such as
Parkinson's disease, Down's syndrome, etc.
People with Down syndrome tend to switch on muscles working in opposite directions,
or agonist and antagonist, simultaneously (Latash, 1992, 2000), which is one of the reasons
why people with Down syndrome have higher finger interdependence than people without the
syndrome (Latash et al., 2002). Conversely, people with Parkinson's disease who have severely
impaired hand movements (Gelb et al., 1999; McLennan et al., 1972) also have increased finger
interdependence (Brandauer et al., 2012; Jo et al., 2015; Park et al., 2012, 2013). In Parkinson's
patients, it has been investigated that this finger interdependence does not arise from
dopaminergic dysfunction but could be related to extrapyramidal dysfunction (Park et al.,
2014). Similar to the above groups of people, people with cerebral palsy have also been shown
to have increased finger interdependence (Kong et al., 2019).
Similar to people with Down syndrome and Parkinson's disease, stroke survivors have
significantly impaired hand and finger movements (Hunter & Crome, 2002; Schieber &
Santello, 2004) and increased finger interdependence (Jo et al., 2016; Lang & Schieber, 2004).
Finger interdependence is higher in the more affected hand (Li et al., 2003). Li et al. concluded
that the increased finger interdependence might reflect gross flexor synergy (Brunnstrom, 1970)
caused by axon growth and branching. This axonal branching may lead to increased overlap of
the cortical projection (Schieber & Poliakov, 1998; Carmichael et al., 2001).

2.2.3

Training-induced changes in finger interdependence

Several studies show that people who exercise their fingers regularly can reduce finger
interdependence. For example, piano players with highly developed finger dexterity have
significantly lower finger interdependence than those who do not play the piano (Aoki et al.,
2005; Hiraoka et al., 2020; Slobounov et al., 2002; Winges & Furuya, 2015). These results
should be interpreted with caution, as they compared two groups rather than conducting a
34

longitudinal study showing that exercise results in changes in finger interdependence. It is very
likely that people who already have genetically determined lower finger interdependence
become piano players. Studies that were not designed to train finger interdependence showed
that six weeks of finger strength training increases finger interdependence in older people
(Olafsdottir et al., 2008), while two weeks of training increases it in people with Down
syndrome (Kang et al., 2004).

2.2.4 Finger interdependency in the reference configuration control scheme
When a finger is pressed against a stationary surface (isometric conditions), this
movement can be assumed to be in the direction of one axis (along the vertical axis, X). When
controlling one finger with the R command, if that finger produces a force when pressed, the
reference coordinate (RC) of that finger must be below the point where the force is applied (X0).
So RCT is less than X0 (T denotes the task finger, Figure 14, panel A). The RCE of the enslaved
finger must be greater than X0 (panel A), but if the enslaved finger still produces a force, this
means that the RCE is less than X0 (panel B).
The R- and C-commands for each finger allow to vary both the force-coordinate
characteristic of the intersection with the X-axis (RC) and the slope (k, apparent stiffness,
Latash & Zatsiorsky, 1993). This variation provides several possible scenarios of how the force
of the enslaved fingers may be produced when only the task fingers are active. It is important
to note that the task fingers should produce much more force than the enslaved fingers. One
scenario is when the R commands are the same for both fingers. In this scenario, the task finger
must have a larger C-command, otherwise, the task finger will not produce more force (Figure
14, panel C). The second scenario is when the C-commands for both fingers are the same but
the R-commands are different. In this case, the task finger must have a smaller R-command
(smaller RC), which will produce a larger force than the enslaved finger (panel D). This means
that the first scenario is RCT ≈ RCE < X0 and kT > kE, while the second scenario means RCT <
RCE < X0 and kT ≈ kE.
The first scenario has been observed in studies where participants were asked to produce
a ramp force, with the enslaved fingers producing the force from the start of the task. This
experiment suggests that both RCT and RCE are less than R0. In the first scenario, the apparent
stiffness from the C-command was different for the two fingers. This may be due to selective
co-activation of the respective compartments of the antagonist muscle (EDC). Importantly, the
apparent stiffness also co-varies between different fingers (Reschechtko & Latash, 2018). It is
important to note that the two scenarios (C and D) are not mutually exclusive, and it is very
likely that both describe two different mechanisms, which can be explored using IP (Martin et
al. 2011) by recording RC and k values, as well as changes in force over time.
The second scenario is seemingly confirmed by observing the kinematics of the fingers.
For example, when one finger bends, the other fingers also bend, but not as far as the task finger.
Looking at the fingers, it can be seen that each of the enslaved fingers is stopped in a different
position, suggesting that each has a different RC. Studies comparing interdependence when
pressing with different phalanges found that pressing with proximal phalanges had a higher
interdependence index (Cuadra et al., 2018; Latash et al., 2002b). This is relevant because the
main movers of the proximal phalanges are the intrinsic muscles of the fingers. These
observations suggest that the second scenario better explains the enslaving of the fingers, but
in that case the enslaved fingers would have to start producing force delayed rather than
immediately as in the ramp task. All these results are ambiguous (Li et al. 1998, 2004).
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It is likely that both neural and peripheral factors are involved in the process of finger
enslaving. For example, if a small force is applied to the finger, meaning that the RC of the
enslaved fingers is close to X0, peripheral factors will dominate. But when the RC of the
enslaved finger is less than X0, neural factors will start to take over the production of the
enslaved force. Since it is difficult to study the enslaved force at low force values, in recent
years the tasks where the forces are larger have been mostly studied, so there are several
confirmations for neural causes, such as the overlap of cortical projections and the propagation
of cortical excitation to nearby areas. (Schieber & Santello, 2004; Latash et al. 2002b; Hirose
et al., 2020; Article 2).
We think that panel D (Figure 14) best represents neurally controlled finger action,
which also results in finger enslaving. This is also supported by relatively recent studies
showing that neurons in cortical primary motor areas encode muscle group RCs (Feldman,
2019; Illmann et al., 2013; Raptis et al., 2010). Activation of cortical neurons sent to task fingers
is accompanied by propagation of the excitation to adjacent neurons. These neurons are directed
to other muscle compartments, namely the compartments of the enslaved fingers, thus
generating parallel RC displacement and force production of the enslaved fingers. And this
activation of neuronal populations is one of the factors contributing to the finger
interdependence.
The change in finger interdependence with ageing is not easily explainable. For
example, neurons in the central nervous system die as we age (Morrison & Hof, 1997). Muscle
weakness also increases (Larsson et al., 2019). M1 neurons, which are involved in multifingered synergies, also die with ageing (Schieber, 2001). As results on the elderly are
conflicting, the direction of the development of finger interdependence may be determined by
the balance between these factors (see Shinohara et al., 2004; van Beek et al., 2019; Yu et al.,
2010).

36

Figure 14. The plots show schematically force coordinate characteristics of a fingertip
defined by the combined action of the agonist and antagonist muscle groups. (a) If only
one finger of a hand produces force intentionally (master finger force, FM), this means
that its RCM is smaller than its actual coordinate (X0). For other fingers, RCE > X0, and
force (enslaved force, FE) is zero. (b) If RC for both fingers are smaller than X0, they
both produce force, intentionally (FM) and unintentionally (FE). (c) Nonzero enslaved
force can be a consequence of similar R-commands and different C-commands that
translate into different shapes of the FX(X) characteristics. (d) Same force combinations
can be consequences of similar C-commands and different R-commands
By producing force (pressing against the surface) with two fingers and keeping this
force constant, the remaining two fingers, which are not voluntarily pushing against the surface,
slowly increase the produced force. This phenomenon was first observed by Hirose in his study
(Hirose et al. 2020), in which he and his team pressed with two fingers. While showing the
participants' performance, he also recorded the force produced by the remaining two fingers.
Repeating the above experiment (Hirose et al. 2020), but with different finger
combinations and slight changes in methodology, it was observed that the force produced by
the uninvolved fingers can increase by up to 50% within 20 seconds. As shown in Figure 15,
showing feedback to the fingers performing the task results in a very accurate result, while the
force produced by the enslaved fingers increases (top panels of Figure 15). On the other hand,
if feedback is shown to the enslaved fingers (the participants in the experiment do not know
this because they are told that feedback is shown to the fingers that are given the task of pushing
on the force sensors), then the result of the enslaved fingers is unchanged, but the task fingers
start to decrease their force rapidly (bottom panels of Figure 15). Although the absolute force
changes were much smaller for the enslaved fingers with task finger feedback, their relative
changes with respect to the initial magnitude were comparable to the changes observed for the
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task fingers. Figure 16 shows how the relative changes for the different finger combinations varied
with feedback. The force produced by the task fingers decreased by 35% on average, while the
force produced by the enslaved fingers increased by more than 50% on average.

Figure 15. The time series of forces averaged across subjects with standard error shades
for the FMASTER (solid lines) and FSLAVE (dashed lines). Top: trials when visual feedback
was on FMASTER. Bottom: trial when visual feedback was FSLAVE. IM, Index + Middle;
MR, Middle + Ring; RL: Ring + Little. Reproduced with permission from The
American Physiological Society and Copyright Clearance Center: The American
Physiological Society, Journal of Neurophysiology, On the origin of finger enslaving:
control with referent coordinates and effects of visual feedback, Abolins V,
Stremoukhov A, Walter C & Latash ML, 2020
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Figure 16. The averaged force change relative to its initial magnitude with standard
error bars for the master fingers (FMASTER, light gray bars) and slave fingers (FSLAVE,
dark gray bars) are shown across subjects for each of the conditions. *p < 0.01,
significant effects. IM, Index + Middle; MR, Middle + Ring; RL: Ring + Little.
Reproduced with permission from The American Physiological Society and Copyright
Clearance Center: The American Physiological Society, Journal of Neurophysiology, On
the origin of finger enslaving: control with referent coordinates and effects of visual
feedback, Abolins V, Stremoukhov A, Walter C & Latash ML, 2020
The opposing force changes in the task and enslaved fingers, shown in Figure 15 and
16, resulted in similar shifts in the finger interdependence index, E. For non-task finger pairs,
the calculated finger interdependence index increased in all three conditions and both feedback
conditions during the trial. On average, the finger interdependence index E increased from 810% to 12-17% (Figure 17). There was no effect of either finger pair or feedback type on the
relative increase in the finger interdependence index, ΔE (averaged 49%). When individual
enslaved fingers were quantified, ΔE for each finger increased consistently over the trial.
ANOVA showed a significant effect of the finger on the finger interdependence index. Pairwise
contrasts with Bonferroni corrections confirmed larger ΔE values in the middle finger compared
to the little finger. When the change in finger interdependence was expressed relative (as a
percentage) to the initial E value, the effect became similar for all fingers. No significant finger
effect was observed. It should be noted that the results showed that the initial moment of force
did not correlate with the change in force or the change in the finger interdependence index.
The results show that the force drifts in opposite directions (RC, Feldman 2015; Latash
2010) did not cause drifts in the control variables associated with moment production around
the longitudinal hand-forearm axis. It was mentioned earlier that moment did not correlate with
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force changes, and moment changes during force drift were only consistent when there was
feedback to the enslaved finger force (moment decreased under these conditions). However,
they were not consistent when there was feedback with the task finger force, leading to the
conclusion that Hirose and colleagues probably drew inaccurate conclusions about the change
in the finger interdependence index because they thought it was due to a loss of a moment.

Figure 17. Time series of the enslaving index, E, across subjects with standard error
shades for the FMASTER feedback (solid line) and FSLAVE feedback (dashed line). IM,
Index + Middle; MR, Middle + Ring; RL, Ring + Little. Reproduced with permission
from The American Physiological Society and Copyright Clearance Center: The
American Physiological Society, Journal of Neurophysiology, On the origin of finger
enslaving: control with referent coordinates and effects of visual feedback, Abolins V,
Stremoukhov A, Walter C & Latash ML, 2020

Finger interdependencies that are only expressed between 2 finger groups can be
described as follows (Li et al. 1998; Zatsiorsky et al. 2000):
kENSLAVED * RCENSLAVED = e * kTASK * RCTASK,
where e < 1 is a constant. Studies have shown that both agonist-antagonist coactivation and
agonist activation are responsible for increasing force (Corcos et al. 1990; Ghez & Gordon
1987). This suggests that changes occur in all the parameters involved, so the equation can be
rearranged as follows:
kENSLAVED = e1 * kTASK
RCENSLAVED = e2 * RCTASK
In our experiment, there were large deviations in the force produced by the "exposed"
fingers (also deviations of the task fingers), suggesting that for more constant values of RCTASK
and kTASK (this is a strong assumption, Reschechtko & Latash 2017), the P values of the
"exposed" finger matrix increase:
RCENSLAVED = η(t) * e1 * RCTASK
kENSLAVED = η(t) * e2 * kTASK,
where η(t) is a increasing function of time. Using visual feedback of the force exerted by the
enslaved fingers, for the original finger mode vector, increasing the non-diagonal elements of
E increases the visual feedback signal reflecting the actual force. Humans correct the signal
bias by decreasing the non-zero values of mode vector. This leads to decrease in the finger
forces. Assuming that the RCENSLAVED and kENSLAVED are constant:
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RCTASK = RCENSLAVED / η(t) * e1
or
kTASK = kENSLAVED / η(t) * e2
These formulas are very simplistic and the relationships between these parameters (RC
and k) are likely to be more complex. There are many combinations of RC and k which can be
used to obtain the same force (Ambike et al. 2015, 2016b).
Person’s ability to perceive his produced force is quite inaccurate. Both our and other
studies have repeatedly demonstrated that humans are unable to perceive force drifts (up to
40%) in steady-state force production tasks (Ambike et al., 2015). A person can perform such
a task very accurately if he or she is provided with visual feedback, but if this is no longer
available, the person must look for other sources of information to perceive the produced force.
Researchers have put forward the idea that one such source of information could be a rather
subjective measure of 'effort'. This indicator is likely to reflect efferent processes (Proske &
Gandevia 2012; Proske & Allen 2019). The reference coordinate could be related to this sense
of 'effort', as evidenced by studies conducted 30 years ago (Van Doren 1995, 1998) as well as
a more recent study (Cuadra et al., 2020). In Cuadra's study, the muscles of the hand and arm
were asked to co-activate without changing the initial force exerted by the fingers. Although
instructed not to increase the force, participants consistently increased it (by approximately
50%). Interestingly, although people increased the force, they verbally reported a slight
decrease in force. These results suggest that RC rather than k is used to report strength.
It has been reported in the literature that during voluntary movements, RC is reflected
in signals carried by the corticospinal tract (Ilmane et al., 2013; Raptis et al., 2010; Sangani et
al., 2011). The excitation spread across cortical areas leads to unintentional force losses,
increasing finger interdependence. This will increase the hand’s reference coordinate and the
perception of effort, leading to behavioral corrections. If this hypothesized mechanism of
excitation does indeed have a significant effect on force drift, its effect will be larger for fingers
with higher finger interdependence, and higher finger interdependence will result in larger force
drifts in people with neurological conditions such as Parkinson's (Jo et al. 2016; Vaillancourt
et al. 2001). Moreover, the opposite effect is expected for people with lower finger
interdependence, such as healthy elderly people (Shinohara et al. 2003a) and piano players
(Slobounov et al. 2002).
Another possible factor for finger interdependence is the increased synchronization of
firing of ɑ-motoneurons innervating different compartments (Rearick et al., 2003; Reilly &
Schieber, 2003). This is evidenced by studies that documented the synchronization of the firing
of motor units across muscle compartments (Keen & Fuglevand 2004; McIsaac & Fuglevand
2007; Reilly et al. 2004). However, it is important to note that the synchronization between
compartment's motor unit pairs is larger than this synchronization (McIsaac & Fuglevand 2007;
Reilly & Schieber 2003). This may be due to the organization of specific reflex projections
from peripheral sensory endings, and Martin and Park reported such effects during the tonic
vibration reflex (Martin & Park 1997). It is important to mention that these effects have not
been extensively studied, so it is unknown whether they change over time, e.g., in tasks similar
to our experiments, so this interpretation is speculative.

2.3 Reference coordinate stability (Article 4)
One approach to motor tasks involving neural mechanisms involves the use of
computational tools (commonly referred to as "internal models", Wolpert et al. 1998; Kawato
1999; Shadmehr & Wise 2005) in the central nervous system (CNS) to plan, predict and detect
important motor variables such as force, and to implement very fast and efficient sensory-based
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corrections based on these internal models in the event of unexpected changes in external force.
In contrast, Nikolai Bernstein (Bernstein 1947, 1967; Latash 2020) emphasised that peripheral
mechanical variables such as muscle forces, joint torques and joint trajectories cannot, in
principle, be determined by the CNS during natural movement in the natural environment.
As described before, if a person performs an isometric force task (e.g., pressing a finger
against a static and rigid surface), the produced force slowly decreases (articles 1, 2, and 3), and
this loss of force can be up to 50%. Brain imaging results have explained this phenomenon in
terms of memory, i.e., the person forgets how much force they produced previously
(Vaillancourt et al. 2001, 2003; Poon et al. 2012; Jo et al. 2016). A theory of internal models in
which the memory loss explanation fits well has the assumption that the CNS is able to predict
peripheral variables or consequences for motor behavior, and force drifts are a consequence of
CNS errors in predicting peripheral variables. In contrast, Ambike and his team explained this
as a consequence of drifts in the neural signals that control agonist and antagonist RC (Ambike
et al. 2016b). In the EP hypothesis, RC drifts result in a shift of the effector force coordinate,
or R-command drift, and/or a change in the slope of the effector force characteristic, or Ccommand drift (Feldman 1980, 1986, 2015; Latash 2021a).
Assume that, under isometric conditions, the desired force to be produced is the FTARGET
and that this target is achieved by a particular combination of R- and C-commands. The force
characteristic of these two commands is represented by a thick line (Figure 19). In this figure,
panel A represents a situation where this force characteristic is shifted (R-command changes),
and panel B represents a situation where this force characteristic is rotated (C-command
changes). As can be seen, both of these command changes lead to a decrease in force.

Figure 19. The effects of drifts in the R-command (from R0 to R1, panel A) and Ccommand (from C0 to C1, panel B) on the force (FX) generated by an effector in
isometric conditions (“Rigid”, at coordinate X0) and when acting against two spring
loads, with high stiffness (kHIGH) and with low stiffness (kLOW). In both panels, the
largest drift from the initial state (black circle, FTARGET) in expected in the Rigid
condition (to FR) and the smallest drift in the kLOW condition (to FL). An intermediate
drift magnitude (to FH) is expected in the kHIGH condition. Reproduced with the
permission of Abolins & Latash (2022)
If, without changing the initial conditions, the CNS could predict the force with which
the finger will be pressed against the spring and so make errors in prediction (e.g. due to
memory), there should be similar force drifts at different springs. In contrast, if the CNS
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specified R- and C-commands, the drifts of these commands would result in different force
changes in situations where the finger is pushed against different springs (Figure 19, less stiff
spring for KLOW and stiff spring for KHIGH). In particular, pressing against a less stiff spring
would result in a smaller force drift, while pressing against a stiffer spring would result in a
larger force drift, and pushing against a fully stiff surface would result in the largest force drift.
The results of our experiment showed that people consistently reduce the force they
produce, both when pressing against a fully rigid surface and against a spring. These force drifts
(reductions) could be as high as 40%. After the experiment, people reported that they felt no
loss of force. Some, however, reported that they felt a change in the conditions, i.e., they felt
that the surface they were pressing against was being changed. People most often mentioned
that there were two or three different surfaces, but no one mentioned four surfaces, which was
the true value of the different surfaces.
As shown in Figure 20, the highest force drifts were observed when the person was
pushing against a hard surface (-25.94 ± 12.91 NU). The force drifts were greater for the
dominant hand. As predicted before, the greater the spring stiffness, the greater the force drift.
The smallest force drift was in people pressing against the spring with the lowest stiffness (by
-17.37 ± 9.63 NU, red lines). In contrast, the greatest force loss (from spring conditions) was
when pressing against the stiffest spring (by -22.83 ± 11.56 NU, dashed blue lines). The medium
stiffness spring showed moderate force drifts (by -20.53 ± 11.68 NU, dashed yellow lines).

Figure 20. The time series of forces averaged across 15 subjects within each condition
with standard error shades for the non-dominant hand (left panel) and dominant hand
(right panel). Low-stiffness spring – thin red lines; intermediate-stiffness spring – thin
dashed yellow lines; high-stiffness spring – thin dotted blue lines; Rigid – solid black
lines). Note the differences in the drift magnitudes across the conditions in each hand.
Reproduced with permission from Abolins & Latash (2022)
When people were asked to repeatedly match the force (to press the previously produced
force), they produced much higher values than true values, but they were not statistically
different from the original values (Figure 21). Matching did not differ between conditions, and
it did not differ between dominant and non-dominant hands.
If the CNS used hypothetical computation to determine the force known as internal
models (Wolpert et al. 1998; Kawato 1999), our results would not be possible. Our results
suggest that force is produced by parametric control of movement, and that differences in force
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expression are due to differences in external load, even when the individual does not percieve
it.

Figure 21. The average force values with all the data points and standard deviations for
each condition for the dominant hand (top) and non-dominant hand (bottom). Lowstiffness spring – red columns; intermediate-stiffness spring – yellow columns; highstiffness spring – blue columns; Rigid – black columns. The data are shown for
performance with visual feedback (the left cluster of columns), at the end of the drift
period (the central cluster of columns), and during force matching (the right cluster of
columns). Reproduced with permission from Abolins & Latash (2022)
Task performance drifts have also been observed in tasks such as object grasping, arm
position tilting, and body sway (Ambike et al., 2014; Zhou et al., 2015; Rasouli et al., 2017).
Sometimes these drifts are produced when the feedback is turned off, and sometimes with
perturbations (Wilhelm et al., 2013; Reschechtko et al., 2014). RC drifts in task effectors can
explain both our force and performance drifts discussed before.
In a situation where the effector’s coordinate and the reference coordinate differ, the
potential to move the effector to the reference coordinate arises. When the effector is operating
under isometric conditions, a force in the direction of the reference coordinate is produced in
this situation. For example, when a person wants to grasp an object, he/she will have the RC of
each finger inside the object, thus generating a force at the moment of grasping and being able
to lift it (Pilon et al., 2007; Latash et al. 2010). The drifts in force mentioned above suggest an
unknown physiological mechanism. This mechanism seeks to reduce the reference coordinates
and effector distance and is called RC-backcoupling (Ambike et al. 2016b; Latash 2019; Martin
et al. 2009). Two types of force drifts are found in the literature: slow (10-20 s, Vaillancourt
and Russell 2002; Ambike et al. 2015) and fast (1-2 s, Zhou et al. 2014; Wilhelm et al. 2013).
In Article 1 of this thesis, as well as in other studies (Reschechtko & Latash 2017; Cuadra et al.
2021a), it has been observed that the C-command is probably the main contributor in force
drifts, which contradicts the idea that the R-command is hierarchically higher than the Ccommand (Levin & Dimov 1997; Feldman 2015). In recent studies (Hirose et al. 2020; Ricotta
et al. 2021), where subjects were asked to press against force sensors with two fingers (isometric
conditions) and were provided with visual feedback at all times, unconsciously, with the other
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two fingers slowly increased the force, suggesting that there are likely other factors contributing
to force drift than the drifts of the effector’s reference coordinate. The methodology and results
of these two studies were similar to those of article 2 of this thesis, i.e., the experimental
participants were provided with visual feedback at all times; thus, their target force did not
change. There were situations where the participants were given feedback on the non-task
fingers (they did not know this), and in these conditions, the non-task fingers (enslaved) held
the force constant while the task finger slowly decreased it. This is explained as a consequence
of the spread of excitation on cortical finger representations. Thus, force drifts can be viewed
as RC drifts and as neurophysiological processes at the level of the elements involved in the
task. This loss of force is a loss of performance stability, which has been experimentally
confirmed in several studies within the UCM hypothesis (Parsa et al., 2016; Reschechtko &
Latash, 2017, 2018). This has been confirmed as a loss of stability both at the task performance
indicator level and at the level of the control variables.
Since kinesthetic perception depends on the interaction of afferent and efferent
information flows, humans cannot perceive such force drifts (von Holst & Mittelstaedt 1950;
Latash 2021b). Based on the parametric control theories mentioned above, the current copy of
the reference coordinate is associated with an efferent component. This RC then defines a
coordinate system for afferent signals provided by Golgi tendon organs, muscle spindle
endings, articular receptors, etc. We looked at force perception under different conditions by
having the paticipants of the experiment to match the force produced by a single finger - with
different springs and different force drifts (each type of spring had different drifts). The
participants did not percieve these force drifts regardless of the spring. They matched a force
that was closer to the initial force but not to the one after the force drift. This result fits with the
idea described by Cuadra in his study that force drifts are based on reference coordinate drifts
in antagonist muscles (Cuadra et al. 2021a) and agonist muscles (Ambike et al. 2016) toward
the muscle's effective length.
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Figure 22. An illustration of force drifts across the Rigid and two spring conditions
(kLOW and kHIGH) as a consequence of drifts in the referent coordinates (RC) for the
agonist and antagonist muscle groups. The muscle characteristics are shown with
dashed (before drift) and dotted (after drift) lines. Their algebraic sum (the finger
characteristic) is shown with the thick (before drift) and thin (after drift) straight lines.
In the illustration, drifts in both RCAG and RCANT (for the agonist and antagonist muscle
groups) are assumed from their initial values, RCAG,0 and RCANT,0, to final values,
RCAG,1 and RCANT,1, corresponding to a drift in the C-command. Reproduced with
permission from Abolins & Latash (2022)
Although the participants did not percieve finger movements (some felt the more elastic
spring conditions), sensory processes associated with finger movement could still have
influenced the results. This fact does not exclude the possibility that our results suggest an
indirect control of movement by the effector reference coordinate. Our results, however, are
difficult to reconcile with the theory of internal models, which is based on the idea that
peripheral variables are computed. The results of other researchers are also not compatible with
the theory of internal models. For example, one study looking at motion with different
resistances concluded that the CNS attempts to determine force magnitudes, but their control is
separated (Chib et al. 2006). Control theory with RC proposes a specific physiological
framework for implementing such control.
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2.4 Differential stability of the toes (Article 5)
The pairs differ in their functionality. For example, the index and middle fingers are
considered the most powerful fingers (Lachnit & Pieper, 1990; Li et al., 1998). The index finger
is the most controllable. Apart from the thumb, which has the least dependence on other fingers
(Olafsdottir et al. 2005), the index finger is the most manipulative, while the ring finger is the
most dependent on others in both static force production tasks (Zatsiorsky et al. 2000) and
kinematic tasks (Li et al. 2004). The index finger has the highest accuracy in static force
generation tasks (Gorniak et al. 2008) and is the best in fast tapping tasks (Aoki et at. 2003;
Zheng et al. 2021). The middle and ring fingers generate grip force more than the index and
little fingers, while the index and little fingers generate more force moment (Zatsiorsky et al.
2002).
Of the four fingers, in steady force production tasks, the index finger without visual
feedback reduced the produced force by 23.4% ± 3.3%, the most of all fingers. The middle
finger reduced the force produced by 15.4% ± 3.0%, the ring finger by 17.0% ± 3.2%, and the
little finger by 18.6% ± 3.4%. The force decreases steady in all fingers, regardless of the
magnitude of the decrease (Figure 23). Figure 24 shows the differences between fingers in the
unintentional drift of force over 15 seconds. This could be due to the fact that the fingers
specialize in different tasks similarly in the dominant and non-dominant hand. As the index
finger shows the lowest stability but the highest accuracy (Zatsiorsky et al. 2000; Aoki et al.
2003; Gorniak et al. 2008; Zheng et al. 2021), it might have similar specialization similarly as
the dominant hand (more agile, more accurate, more independent), while the specialization of
the other fingers might be more related to ensuring task stability.

Figure 23. The time series of force produced by the instructed finger averaged across 16
subjects with standard error shades. Visual feedback on force was turned off 5 s after
the trial initiation. A Index finger, B Middle finger, C Ring finger, D Little finger.
Reproduced with permission from Springer Nature and Copyright Clearance Center:
Springer Nature, Experimental Brain Research, Unintentional force drifts across the
human fingers: implications for the neural control of finger tasks, Abolins V & Latash
ML, 2022
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Figure 24. There was an unintentional loss of force between different fingers for 15
seconds in an isometric task. I - index finger, M - middle finger, R - ring finger, L - little
finger. * p < 0.05
Unintentional force drifts could be a consequence of a reduction in task performance
stability (Latash 2021a, 2021b). This is confirmed by previous studies (Ambike et al. 2016b,
2018; Reschechtko & Latash 2017). Under isometric conditions, agonists and antagonists have
an infinite number of solutions from a control point of view when generating force, i.e.,
different combinations of RC and k can be used for the same magnitude of force. It has already
been mentioned before that a large solution space has its advantages: it increases the stability
or synergy of task performance, which has been analyzed in the UCM hypothesis (Schöner
1995; Scholz & Schöner 1999). In the absence of visual feedback in humans, the effector’s
reference coordinate and/or apparent stiffness starts to drift, which occurs as the RCs of agonists
and antagonists move towards the actual muscle length coordinates (Ambike et al. 2016b). This
effect is related to the loss of stability mentioned above (Reschechtko & Latash 2017, 2018).
This is likely due to the antagonist RC shift, which also results in a shift in the C-command and
finger k (Cuadra et al. 2021a; article 1; article 2). Figure 25 shows the force coordinate
characteristics of the agonist and antagonist with a thin solid line, and the force coordinate
characteristics of the finger with a dark solid line. After the drift, these characteristics change
(shown with the dotted line), with the antagonist RC changing closer to the true muscle length,
while the agonist RC changes only slightly.
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Figure 25. An illustration of force-coordinate (FX vs. X) characteristics for the agonist
and antagonist muscles (thin lines) and for the finger (thick lines) before the force drift
(solid lines) and after the drift (dashed lines). Note the changes in both intercept
(referent coordinate, RC) and slope (apparent stiffness, k) of the finger as well as of
finger force (∆F). Reproduced with permission from Springer Nature and Copyright
Clearance Center: Springer Nature, Experimental Brain Research, Unintentional force
drifts across the human fingers: implications for the neural control of finger tasks,
Abolins V & Latash ML, 2022
The fact that a person does not percieve a force drift is perhaps one of the most
unexpected phenomena, especially considering that the magnitude of the drift in the experiment
could reach 50% (Parsa et al., 2017). This is probably due to the weak inclusion of the
antagonist reference coordinate in the efferent component (Cuadra et al., 2021a; Latash, 2021b).
It should be noted that the perception of force drift, although poor, differs slightly (the patterns
are identical) when using verbal reporting and when using force matching tasks (Cuadra et al.
2021b).
Although the dominant hand seems to be the most appropriate hand to perform tasks,
the dominant hand shows larger force drifts (Parsa et al., 2017; de Freitas et al., 2019). This is
explained in the dynamic dominance hypothesis (Sainburg, 2005). This hypothesis includes the
idea that cortical mechanisms in the brain are specialized for specific motor tasks. If a person
is asked to hammer a nail, they will hold it with their non-dominant hand but hit it (with a
hammer) with their dominant hand. If we ask a person to switch hands - to hold the nail with
the dominant hand but hit with the non-dominant hand, we will observe that the person is no
longer able to perform this task as before. This shows that our hands are suited for different
tasks: the dominant hand is suited for precision tasks (hitting the hammer accurately), while the
non-dominant hand is suited for stability tasks (holding the nail steady) (Zhang et al. 2006; Park
et al. 2012). Comparing fingers with hands and knowing that the index finger is the bestcontrolled finger and has the highest accuracy (Aoki et al. 2003; Gorniak et al. 2008; Zheng et
al. 2021), our results showing that the index finger has the lowest stability is not surprising.
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Similar findings are also found for other fingers, such as the ring finger, which is known to be
the least accurate and least controlled finger (Zatsiorsky et al., 2000; Gorniak et al., 2008).
The specializations described above shows a trade-off between stability and agility.
Stability is understood as the ability to hold task performance constant, and agility as the ability
to change a performance variable quickly and accurately. Recent studies have shown that hand
pre-task performance reduces stability index (de Freitas et al. 2019) or anticipatory synergy
adjustments (Olafsdottir et al. 2005). Specifically, in order to perform a fast and accurate task,
a person reduces their stability (Latash & Huang 2015). It is also important to note that these
two measures (stability and agility) are sensitive to neurological impairments, particularly those
related to subcortical loops through the basal ganglia and cerebellum (Park et al., 2012, 2013;
Jo et al., 2015).
Although the analogy with the dominant and non-dominant hand is very similar, each
hand is controlled by a different cortical hemisphere, while the fingers of one hand are
controlled by a single hemisphere (contralateral), so it is possible that this trade-off between
finger stability and accuracy could be due to the role of subcortical mechanisms.
People performing isometric force production tasks are usually unaware that they
cannot keep the force constant and gradually decrease, but if they are aware that they are
significantly reducing the force produced in steady force tasks, they will improve their
performance. If people are regularly informed of their drift from their initial performance,
they are able to become sufficiently stable over time. Improvements are seen in all fingers,
and although the index finger has a larger error after improvement than the other fingers, this
difference in error is not statistically significant (see Table 1). After the second and fourth
time, people seeing their performance had a very high correlation between the error and the
improvement the next time (r = -0.915 and r = -0.866, respectively). Other times, the
correlation was very low. This is due to the fact that after the first time, the person does not
yet know how to scale the improvement that the chosen effort will give the next time.
Therefore, after the second time, the person already knows what improvement the previous
effort gave, and this time can more accurately monitor their improvement. After the third
time, people remained much more accurate compared to the first time, so some people
reduced their effort and again remained slightly more unstable, which changed after they saw
it. For this reason, after the fourth time, people improved their performance again. After the
fifth time, the correlation was very low because people were already accurate enough to be
able to improve their performance significantly.
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Table 1
Force drifts for all participants in the experiment. I - index finger, M - middle finger, R - ring
finger, L - little finger
Participant

Task
finger

Variance (% of Task Force)
1

2

3

4

5

6

1

I

-15.9

9.9

-3.6

-15.8

-14.0

-3.1

2

I

-27.7

-19.7

-2.4

-8.7

-12.5

-14.8

3

I

-14.7

9.7

-9.2

2.1

-0.6

2.8

4

I

-49.5

-23.3

-11.9

-11.6

-10.3

-12.6

5

I

-40.4

-31.0

-23.4

-30.5

-12.9

-12.3

6

I

-17.7

-6.9

-9.4

-4.2

-4.7

-2.5

7

I

-22.2

-13

-4.7

-5.1

-8.7

-6.1

8

I

-17.1

23.1

1.0

7.7

0.5

-4.2

9

I

-30.0

3.0

-0.5

-2.3

-1.5

3.9

10

M

-11.9

0.7

-11.2

-3.9

-0.8

3.9

11

M

-27.5

14.1

-8.8

23.6

5.3

4.1

12

M

-48.6

-19.3

-9.7

-5.5

1.1

9.3

13

R

-9.1

0.7

1.6

12.6

1.1

-2.2

14

L

-13.8

-2.2

-8.4

-2.6

0.4

-1.5

15

L

-22.0

-11.8

-2.4

-7.5

-16.0

-10.2

16

L

-27.4

11.0

-7.4

-17.3

-9.3

-8.9

Average value

-24.7

-3.4

-6.9

-4.3

-5.2

-3.4

SE

3.1

3.8

1.5

3.1

1.7

1.8
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CONCLUSIONS
The consistancy of force drifts in isometric force production tasks suggests that this
factor is a cause of other behavioral changes rather than a consequence of them.
Drifts in the interdependence of the fingers of the hand at intervals as short as 15 seconds
are clearly of neural origin. According to the concept of the somatotopic organization of the
large hemispheric cortex, hypothetical neuronal clusters at the M1 level generate signals
corresponding to the conscious involvement of individual fingers. These signals project to M1
representations of all four fingers of the hand, leading to the observed finger interdependencies
based on personal life experience, which may decay with aging, leading to less engagement and
weaker synergy in finger tasks.
The opposite direction of force drift for the task fingers and the enslaved fingers is a
new discovery. These results lead to a consistent increase in the interdependence of the fingers,
which starts as soon as they begin to perform the task and continues for at least the next 15
seconds (our analysis was performed only in the 15 s time range). Such changes (increases) in
finger interdependence indicate a neural origin of the phenomenon and that the force changes
are not a consequence of fatigue (Hypothesis 1).
People match forces reasonably well without matching either the reference coordinate
(RC) or the apparent stiffness (k). The hand that reproduced the task hand’s force had
consistently lower k values and higher absolute RC values than the k and RC ones in the task
hand. Perhaps the most unexpected observation was the consistently smaller force changes in
the trials with forced force changes produced by raising and lowering the force sensors with the
fingers compared to what would be expected based on the estimated values of apparent stiffness
(k) and amplitude of sensor movement.
The force production tasks clearly showed that people do not perceive force drifts
(Hypothesis 2), as they were reasonably good at force matching before force drifts, whereas,
after 15 seconds, when force was significantly reduced, they consistently reproduced higher
values, both with the same hand and the other hand.
Unintentional force drifts are smaller when a person produces a force against a spring,
and the magnitude of the drift is smaller when the force is produced against more flexible (less
rigid) springs. People are unaware of this force drift and match it to produce a force similar to
the initial force. The results indicate that the force drifts are caused by the reference coordinate
drifts (Hypothesis 3). We investigated random and unintentional force changes (drifts). We
demonstrated that force changes depend on external loading conditions even when the person
does not perceive these differences: with less stiff springs, the force drift was smallest, but when
the person performed the task against a rigid surface, the drifts were largest. People did not feel
the difference in the springs. These observations are consistent with the predictions of implicit
force specification in control theory with spatial RC. The results contradict the assumption that
the CNS detects erroneous force magnitudes using malfunctioning internal models, e.g., due to
working memory problems.
The advantages of the index finger in different tasks may translate into poorer
performance in other tasks, especially those requiring precise and constant force production (in
the absence of visual feedback). Our present results are similar to those reported in recent
studies on force drift magnitude differences between dominant and non-dominant hands,
namely larger force drift magnitudes (losses) in the dominant hand. Our results suggest that
trade-offs related to effector specialization may not be restricted to the hand. They may also be
generalizable to the fingers within the same hand: fingers that are more suited to precision tasks
are less stable (unable to maintain constant force), whereas fingers that are less frequently used
in precision tasks are the most stable. These results suggest that agility and stability are a tradeoff and that one finger cannot be both agile and stable (Hypothesis 4).
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Our results show what has also been described in the literature, that there is a trade-off
between two basic performance characteristics (stability (unchanging the variable) and agility
(changing the variable quickly and accurately)). This means that high stability of the effector
will come with lower accuracy and vice versa - high accuracy will come with lower stability.
So fingers specialized in precision tasks will be less stable. These findings are consistent with
the results of the dominant hand, which is considered more accurate but has lower stability than
the non-dominant hand. If the dominant and non-dominant hand are cotrolled by different
hemispheres of the brain, then the fingers of one hand are controlled by the same hemisphere,
located contralateral to the hand. It is very likely that the subcortical mechanism has a
significant impact on the control of finger actions.
An experiment showing people their performance found that people are able to improve
their stability when they are informed of their performance, but that these improvements are
not sustained and that people return to their original performance when the information is no
longer provided.
In sports where finger functionality is a key performance factor, the results of these 5
scientific papers provide new insights into finger specialisation. In the future, the development
of new training methods based on these and other results could improve athletes' fitness and
enhance their athletic performance.
Key findings:
● When visual feedback is not available, people unintentionally reduce force in isometric
conditions. This is due to an unintentional drift in the reference coordinates of the
muscles involved as well as a drift in the apparent stiffness of the effector. These are the
consequences of a drift in the coactivation command of the muscles involved. People
do not perceive these changes in force.
● After force drift in isometric conditions, people make consistent mistakes when trying
to match the force of either the same or the other hand.
● The drift/decrease in force reflects the loss of stability. A greater loss of stability is seen
in the dominant hand and dominant fingers. Both hands and fingers are specialized for
different tasks, which may be more precise or more stable.
● A person informed about the loss of strength in isometric tasks improves their
performance in subsequent attempts.
● The force drift in the uninstructed (enslaved) fingers is in the opposite direction to the
force drift in the instructed (task) fingers.
● Under isometric conditions, the finger interdependence index increases over time.
● The force and interdependence drifts are consistent with the equilibrium point
hypothesis and contradict the control theory with internal models that calculate the
required forces.
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