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ABSTRACT
Humans become less susceptible to environmental or intrinsic perturbations with
practicing a motor task, not only because they are better at correcting the task-relevant errors, but
also due to the improvement of flexible involvement of their body to channel parts of the
perturbations into the changes of task-irrelevant body configuration. The four studies in this
dissertation explored the effects of practice of a finger force production task with adjustable
instability encouraging involvement of elements (fingers) on multi-finger coordination quantified
within the uncontrolled manifold (UCM) hypothesis in which variance is decomposed into two
components: VUCM that had no effect on total force, and VORT that affected total force. The first
study showed that practicing a redundant set of fingers (R-task) and practicing each finger
separately (non-redundant, NR-task) may lead to similar changes in performance accompanied by
dramatically different changes in the total variance in the space of commands to fingers.
Practicing R-task led to higher variability in the system with lower variability in task
performance. In the second study, the elderly population demonstrated ability comparable to the
younger persons to improve task performance by combining high variability with high precision.
However, the effects of practice partially transferred to a simpler task on the performance
improvement with no transfer of the effects on the structure of variance. The third study explored
the effects of practice of a more natural four-finger force production task, and revealed that the
short practice of the four-finger task with adjustable task instability also led to a change in the
structure of variance characterized by a decrease in VORT and an increase in VUCM.
Discouragingly, the effects did not transfer to a more functionally relevant prehensile task. The
last study investigated transfer of the effects of practice on the structure of variance using a
pressing task that combine accurate force and moment of force production. The strong retention
in the series of studies with little transfer makes us optimistic but cautious about possible future
developments of the method for motor rehabilitation on improving coordination.
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Chapter 1
Introduction
The purpose of practice, in general, is to improve performance for novices or to maintain
the level of performance for experts. Performance is typically expected to be more consistent
after practicing a motor task. The way a performance is assessed commonly reflects the aspect a
practice routine is aimed to. Although the aim of practice may span a wide range of movement
characteristics (strength, agility, endurance, or accuracy), this dissertation targets at the practice
effect on improving accuracy in a tracking task where the level of effort and the timing are
prescribed or can be selected freely by the performer. Such tasks are easily found not only in
everyday life (such as washing dishes, moving a full bowl of soup, and steering a shopping cart
between aisles), but also in athletics (such as diving, cycling, and some gymnastic exercises).
Humans perform these movements by involving redundant sets of elements (e.g. joints,
muscles, or motor units) to match comparatively few constraints (e.g. end-effector position or
force) imposed by the task. The number of variables required to describe a system is defined as
the degrees of freedom (DOFs) of the system and these variables are its elemental variables.
When the number of elemental variables is larger than the number of constraints, there is more
than one solution capable of solving the task. The lack of a unique solution is traditionally viewed
as a problem of movement production, also known as the problem of motor redundancy
(Bernstein, 1967). However, the abundance of solutions equally able to solve a task due to the
apparent redundant design of the human body also provides an apparatus for humans to navigate
in the changing and unpredictable environment.
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CONTRADICTORY VIEWS ON PRACTICE
Complex tasks traditionally are broken down into components for practice in order to
improve the consistency of individual components to lead to a consistent overall performance.
The concept on reducing task complexity and practicing one element (or a subset of elements) at
a time partly agrees with the classical view, which treats motor redundancy as a problem to be
eliminated. It is suggested that initially in practice, the excessive DOFs are reduced to enable the
process of searching for a unique solution or at least a narrow set of solutions. With more and
more practice, individual components become less variable and result in a more consistent overall
movement pattern. Indeed, reducing the variability of individual components might be able to
increase the consistency of overall performance if the environmental conditions are also kept
unchanged. However, to have stereotypical movements might not be a good strategy to live in a
dynamically changing environment.
There are other strategies to achieve a similar level of accuracy, when the action is
performed by a redundant system. Elements contributing to a functionally important performance
variable can be organized to keep the performance variable less variable while the output of each
element remains highly variable. For example, the variable behavior of individual joint rotations
is coordinated such that the hammering trajectories of professional blacksmiths (Bernstein, 1930)
are highly consistent. The apparent redundancy of the system provides the possibility to channel
most of the variability of individual elements into the solution space, which does not affect the
performance. The problem of the apparently redundant design of human body has been recast as
the foundation for flexible-and-accurate movements according to the principle of abundance
(Gelfand & Latash, 1998; Latash, 2012b). Practice of a redundant system does alter the variance
structure in the elemental variable space (Latash, 2010).
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MOTOR COORDINATION QUANTIFIED BY THE STRUCTURE OF VARIANCE
To have a set of solutions equally performing a given task allows human movements to
accommodate influences from varying external conditions and fluctuating properties of neural
structures. A hypothetical solution set can be constructed in the elemental variable space from the
requirements of a goal-oriented task. Not all solutions in the hypothetical solution set are equally
facilitated due to factors like non-identical elements and preference of load sharing between
elements. The samples observed from movements across repeated attempts at each corresponding
instant form a distribution in the elemental variable space. The structure of the distribution
reflects the strategies used by the performer. Within the framework of the uncontrolled manifold
(UCM) hypothesis (Scholz & Schöner, 1999), the structure of the distribution is quantified and
decomposed into two variance components (VUCM and VORT) in the elemental variable space.
There is evidence showing that practice not only improves the performance consistency but also
disproportionally changes the structure of the distribution (estimated by VUCM and VORT) in the
elemental variable space (reviewed in Wu & Latash, 2014).
In some cases (the elderly or patients) relatively low VUCM may be the cause for low
adaptability, and failure when a perturbation occurs or a secondary action is required. Higher
amount of VUCM indicates that the variation of each element is channeled through a structured covariation among elements into the UCM direction. The only way to increase consistency of
performance with lower amount of VUCM across repetitions is to have more stereotypical
individual elements leading to a compact cloud of points in the elemental variable space. As a
result, any secondary task would require searching for new solutions for the first task as well.
Several studies have demonstrated that large VUCM plays a role in performing secondary tasks
without affecting performance of the original task (e.g. Zhang, Scholz, Zatsiorsky, & Latash,
2008). Moreover, unpredictable changes both within the body and in the environment always
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influence performance of any task. The strategy of having larger variance along the UCM is
beneficial to accommodate the effects of such perturbations.

FOCUS OF THE DISSERTATION
The main goal of the dissertation is to explore whether practice can lead to an increase in
VUCM. This is potentially important for clinical work, since relatively low amounts of VUCM have
been documented in populations characterized by impaired motor coordination. For example, the
healthy elderly (Kapur, Zatsiorsky, & Latash, 2010) and persons with Down syndrome (Black,
Smith, Wu, & Ulrich, 2007; Scholz, Kang, Patterson, & Latash, 2003) usually show higher
stereotype of movements; patients with Parkinson’s disease and cerebellar disorders (Park, Lewis,
Huang, & Latash, 2012; Park, Wu, Lewis, Huang, & Latash, 2012) also demonstrate low synergy
indices due to relatively low VUCM.
An innovated practice protocol is designed based on the idea that high VUCM is a sign of
higher stability in the movement production with respect to the task goal. Practice a motor task
with variable conditions shows stronger effects on avoiding development of stereotypical
movements. Protocol of traditional variable conditions practice mostly focuses on varying task
goal across repetitions. However, discouraging the development of stereotypical movements is
not sufficient to encourage the development of stronger synergies with higher VUCM. Since
synergies are neural mechanisms stabilizing the performance, adjusting the instability of task
performance is implemented as a way to promote the development of higher VUCM with less VORT
which means stronger synergies. As a result, graded task instability is introduced in addition to
the varying performance requirements in the proposed practice protocol to encourage more
variance along UCM direction. To practice tasks with graded task instability gradually forces the
participant to channel the variability of individual fingers into the UCM direction in order to
maintain or enhance the consistency of the performance.
4

ORGANIZATION OF THIS DISSERTATION
The dissertation is organized into seven chapters. In the following chapters, a literature
review is followed by a sequence of four original research studies that have been published or are
in the process of publication in peer-reviewed scientific journals.
Chapter 2 includes a survey of relevant literature on the following topics: theories and
notions on the neural control of movement; anatomy and neurophysiological basis of the human
hand and wrist; the effects of practice in the neuromuscular system; changes in coordination with
aging.
Chapter 3 presents a study comparing effects of practice by a redundant set of two-fingers
(R-task) with a comparable amount of practice of a similar task by each finger separately (nonredundant, NR-task). The effects of practice of an accurate finger force production task were
investigated by observing the changes of the components of finger force variance quantified
within the UCM hypothesis (Wu, Pazin, Zatsiorsky, & Latash, 2012).
Chapter 4 presents a follow-up study exploring the effects of practicing the R-task in the
healthy elderly population as well as in the healthy young. The effects of a single practice session
of a variable task with subject-specific adjustments of task difficulty (instability) on indices of
multi-finger coordination were observed in young and elderly persons (Wu, Pazin, Zatsiorsky, &
Latash, 2013).
Chapter 5 presents a study exploring effects of practice of a four-finger R-task with
adjustable instability on multi-finger coordination quantified within the UCM hypothesis. The
retention of these effects, and their transfer to a prehensile task were also examined.
Chapter 6 presents a study investigating the transfer of the effects of practicing a fourfinger R-task to an accurate force/moment pressing task.
Chapter 7 contains general discussions on the results of Chapter 3 to 6 and conclusions.
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Chapter 2
Literature Review

THE NEURAL CONTROL OF MOVEMENT
The neuromusculoskeletal system forms the infrastructure for human voluntary
movements. There is a huge number of components in the neuromuscular system, including 86
billion neurons in the brain (Herculano-Houzel, 2009), 1 billion neurons in the spinal cord (Kalat,
2011, page 28), over 600 skeletal muscles, about 200 bones, etc. How the nervous system
interacts with the body and environment to produce purposeful, coordinated movements has
puzzled movement scientists for centuries. Advances in techniques of observing natural
movement (e.g. high-speed photography), methods of studying the functional anatomy of the
nervous system (e.g. Golgi’s staining method), and knowledge of neurophysiology,
biomechanics, and engineering in the nineteenth and twentieth centuries led to both progress in
and arguments on the problem of control of multi-muscle systems. Approaches to study the
neural control of movement can be roughly divided into two major competing groups. One of the
groups assumes that the control of interactions among body parts and between the body and the
environment involves computations in the central nervous system, while the other one assumes
that no computations are performed within the brain and the whole body behaves according to
laws of physics (including physiology), both currently known and unknown.
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Control Theory Approaches vs. Physical Approaches

Control Theory Approaches
Control theory approaches assume that the system for movement production consists of
two components, a controller and a controlled plant. The controller generates control signals for a
set of variables based on inputs provided by neural structures responsible for making decisions on
which movement is desired and on the information about the current (and sometimes former)
state of the plant. The plant driven by the control signals interacts with the environment and
produces a movement. For example, the force-control approach assumes that the variables
computed by the controller are muscle forces. In other schemes, muscle activation levels are
assumed to be computed by the controller.
In the process of computing the control signals, the controller has to solve a chain of
problems. For example, a simple task of reaching an object with the index fingertip consists of
several steps of problem solving. First, an inverse kinematics problem (Mussa Ivaldi, Morasso, &
Zaccaria, 1988) has to be solved to find a configuration, which is usually not unique, of body
segments with the fingertip placed at the coordinate of the object. The second step is to solve an
inverse dynamics problem (Atkeson, 1989) to get patterns of joint torques to move the body
segments along the planned trajectories. The third step is to compute patterns of muscle forces
that exert adequate torques (Zatsiorsky, 2002a) keeping in mind that torques emerge due to the
movement of other joints of the limb. The forth step is to find out the level of muscle activation to
generate the required muscle patterns. The fifth step is to obtain the inputs into the alphamotoneuronal pools activating the muscles to the required levels. At this stage, reflex
contributions to activation of alpha-motoneurons have to be predicted and taken into
consideration. Finally, the control signals are sent to spinal neurons that activate appropriate
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muscles to produce the required force patterns to rotate the joints and accomplish the task of
reaching.
No matter what kinds of control variables are involved, the complicated computational
process has to be completed before movements are initiated. With the addition of the observation
of human ability to perform similar movements with different effectors (Bernstein, 1967), the
idea of engrams were proposed in the first half of the twentieth century. Engrams represent
patterns of neural variables stored in memory that define important features of movements.
Engrams could be scaled in time and in magnitude before being projected onto different effectors.
The notion of engrams was further developed into a generalized motor program
(Schmidt, 1975). A generalized motor program stands for an abstract memory structure that
provides the basis for producing classes of movements. Parameters of movements sharing a set of
invariant features, such as relative timing, are stored within a generalized motor program. Before
being projected onto different effectors, these parameters are scaled to fit the magnitude and
timing of the desired movement. For example, the preservation of the relative timing of striking
individual keys for professional typists to type the same phrase at different speeds was considered
as evidence supporting the generalized motor programming notion (Terzuolo & Viviani, 1980).
The notion of internal model pushed the control theory approaches even further by
assuming that the central nervous system contains models for computing control signals that
produce adequate muscle force patterns. The hypothetical neural controller needs to take into
account several factors, including all steps involved in transforming neural signals into
mechanical variables; time delays in transmitting information from the controller to muscles and
from peripheral receptors to the brain. As a result, an architecture based on multiple cascade
direct and inverse models was proposed to generate accurate motor behaviors (Wolpert &
Kawato, 1998). An inverse model basically transforms the desired mechanical variables into
control signals following the procedure described for the force-control approach. A forward
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model predicts the system behavior based on the control signals and state of the system
meanwhile taking into account the time delays in the information transmission circuit.

Physical Approaches
Unlike control theory approaches, the physical approaches do not assume that the central
nervous system performs computations to obtain control signals for a movement. A common
feature of physical approaches is that interactions within the neuromuscular system and between
the body and the environment are described by laws of physics, including those of
neurophysiology (Kugler & Turvey, 1987; Latash, 2010). Models and hypotheses of physical
approaches are formulated based on the knowledge of the properties of the neuromuscular
system. A muscle fiber contracts to shorten its length when action potentials (electric pulses) are
transmitted from the axon of the motoneuron innervating the muscle. The frequency of action
potentials defines an activation level of the muscle fiber, since action potentials along
motoneuron axons have standard amplitude and duration. Motoneurons and most other neurons in
the central nervous system generate an action potential only when their neuronal membranes are
depolarized over a threshold value. Neuronal membranes typically reach the threshold as a result
of summation of the effects of many subthreshold stimuli temporally or spatially. The threshold
property is a foundation of the equilibrium-point (EP) hypothesis (Feldman & Levin, 2009).
One of the central concepts of the EP hypothesis is that of the tonic stretch reflex (TSR,
an involuntary change in muscle activation and force with a slow change in muscle length). The
active force and length of a muscle are linked by the TSR characteristic of the muscle. Muscle
activation level also changes along the TSR characteristic. On the muscle force-length graph, the
intersection between the TSR characteristic and the muscle length axis is the threshold (λ) of the
TSR. The muscle starts to actively produce force only when the muscle length is beyond λ. Under
a fixed TSR characteristic, the muscle action depends on the environment condition and
9

eventually reaches an equilibrium state, where the muscle force balances the external force; it
reaches λ when there is no external force. The EP hypothesis views λ as a neural control variable
for movement production. Studies on the dependence of active muscle force on muscle length in
decerebrated cat preparation (Feldman & Orlovsky, 1972; Matthews, 1959) have shown that the
TSR characteristic translates nearly parallel to the muscle length axis in response to a change in
the descending signals from supraspinal structures, which is equivalent to a change in λ. Note that
the actual muscle state (force, length, and activation level) is not defined by λ, only the TSR
characteristic is. Therefore the EP hypothesis is also termed the threshold control theory (TCT)
(Feldman & Levin, 2009).
Dynamical system approaches describe the evolution of a system over time under certain
rules that describe transition of the system from time sample i to (i + 1). A set of state variables
are chosen to describe the system’s behavior. The set of all possible values of the state variables
forms the state space. An example of adopting the dynamic system approach in human movement
research is the study on two finger tapping movement leading to the Haken-Kelso-Bunz model
(Kelso, 1995), dϕ/dt = –sinϕ – 2ksin(2ϕ), where ϕ is the relative phase between movements of
two fingers and k is a parameter inversely related to the movement frequency. The dynamics of
the state variable ϕ under the evolution rule exhibits features of rhythmic movements observed
experimentally, in particularly a transition from an out-of-phase pattern to an in-phase pattern
during an increase in the movement frequency.
The notion of referent configuration has been developed as a result of generalizing the
TCT from single-muscle control to multi-muscle, multi-joint, multi-effector, and whole body
systems (Feldman & Levin, 2009). The referent configuration is a threshold configuration for
important performance variables, such as the aperture of grasping hand or the body configuration
for a whole body movement. The discrepancy between the actual configuration (AC) and the
referent configuration (RC) drives corresponding neurons above their activation threshold and
leads to non-zero muscle activations moving AC toward RC. An equilibrium state emerges as a
10

result of the interaction between the driving force (AC-RC difference) and the environment
(physical constraints).
A general scheme, which includes movement preparation, initiation and timing; virtual
joint trajectory formation; the biomechanics and dynamics of the joint muscle system, has been
proposed by Martin, Scholz, & Schöner (2009) for production of voluntary goal-directed
movements. The innovative part of the scheme is illustrated in Figure 2-1. A neuronal
transduction that predicts task-level motion (e.g. end-effector trajectory) into joint-level activation
pattern has been described as time-varying neuronal activity that defines a virtual joint
configuration vector (synonymous to referent joint configuration).

Figure 2-1. A scheme for production of voluntary goal-directed movements. The process of updating the
neuronal activity that defines the timing profile of the virtual joint trajectory is characterized by decoupling
between task-relevant and task-irrelevant combinations of joint configurations. The time-varying neuronal
activity with the updating process transforms a virtual end-effector configuration into a virtual joint
trajectory and receives back-coupling from the effector level (Figure adapted from Martin et al., 2009).
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Two components of motion were assumed to be decoupled. Range-motion represents
changes of joint configuration that affect the end-effector kinematics while self-motion stands for
changes of joint configuration that do not affect the kinematics of the end-effector. A backcoupling mechanism was postulated to update the trajectory of the virtual joint configuration with
estimates of the real joint configuration in such a way that most corrective joint motion happens
within the self-motion space. The process of updating enables the neural processes that define
time changes of the virtual joint configuration to yield to changes of joint configuration that do
not affect the real path of the end effector.

The “Problem” of motor redundancy
The “problem” of motor redundancy formulated by Bernstein (1967) remains a central
issue in motor control study. The lack of a unique way to perform a movement rarely imposes
problems for a healthy human, although a voluntary human movement usually involves several
elements (such as joints, muscles, neurons, etc.) whose states are described by a certain amount of
elemental variables which is larger than the number of variables required to uniquely achieve the
movement goal. For example, when a person reaches a given point with index fingertip without
moving the trunk, the movement goal is to match the three component of the fingertip coordinate
to the coordinate of the target with an upper extremity joint configuration specified by at least
seven variables (three for the shoulder, one for the elbow, two for the wrist, and one for
pronation-supination of the hand). From the many possible actions, only one action is executed at
a time. Does the central nervous system look for unique solutions each time it has to generate a
motor action? Or does it facilitate a set of possible actions that are equally able to solve the task
and let a solution emerge under the interaction between the body and environment? These two
views lead to different approaches to the “problem” of motor redundancy.
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Optimization
Motor redundancy is, traditionally, viewed as a problem to be eliminated. Optimization
approaches reduce the redundancy by introducing cost functions to impose extra constraints. Cost
functions have been proposed based on mechanical characteristics observed in human
movements, or considerations of physiological and/or psychological factors. For example, cost
functions with kinematic or dynamic criteria, such as the minimum-jerk criterion (jerk is the first
time derivative of acceleration, Flash & Hogan, 1985) and the minimum-torque-change model
(Uno, Kawato, & Suzuki, 1989), are able to lead to reaching movement trajectories similar to
those observed in experiments, seemingly straight path and bell-shaped velocity profile of the
end-effector. Other measurable physical parameters (e.g. movement time, impulse, or energy)
may be considered as criteria to optimize (Nelson, 1983). Optimization cost functions based on
physiological considerations include the minimum-fatigue criterion (Crowninshield & Brand,
1981) and the minimum “effort” criterion (Hasan, 1986). With the development of the
optimization approaches, more and more criteria are combined to form complex cost functions.
Although the predictions of movements based on more complex cost function, in general, better
fit the observed movements, it only suggests that the movement the central nervous system
prefers do not excessively violate the criteria.

Principle of abundance
The apparently redundant design of human body has been alternatively viewed as an
advantage according to the principle of abundance (Gelfand & Latash, 1998; Latash, 2012b). In
the space of elemental variables, solutions of a motor task form a family set rather than a unique
solution in a redundant system. Which action emerges in execution depends on conditions of the
environment and the initial state of the system. Movements in the solution set are equally able to
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solve the task and exhibit little variability in the performance variable. Task constraints act in the
direction perpendicular to the solution subspace. The amount of variability in the perpendicular
direction reflects the consistency of the performance with respect to the motor task.
The foundation of the principle of abundance is based on the development of the
principle of non-individualized control on coordination of multi-elements systems by Gelfand and
Tsetlin in 1960s. The central nervous system is assumed to operate with “structural units”, which
are defined as task-specific organizations of elements. Each unit within a structural unit is a
structural unit at a different level of analysis. Therefore, the neural control hierarchy consists of
several levels of structural units. In addition to the notion of structural units, Gelfand and Tsetlin
also suggested a principle of minimum interaction which states that elements within a structural
unit are organized in such a way that interactions both among elements in the unit and between
individual elements and units in the higher level of hierarchy are minimized. The elements
following the principle of minimum interaction are capable of not only sharing tasks but also
correcting errors in the common functional output of the structural unit resulting in minimum
interference from higher level (Latash, 2008a).

Synergies
The development of the principle of abundance and the notion of structural units leads to
an operational definition of multi-element synergies. A synergy is a neural organization that gives
rise to high stability (reflected in high consistency) of an important performance variable by covaried adjustments of elemental variables (Latash, 2012a, p.159). At a selected level of analysis,
the states of elements involved in production of a motor task which prescribes a value or a time
profile of a performance variable are described by a set of elemental variables. For example, at
multi-joint movement kinematic analysis level, elemental variables may be joint rotation angles
and a performance variable could be the end-effector coordinate.
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The uncontrolled manifold hypothesis
The uncontrolled manifold (UCM) hypothesis (Scholz & Schöner, 1999) provides a
framework to quantify synergies. Within this framework, variance across repetitions in a
redundant space of elemental variables is decomposed into two components. One component of
variance (VUCM) lies in a sub-space (UCM) that has no effect on task-specific performance
variables. In contrast, the other variance component (VORT) is orthogonal to the UCM and directly
affects the variability of the performance variables. The structure of variance quantified by these
two components (VUCM and VORT) offers an index of a synergy stabilizing the selected
performance variables.
Identifying the sub-space manifold (UCM) containing all solutions that are equally able
to perform the motor task in the elemental variable space is essential for the variance
decomposition (i.e. synergy quantification). In order to find the manifold, a model of the relation
between all elemental variables and the performance variable has to be constructed. For example,
consider a geometric three-link planar chain model (as illustrated in Figure 2-2) represents the
upper limb in a fingertip reaching without moving trunk task in a plane. The elemental variables
are selected as joint angles (θ1, θ2, θ3) and the performance variable is the end-point position
depicted by the Cartesian coordinate as [x, y] which is a function of joint configuration:
[x, y] = f (θ1, θ2, θ3) = [ l1cosθ1 + l2cos(θ1 + θ2) + l3cos(θ1 + θ2 + θ3),
l1sinθ1 + l2sin(θ1 + θ2) + l3sin(θ1 + θ2 + θ3) ]

Equation 2-1

where l1, l2, and l3 are the respective segment lengths. The larger number of elemental variables
(three joint angles) than the number of constraints (two coordinates) makes the system a
redundant motor system.
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Figure 2-2. Model of a three-link planar chain. The Cartesian coordinate [x, y] denotes the position of the
distal end-point of the chain. Joint angle between links are (θ1, θ2, θ3). Link lengths are l1, l2, and l3,
respectively.

A manifold of a certain end-point position in the joint angle space is a curve due to the
nonlinearity of the geometric model. In order to find the direction perpendicular to the curve for
variance decomposition, a joint configuration θ0 = (θ10, θ20, θ30) averaged across repetition at the
same portion of the movements is computed. At the average joint configuration, the directions
which are tangent to the curve span the null space of the partial derivative of the performance
variable with respect to each elemental variable (the Jacobian). In our example, the Jacobian of
equation 1 is a 2-by-3 matrix.
J (θ0) = [−l1sinθ10, −l2sinθ20, −l3sinθ30; l1cosθ10, l2cosθ20, l3cosθ30]

Equation 2-2

The null space bases (ε) are obtained by solving J (θ0) ∙ ε = 0.
In the finger pressing studies, the relation between performance variables and elemental
variables is more straightforward (Friedman, Skm, Zatsiorsky, & Latash, 2009). For example, the
total finger force equals the sum of all finger forces:
FTOT = FINDEX + FMIDDLE + FRING + FLITTLE

Equation 2-3

Since the relation is linear in the elemental variable space, the directions tangent to the UCM is
the same in the whole space which span the null space of the Jacobian
J (FTOT) = [1, 1, 1, 1]
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Equation 2-4

The direct relation between the performance variability and VORT makes it clear that
reducing VORT is desirable for tasks requiring high consistency. On the contrary, there is no
obvious criterion for VUCM, because this variance component by definition has no effect on
performance. To have both VUCM and VORT small indicates less variable elements and more
stereotypical movements, which may not be ideal for living in a dynamically changing and
uncertain environment. Two factors make larger amount of VUCM desirable. First, all the elements
of the body are typically involved in multiple tasks and contribute to more than one performance
variable. Large amount of VUCM indicates that there is a larger solution space with respect to such
performance variables. If the solution space of the task is small, any secondary task would require
searching for new solutions for the first task as well. Several studies have demonstrated that large
VUCM plays a role in performing secondary tasks without affecting performance of the original
task (Gera et al., 2010; Zhang et al., 2008). Second, unpredictable changes both within the body
and in the environment always influence performance of any task. Large solution set in the UCM
is able to accommodate the effects of such perturbations (D. J. S. Mattos, Latash, Park, Kuhl, &
Scholz, 2011; Scholz, Schöner, & Latash, 2000).

Other methods to analyze variability across repetitions
There are other approaches to analyze movement variability across repetitions, such as
the Tolerance-Noise-Covariation (TNC) method (Müller & Sternad, 2009) and the GoalEquivalent Manifold (GEM) method (Cusumano & Dingwell, 2013). Both methods start with
defining a set of execution variables which are sufficient to determine the execution of the task in
a given trial. A model (e.g. result or goal function) is defined to describe the relation between the
execution variables and the task goal. The TNC method creates uncorrelatated surrogate data set
based on the result function to estimate three contributing factors (tolerance, noise and
covariation) of performance variability. The GEM analysis adds an inter-trial error-correcting
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control on top of the passive properties of the GEM and shows that the passive sensitivity along
the GEM dominants the performance variability when the performer skillfully applies strongly
stable control transverse to the GEM.
The main difference between the UCM and these two approaches (TNC and GEM) is that
the UCM approach links the variance of elemental variables to the variance of a task-relevant
variable at each corresponding moments in time during a movement repeated many times while
the other two approaches focus on the relation between the execution variables and a task variable
at the instant of task execution. The advantage of taking the instant of execution is that the
aforementioned relation can be obtained purely based on the task properties either by numerical
simulations in the TNC or by defining a goal-function in the GEM. However, how the elemental
variables co-vary during a movement is not addressed by both the TNC and the GEM approaches.
On the other hand, the UCM approach assumes that the average of movement trajectories
across repetitions forms a configuration trajectory for achieving the task. The link between the
variance of elemental variables to the variance of a task variable is then obtained based on the
linearization of the configuration trajectory at each corresponding instant during the movement.
The main disadvantage of the UCM approach is that the decomposition of variance components
depends on the linearization of the configuration trajectory which is averaged across repetitions
and may not lead to a successful performance in certain complicated tasks.
In this dissertation, we focus mainly on tasks with finger pressing actions. The UCM
approach is adopted in the proposed work based on two factors of the tasks. One factor is that the
motor tasks are common accurate force production at which most of the healthy adults are good.
The other one is that the relation between selected elemental variables (finger forces or
hypothetical commands to individual fingers) and the performance variable (total force produced
by all fingers) is fairly linear.
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THE HUMAN HAND AND WRIST

Anatomy and neurophysiological basis of the hand and wrist
The hand is the body part located at the distal end of the upper extremity (CalaisGermain, 2008). Carpal bones link the hand to the forearm and form the area of the wrist. As a
versatile tool to interact with environment, the hand consists of 27 bones in total (8 carpal, 5
metacarpal, and 14 phalangeal bones) which forms more than 19 joints within one hand (see
Figure 2-3). Three subdivisions of the hand are the wrist (carpus), the metacarpus, and the digits
(including four fingers and the thumb).
At the wrist area, the 8 carpal bones articulate with each other laterally with many small
ligaments and form two rows: the scaphoid, lunate, triquetrum, and pisiform bones in the
proximal row; the trapezium, trapezoid, capitate, and hamate in the distal row. The proximal row
articulates with the radius and the articular disc by the radiocarpal joint; the bones in the distal
row articulate with the 5 metacarpal bones via the carpometacarpal (CMC) joint. All metacarpal
bones consist of three parts: a base, a shaft, and a head. Each metacarpal bone articulates with a
carpal and the adjacent metacarpal bones at the base of the bone. The head of each metacarpal
bone articulates with one proximal phalange forming a condylar metacarpophalangeal (MCP)
joint, which allows flexion/extension, adduction/abduction, and limited rotation. Each finger has
three phalanges (proximal, middle and distal) while the thumb has only proximal and distal
phalanges. All interphalangeal joints (IP; proximal IP, PIP; distal IP, DIP) are hinge joints
allowing flexion/extension with a limited extension range.
Muscles move the wrist and hand can be roughly divided into groups: flexors or
extensors of the wrist; extrinsic flexors or extensors of the fingers; intrinsic muscles of the
fingers; extrinsic or intrinsic muscles of the thumb. Note that the extrinsic muscles of the digits
move not only directly the digits but also indirectly the wrist while the flexors/extensors of the
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wrist directly move the wrist and the intrinsic muscles of the digits directly move the digits.
Table 2-1 lists the origin, insertion, innervating nerve of each of the muscle that moves the wrist
and hand.
Tuberosity of
distal phalanx

{

Phalanges

{

Second distal phalanx
Second middle phalanx

Head of
phalanx
Shaft of
phalanx
Base of
phalanx

Second proximal phalanx

First distal
phalanx

Head of
metacarpal

Metacarpal
bones

Sesamoid
bones

Shaft of
metacarpal

First metacarpal

Base of
metacarpal
Hook ofhamate
Hamate
Pisiform

{

Carpal
bones

First proximal
phalanx

Trapezoid
Trapezium
Tubercle of trapezium
Capitate
Tubercle of
scaphold

Triquetrum
Lunate

Styloid process of radius

Styloidprocess of
ulna

Scaphold

Head ofulna

Radius

Ulna

Figure 2-3. The bones of the right hand. Palmar view. The skeleton of the hand consists of the carpal
bones, the metacarpal bones, and the phalanges. (Figure is modified from full body model by Hamner,
Seth, & Delp, 2010, and descriptions from Schuenke, Schulte, & Schumacher, 2010, page 222).
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Table 2-1. Muscles move the wrist and hand (Calais-Germain, 2008; Schuenke et al., 2010).
Group

Muscle

Wrist flexors

Flexor carpi ulnaris

Palmaris longus

Flexor carpi radialis

Wrist extensors

Extensor carpi
radialis longus

Extensor carpi
radialis brevis

Extrinsic finger extensors

Extrinsic finger
flexors

Extensor carpi
ulnaris

Origin
Medial
epicondyle of
humerus and
olecranon
Medial
epicondyle of
humerus
Medial
epicondyle of
humerus
Lateral
epicondyle and
supracondylar
ridge of
humerus
Lateral
epicondyle
humerus
Lateral
epicondyle
humerus and
dorsal surface of
ulna

Insertion

Innervation

Actions

Pisiform hook of
hamate and base of
5th metacarpal

Ulnar nerve
(C7-T1)

Wrist flexion and
adduction

Flexor retinaculum
and palmar
aponeurosis

Median nerve
(C7, C8)

Wrist flexion

Bases of 2nd and
3rd metacarpal

Median nerve
(C6, C7)

Wrist flexion and
abduction

Base of 2nd
metacarpal

Radial nerve
(C6, C7)

Wrist extension
and hand
abduction

Base of 3rd
metacarpal

Radial nerve
(C7, C8)

Wrist extension
and hand
abduction

Base of 5th
metacarpal

Radial nerve
(C7, C8)

Wrist extension
and hand
adduction

Flexor digitorum
profundus

Anterior
proximal ulna
and interosseous
membrane

Base of distal
phalanges of all
fingers

Median and
ulnar nerve
(C7-T1)

Wrist, MCP, PIP,
and DIP of all
fingers flexion

Flexor digitorum
superficialis

Medial
epicondyle
humerus, radius,
and ulna

Base of middle
phalanges of all
fingers

Median nerve
(C7-T1)

Wrist, MCP, and
PIP of all fingers
flexion

Extensor digitorum

Lateral
epicondyle
humerus

Dorsal digital
expansion of all
fingers

Radial nerve
(C7, C8)

Extensor indicis

Ulna and
interosseous
membrane

Dorsal digital
expansion of index
finger

Radial nerve
(C7, C8)

Extensor digiti
minimi

Lateral
epicondyle
humerus

Dorsal digital
expansion of little
finger

Radial nerve
(C7, C8)
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Wrist extension;
MCP, PIP, and
DIP of all fingers
extension and
abduction
Wrist extension;
MCP, PIP, and
DIP of index
finger extension
Wrist extension;
hand abduction;
MCP, PIP, and
DIP of little finger
extension and
abduction

Extrinsic thumb muscles

Intrinsic finger muscles

Group

Muscle

Origin

Dorsal
interossei

Adjacent sides of all
metacarpals

Palmar
interossei

2nd, 4th, and 5th
metacarpals

Lumbrical
muscles

Tendons of flexor
digitorum profundus

Opponens
digiti minimi

Hook of hamate

Flexor digiti
minimi

Hook of hamate

Abductor
digiti minimi

Pisiform bone

Base of 5th
phalanx

Ulnar nerve
(C8, T1)

Flexor pollicis
longus

Anterior radius and
interosseous
membrane

Base of thumb
distal phalanx

Median nerve
(C7, C8)

Base of 1st
metacarpal

Radial nerve
(C7, C8)

Base of thumb
proximal
phalanx

Radial nerve
(C7, C8)

Base of thumb
distal phalanx

Radial nerve
(C7, C8)

Base of thumb
proximal
phalanx

Ulnar nerve
(C8, T1)

Base of thumb
proximal
phalanx

Median and
ulnar nerve
(C8, T1)

Lateral shaft of
1st metacarpal
Lateral base of
thumb proximal
phalanx

Median nerve
(C6, C7)

Abductor
pollicis longus

Extensor
pollicis brevis

Intrinsic thumb muscles

Extensor
pollicis longus

Adductor
pollicis

Flexor pollicis
brevis
Opponens
pollicis
Abductor
pollicis brevis

Dorsal surface of ulnar
and radius;
interosseous
membrane
Posterior surface of
radius and
interosseous
membrane
Posterior surface of
ulnar and interosseous
membrane
Oblique head: capitate
and trapezoid.
Transvers head: 2nd
and 3rd metacarpals.
Superficial head:
flexor retinaculum.
Deep head: capitate
and trapezoid.
Trapezium and flexor
retinaculum
Flexor retinaculum,
scaphoid, and
trapezium

Insertion
Base of 2nd to
4th proximal
phalanges
Base of 2nd, 4th,
and 5th proximal
phalanges
Tendons of
extensor
digitorum
Medial surface
of 5th
metacarpal
Base of 5th
phalanx
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Innervation

Actions

Ulnar nerve
(C8, T1)

Fingers abduction

Ulnar nerve
(C8, T1)

Fingers adduction

Median and
Ulnar nerve
(C8, T1)

MCP of all fingers
flexion; PIP and
DIP of all fingers
extension

Ulnar nerve
(C8, T1)

Palmar movement
of little finger

Ulnar nerve
(C8, T1)

MCP of little finger
flexion
Little finger MCP
flexion and
abduction, PIP and
DIP extension
Wrist flexion and
radial abduction;
Thumb CMC
opposition, MCP
and IP flexion
Wrist radial
abduction and
flexion; Thumb
CMC abduction;
Wrist radial
abduction; Thumb
CMC and MCP
extension
Wrist radial
abduction and
extension; Thumb
CMC abduction;
Thumb MCP and IP
extension

Median nerve
(C8, T1)

Thumb CMC
opposition; Thumb
MCP flexion
Thumb CMC
flexion and
opposition; Thumb
MCP flexion
Thumb CMC
opposition
Thumb abduction

The complex musculoskeletal structure of the human hand has a highly developed system
of cortical control. Several areas of the cerebral cortex and the corticospinal tract contribute to the
control of hand movements. The direct corticomotoneuronal connections through the
corticospinal tract are viewed as a key development in the primate cortical control system which
provides the ability to perform finely controlled movements of the digits (Lemon, 1993).
Cortical areas directly involved (Rouiller, 1996) include the primary motor cortex (M1),
the supplementary motor area (SMA), the premotor cortex (PM), and the cingulate motor areas
(CMA). Multiple hand representations have been identified in these cortical areas by intracortical
microstimulation studies in primates (Donoghue, Leibovic, & Sanes, 1992; Morecraft & Van
Hoesen, 1992; Rizzolatti et al., 1988; Tanji, 1994). Overlapped representations are not
uncommon, especially in the M1, which indicates that many cortical neurons influence more than
one muscles of the hand (Schieber & Hibbard, 1993). On the other hand, a movement of a single
finger giving rise to several fields of activation within the M1 has also been reported (Sanes,
Donoghue, Thangaraj, Edelman, & Warach, 1995). This organization suggests that the activity of
cortical neurons relates to multi-element action rather than to activation of individual muscles.

Finger interaction and enslaving
Despite the separate skeleton structure of individual fingers, independent finger actions
are limited due to both peripheral and neuronal factors. The musculature of the hand imposes
peripherally mechanical linkages among the fingers with multitendoned multi-articulate muscles.
To individually move a finger at a time with this complex hand structure requires the ability to
selectively contract muscles to achieve the desired finger movements while counteracting
movements in other fingers. The overlapping corticomotorneuronal projections among several
finger muscles (van Duinen & Gandevia, 2011) complicate more the individualization of finger
movements.
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The lack of independence in finger movements leads to a phenomenon, which is termed
as enslaving, in finger force production (Zatsiorsky, 2002b). It has been suggested that peripheral
factors, such as connective tissue links between fingers, contribute substantially to the lack of
individualization during individual finger movements (Lang & Schieber, 2004) while neural
factors, such as overlaps in cortical representation of fingers (Schieber & Santello, 2004),
dominate the enslaving phenomenon in isometric finger force productions (Danion et al., 2003).
Enslaving effects are typically stronger between adjacent fingers. Fingers within one
hand show different extent of enslaving effects, such as typically least enslaved index finger and
most enslaved ring finger. The strength of enslaving effects also varies across individuals and
between dominant and non-dominant hands. The factors affecting enslaving include specialized
practice, age, and motor disorder (see Latash, 2008 for review).

Multi-finger synergies and finger mode hypothesis
The apparent redundant design of human fingers makes the hand an attractive system for
addressing the problem of motor redundancy and studying motor synergies. The three key
features of a synergy (sharing; error compensation; task-dependence) have been observed using
multi-finger force production tasks. A synergy has been defined as the organization among a set
of elemental variables stabilizing an important performance variable. When the important output
variable in a four finger pressing task is the total force produced by all fingers, individual finger
forces distribute with a typical sharing pattern (e.g. index : middle : ring : little about 30 : 30 : 20 :
20). The principle of minimization of the secondary moments suggests that the sharing pattern
emerges to minimize the total moment of force in pronation/supination (Z. M. Li, Latash, &
Zatsiorsky, 1998). The moment of force minimized has been expanded by examine various finger
postures to include moment with respect to radial/ulnar deviation (Vigouroux et al., 2008).
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The error compensation and task-dependence in multi-finger tasks have been investigated
under the framework of the UCM hypothesis. The co-variation among elements in a multielement system is decomposed into two components, one directly relates to the variability of the
performance and the other one shows no apparent effects on the performance. The structure of the
co-variation among elemental variables provides a measurement to quantify multi-finger
synergies. However, interconnected individual finger forces introduce co-variation that does not
reflect task-specific control strategies. A set of hypothetical variables, finger modes, was
introduced to alleviate the influence of task-independent relations among finger forces (Danion et
al., 2003). The central nervous system is assumed to be able to manipulate independently
individual finger modes related to the performer’s desire of individual finger movements. The
relation between finger forces and finger modes is described by the formula:
{F} = [E] ∙ {M}

Equation 2-5

where {F} is a finger force vector, {M} is a finger mode vector, and [E] is an enslaving matrix.
The enslaving matrix can be estimated experimentally with single finger pressing tasks.

THE EFFECTS OF PRACTICE IN THE NEUROMUSCULAR SYSTEM
A person practices a motor task to improve or maintain proficiency in the task. Practice,
disregarding the variety on the duration and intensity, involves repeatedly executing movements
which solves the same task. The apparently redundant amount of elements involved in human
movements is ubiquitous at all levels of analyses (e.g. body segments, joint angles, muscle
activations, motor units, etc.). The redundancy of transformations at different levels of the
neuromotor system and the inherent variability within elements at each level of analysis make
exact repetition of any single movement practically impossible. The process of solving the same
task, rather than the exact movement, has been practiced across different attempts.
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Changes induced by practice are observed in both peripheral (e.g. muscular) and central
(e.g. neural) properties of the neuromuscular system. Occurrence of observable changes along the
practice time course differs for different components within the system. For example, exercise
induced muscle enlargement are observed in both animal and human after several weeks (Timson,
1990) while changes in the neuronal network mediating a movement are reported after a brief
session (less than one hour) of practice (Classen, Liepert, Wise, Hallett, & Cohen, 1998). The
effect of practice also depends on the structure of the practice schedule (e.g. duration, intensity,
frequency, etc.).

Changes in the muscle properties with practice
Several aspects of human skeletal muscle show changes in response to practice, such as
muscle cross-sectional area, fiber composition, metabolic and contractile properties. Exerciseinduced adaptations in muscle properties depend on the type of exercise practiced. For example,
endurance exercise induces an increase in muscle oxidative capacity (Holloszy, 1967) while
strength training alters muscle dimensions (Timson, 1990). Beside enhanced muscle aerobic
capacity, endurance training increases the velocity of muscle shortening and decreases peak
tetanic force (Fitts & Widrick, 1996). Strength training typically induces change in muscle
dimension with enlarged cross-sectional area, muscle hypertrophy (Zatsiorsky, 1995). The
enlargement due to the increase in the number of myofibrils leads to increased muscle force
production, while the enlargement may also result from growth of non-contractile tissues that do
not directly contribute to the production of muscle force. Training-induced hypertrophy is a slow
process which takes at least a couple of weeks before significant hypertrophy at the whole muscle
level can be observed (DeFreitas, Beck, Stock, Dillon, & Kasishke, 2011; Seynnes, de Boer, &
Narici, 2007).
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The effects of practice in the nervous system
The disproportionate changes between the performance of the neuromuscular system and
the muscle dimensions in the first few weeks of training implicate the involvement of changes in
the nervous system in the early phase of practice (Gabriel, Kamen, & Frost, 2006). Neural
adaptations in response to practice may occur at both spinal level (e.g. excitability of motor
neurons) and supraspinal level (e.g. projections from the cortical area). For example, increase in
muscle force after resistance training has been attributed to several neural factors, such as
reduction in motor unit recruitment threshold (Griffin & Cafarelli, 2005), alteration in firing
patterns of motor neurons (Del Balso & Cafarelli, 2007), increase in activation of
corticomotoneuronal track (Carroll, Riek, & Carson, 2002; M. Lee, Gandevia, & Carroll, 2009),
and adaptation in multiple cortical areas (Falvo, Sirevaag, Rohrbaugh, & Earhart, 2010;
Hortobágyi & Maffiuletti, 2011).
Plastic changes of cortical projections are documented in both primates (Padberg et al.,
2010) and humans (L. G. Cohen, Bandinelli, Findley, & Hallett, 1991; Reddy et al., 2002) with
lesion within the nervous system or amputation of a body part. A change of cortical
representation induced by short-term practice with a motor task has also been reported in a
healthy adult in the absence of any injury (Classen et al., 1998). A couple hundreds of repetitions
in motor tasks (Shadmehr & Holcomb, 1997) or a couple minutes of practice in non-motor tasks
(Raichle et al., 1994) are sufficient to alter the activation patterns in the cortex.

Changes in a redundant system with practice
Practice of tasks that require accurate performance in a redundant system leads to more
consistent performance. Under the framework of the UCM hypothesis (Scholz & Schöner, 1999),
overall variance within the elemental variables of a redundant system across repetitions can be
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decomposed into two components, one does not affect the performance (VUCM) and the other one
does (VORT). Changes in both variance components are documented in several studies (Domkin,
Laczko, Djupsjöbacka, Jaric, & Latash, 2005; Domkin, Laczko, Jaric, Johansson, & Latash, 2002;
Kang, Shinohara, Zatsiorsky, & Latash, 2004; Latash, Yarrow, & Rothwell, 2003; J-F Yang &
Scholz, 2005). A drop in total variance typically observed with disproportionate changes between
VUCM and VORT leads to the suggestion of a two-staged process on the changes in the structure of
variance (reviewed in Latash, 2010). At the first stage, a noticeable drop of VORT reflects the
improvements of performance accuracy. After a considerable amount of practice, the accurate
performance in the second stage leaves little room for further decline of VORT. In contrast, the
changes of VUCM are more task-specific. If the task is not challenging enough, the drop of VUCM
along with practice may be interpreted as optimizing features of performance that are not
explicitly defined by the task. On the other hand, an increase in VUCM may potentially benefit
performance if the task is performed in unstable conditions or in present of unexpected
perturbations.

The effects of practice with variable practice conditions
To practice a motor task is defined as to repeat exercise of a movement so that task
performance can be improved or maintained. Motor tasks can involve wide range of variety of
environment conditions. For example, environment conditions for sprint or archery are relatively
unvarying compared with conditions on the football field. To practice a motor task under
different conditions has been shown more benefit in accurate force production (Shea & Kohl,
1991), and in performing novel version of similar tasks (H. S. Cohen, Bloomberg, & Mulavara,
2005; Roller, Cohen, Kimball, & Bloomberg, 2001). Repeating a motor task under variable
conditions encourages solving the problem in each repetition rather than stereotypically repeating
the movement itself. Since conditions for performing any movement are never identical in real
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life, to enhance the capability of produce a movement may be more desirable than to become
more stereotypical.

CHANGES IN COORDINATION WITH AGING
Aging has been associated with deterioration in motor performance even in the absence
of any diagnosed neurologic or muscular disorders. Factors resulting in performance decline
extend over age-related changes in muscle and peripheral tissue properties, sensory functions,
peripheral and central nervous systems. For example, the loss in muscle strength in the elderly
involves both the age-related loss of muscle mass and loss of myelinated fibers in the nervous
system (Manini & Clark, 2012; Manini, Hong, & Clark, 2013). A progressive loss with age is
also documented in many of sensory functions, such as lower visual acuity and decreased
sensitivity of proprioception (N. K. Lee, Kwon, Son, Nam, & Kim, 2013; Shaffer & Harrison,
2007). Features of movements in the elderly include the slowness in movement initiation,
movement execution, and the increase in co-contraction of agonist-antagonist muscle pairs acting
at a joint (Klein, Rice, & Marsh, 2001; Stelmach & Nahom, 1992).

Age-related changes in hand function
Decline in both manual dexterity and strength accompanying with advancing age
contribute to the decline in the activities of daily living (V. K. Ranganathan, Siemionow, Sahgal,
& Yue, 2001; Scherder, Dekker, & Eggermont, 2008; Shiffman, 1992). Elderly people are less
able to modulate finger forces to changing targets (Voelcker-Rehage & Alberts, 2005). Impaired
ability to adjust the force of individual fingers to produce target moment of force is also observed
in the elderly population (Shim, Lay, Zatsiorsky, & Latash, 2004) and may be viewed as a source
for impairment of rotational hand actions (Olafsdottir, Zhang, Zatsiorsky, & Latash, 2007). In
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both hands, finger forces become more variable (Keogh, Morrison, & Barrett, 2006) which partly
origins from the decline in finger strength (Sosnoff & Newell, 2006). The elderly possibly use
higher grip force in maintaining stable precision grip when holding and moving an object as an
adaptive compensation to the more variable finger forces (Gilles & Wing, 2003).

Aging related changes in enslaving
Lower indices of enslaving (higher individualization) in the elderly during pressing tasks
have been documented in several studies (Kapur et al., 2010; Shinohara, Latash, & Zatsiorsky,
2003; Shinohara, Scholz, Zatsiorsky, & Latash, 2004). Enslaving describes the unintentional
force production by fingers not explicitly involved in a task (Zatsiorsky, Li, & Latash, 2000).
Lower enslaving reflecting better control of individual finger forces does not mean better control
of the hand across everyday tasks, since certain amount of enslaving may be beneficial for multifinger tasks. For example, patterns of enslaving organized to stabilize the total moment of force
produced by a set of fingers can be seen as a synergic control to stabilize rotational action of the
hand (Zatsiorsky et al., 2000). On the contrary, the lower enslaving with aging is likely to
contribute to the documented impairment of the hand function in the elderly population (Carmeli,
Patish, & Coleman, 2003; Diermayr, McIsaac, & Gordon, 2011).

Aging related changes in multi-finger synergies
Multi-finger synergies can be quantified within the framework of the UCM hypothesis.
Variance in the space of elemental variables (e.g. finger forces or modes) is decomposed into two
components. One of the components is variance (VUCM) along the direction tangent to the
manifold formed by all solutions mapping to the same value of the performance variables (e.g.
total force or total moment of force). The other component is variance (VORT) directly reflecting
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the variance of the performance variables. A synergy stabilizing performance variables has been
defined as co-variation of elemental variables resulting in larger VUCM than VORT quantified per
dimension of the corresponding subspaces (Latash, Scholz, & Schöner, 2007).
Multi-finger synergy indices mostly show decline with advancing age in finger force
production. Lower synergy indices in the elderly during tasks involving accurate total force and
total moment of force production are reported in both finger pressing (Kapur et al., 2010;
Olafsdottir et al., 2007; Shinohara, Latash, et al., 2003; Shinohara et al., 2004) and prehension
studies (Shim et al., 2004). Less synergic control associated with aging may be attributed to the
death of cortical neurons (Eisen, Entezari-Taher, & Stewart, 1996) disrupting hypothetical
synergic intracortical links (Schieber, 2001).
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Chapter 3
Practicing Elements versus Practicing Coordination:
Changes in the Structure of Variance
Practicing a motor task can lead to changes in performance variables directly related to
the task formulation (their average across trials characteristics and variability; reviewed in
Newell, 1991) as well as in coordination among redundant sets of elements (cf. Bernstein, 1967)
involved in the production of voluntary movements. The changes in coordination with practice
have been notoriously hard to address, although important progress has been achieved in studies
within the dynamic systems approach (Buchanan, Zihlman, Ryu, & Wright, 2007; Scholz &
Kelso, 1989). Recent progress in analysis of apparently redundant systems has led to the
formulation of the principle of abundance (Gelfand & Latash, 1998; Latash, 2012b), leading to an
operational definition of multi-element synergies, and a method to quantify synergies within the
uncontrolled manifold (UCM) hypothesis (John P Scholz & Schöner, 1999; reviewed in Latash et
al., 2007).
Within this framework, variance in a multidimensional space of elemental variables
(those produced by elements such as muscles, joints, digits) may be viewed as consisting of two
components, “good” and “bad”. The “good” component (VUCM) lies within the UCM and leads to
no changes in a potentially important performance variable, while the “bad” component (VORT)
lies in the orthogonal to the UCM subspace and affects that performance variable. Two factors
make VUCM “good”. First, in real life all the elements of the body are typically involved in more
than one task and have to contribute to stabilization of more than one variable. Large amounts of
VUCM with respect to one of such performance variables create a large subspace where the same
elemental variables may vary to produce and stabilize other variables.

32

If VUCM is small, any secondary task would require finding new solutions for the first task
as well. Second, performance of any task is associated with unpredictable changes both within the
body and in the environment (“noise”). Large VUCM creates space for the effects of such noise
factors to be channeled into. There is experimental support for an important role played by both
factors (Gera et al., 2010; D. J. S. Mattos et al., 2011; Scholz et al., 2000; Zhang et al., 2008).
In general, VUCM > VORT signifies a synergy stabilizing the performance variable. Several
studies have suggested that the purpose of strong synergies (high VUCM) may be twofold: (a)
stabilizing performance in the presence of expected perturbations (de Freitas, Scholz, & Stehman,
2007; D. J. S. Mattos et al., 2011; Scholz et al., 2000); and (b) performing secondary tasks by the
same set of elements without affecting performance of the original task (Gera et al., 2010; Klous,
Danna-dos-Santos, & Latash, 2010; Zhang et al., 2008).
Several studies explored changes in the two variance components with practice of tasks
that required accurate performance by a redundant system (Domkin, Laczko, Djupsjöbacka, Jaric,
& Latash, 2005; Domkin, Laczko, Jaric, Johansson, & Latash, 2002; Kang, Shinohara,
Zatsiorsky, & Latash, 2004; Latash, Yarrow, & Rothwell, 2003; Yang & Scholz, 2005; reviewed
in Latash, 2010). Typical observations involved a drop in total variance while VUCM and VORT
(computed with respect to that variable) could show disproportionate changes. Two stages of the
effects of practice were described: If the task was unusual and complex, during the first stage
VORT dropped at a higher rate as compared with VUCM. Later, during the second stage, when
performance became very accurate, VORT had little room for further decline, while VUCM
continued to decrease.
So far, no study has documented an increase in VUCM with practice, while such an
increase could potentially benefit performance if the task were performed in unstable conditions
or in the presence of unexpected perturbations (cf. de Freitas et al., 2007). In this study we tested
a hypothesis (Hypothesis 1) that practice of a variable task with graded instability would lead to
higher VUCM (and lower VORT). We also hypothesized (Hypothesis 2) that such effects would only
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be observed when a redundant system was practicing the task, not when elements of the task are
practiced individually. To test the hypotheses, we designed a task with graded instability
(described subsequently) and compared the effects of practice of a redundant system with those of
practice of each of its elements individually.

METHOD

Subjects
Eighteen right-handed healthy male subjects participated in the experiment. Their
average age, height, and mass were 28.8 ± 4.6 years, 1.78 ± 0.06 m, and 78.4 ± 7.9 kg,
respectively. Subjects were randomly divided into two groups, comprising nine subjects each.
None of the subjects reported a previous history of neuromuscular disorder or trauma to the upper
extremities. Prior to the testing all subjects signed the consent form according to the procedures
approved by the Office for Research Protection of the Pennsylvania State University.

Apparatus
Four force sensors (Nano 17, ATI Industrial Automation, Garner, NC) were used to
measure downward finger forces. The sensors were placed on the panel (140 × 90 × 5 mm) with
four slots, which allowed adjusting sensor position to fit the individual hand’s anatomy. The
panel was fixed to the table. Data were collected by a PC (Dell Inc., USA) at 100 Hz, with a 12bit resolution using a customized LabVIEW (National Instruments, Austin, TX) program.
Experimental tasks were displayed on a 17” computer monitor located 0.75 m away from the
participant.
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The subjects sat in front of the computer monitor; their right forearm was placed into the
wrist-forearm brace and fixed with Velcro straps. The subjects placed the four fingertips on
individual sensor centers and kept the fingertips in contact with the sensors at all times. Memory
foam was placed underneath the subject’s right palm and forearm to ensure a constant anatomical
configuration of the hand and fingers. The subjects were free to select a comfortable thumb
position.

Procedure
The experiment consisted of two sessions. The first session included three parts (pre-test,
practice, and post-test), and two weeks later a retention test was performed. The pre-test included
three tasks: maximal voluntary contraction (MVC), ramp force production, and the main tube task
(described subsequently). The practice part involved only the tube task. The post-test and
retention tests were identical to the pre-test.

MVC Tasks
After a short familiarization period, the participants were required to produce MVCs by
each of the (MVCI, MVCM, MVCR, and MVCL; I - index, M - middle, R - ring, L - little) and by
the I and M fingers pressing together (MVCIM). Subjects were asked to keep all the fingers on the
sensors and pay no attention to possible force production by other fingers of the hand. Two 5-s
trials were recorded for each finger combination (in a random order), and the value of the highest
peak force produced by the task finger(s) was used to normalize target forces in the following
tasks. There was at least a 30-s interval between trials.
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Ramp Force Production Tasks
In these tasks, the participants were shown a template consisting of 5% of MVC for the
first 2 s followed by a slanted line from 5% to 45% of MVC over the next 4 s. In each trial, the
participants were instructed to produce a force profile matching the template on the screen with
one of the fingers while not paying attention to possible force production by the nontask fingers.
Only the force produced by the instructed finger was shown as feedback. Two trials were
performed by each finger in a random order. There was at least a 30-s interval between trials.

The Tube Task
The participants were shown a template consisting of 14 half-cycles of sine-like patterns
concatenated into a tube. The template (Figure 1) showed the central line (FTASK) with permissible
error margins. The template involved four standard half-cycles (two with force increase and two
with force decrease), hidden at random times among at least 10 randomly created half-cycles. The
initial force level was set at 15% of MVC. Further, randomly created half-cycles were
concatenated starting from the initial force level. These half-cycles were selected from a normal
distribution with the amplitude of 7 ± 2% of MVC and the period of 3 ± 0.2 s. The width of the
tube was always 4% of MVC. In each trial, the participants were asked to produce a force profile
matching FTASK as accurately as possible. The task could be performed by the index finger alone,
by the middle finger alone, and by both fingers pressing together. Only the force produced by the
instructed finger(s) was used for the feedback. The feedback signal (FFB) was computed as FFB =
FACT + G × sign (FACT − FTASK) × (FACT − FTASK)2, where FACT stands for the actual force produced
by the subject and G is a constant (gain). When G = 0, the feedback corresponded to the actual
force produced by the subject; changing G led to amplification of the deviation from FTASK as if
the subject were moving over the ridge of a concave surface with variable slope. This allowed
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grading the degree of task instability. We used G = 0.02 in all pre-, post-, and retention tests to
make them moderately challenging; in those tests, each subject performed 12 trials in a row.
Based on pilot experiments, this value of G was selected to ensure that the subjects performed
initially with many errors and needed to practice to achieve good performance. After each trial,
two indices were provided to the subject, the root mean square error score (RMSES) computed
with respect to FTASK and total time spent outside the tube (TOUT). The duration of one trial was 26
s; 4 s prior to the entrance into the tube plus 22 s of the tube. There was at least a 30-s interval
between trials. To get familiar with the task, subjects performed 3 trials with the target
representing a perfect sine wave with the period of 3 s and amplitude of 7% MVC.

Practice Protocols
The subjects were randomly assigned to two experimental groups. The two-finger group
practiced with the index and middle fingers together for 6 blocks by 6 trials (total 36 trials), while
the one-finger group practiced the index finger and middle finger separately, 2 fingers × 6 blocks
× 6 trials (36 trials with index finger and 36 trials with middle finger, in total 72 trials). The
amount of practice per finger was matched in the two groups, which resulted in twice as many
trials in the one-finger group.
The initial G value was adjusted based on the initial level of performance (the lowest
TOUT). If TOUT < 0.5 s, G = 0.025 (more challenging); for 0.5 s < TOUT < 1 s, G = 0.02 (as in the
pre-test); for 1 s < TOUT < 5 s, G = 0.015; and for TOUT > 5 s, G = 0.01. After each block of six
trials, if the subjects improved their performance (i.e., if at least one of the TOUT scores was under
0.5 s), the G value was increased by 0.005. The subjects had at least 30-s rest periods between
trials, and 1-min breaks between blocks.
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Figure 3-1. A typical trial for the tube task (A) before practice (pre-test) and (B) after practice (post-test) in
a moderately challenging condition with G = 0.02. The gray line represents the force target, the dash gray
lines are the permissible error margins, and the black line shows the force produced by the typical subject.
After each trial, root mean square error, RMSES, and time outside the tube, TOUT, were displayed on the
screen as performance indices.
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Data Processing
The data were processed using a customized program created in LabVIEW. Individual
finger forces were used to compute the following indices:
From MVC tasks, peak force (MVC) was measured at the time when the force produced
by the task finger(s) peaked.
The enslaving matrix (E) reflects the unintentional force production by nontask fingers
when an instructed finger produces force (Zatsiorsky et al., 2000). We used ramp force
production tasks to estimate E. For each single finger ramp trial, linear regressions of the forces
produced by each finger against total force (FTOT) over the 4-s ramp time interval were computed.
The regression coefficients in Fi,j = f i 0 + ki,j × FTOT,j were used to construct the enslaving matrix,

 kI , I
k
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kI, R
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k R, R
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, where i = {I, M, R, L} and j = {I, M, R, L}; j represents a task
k R, L 

kL ,L 

finger. Fi,j and FTOT,j indicate the individual i-finger force and FTOT, respectively, when j finger
was the task finger. An overall index of enslaving, |E| was computed as the sum of the offdiagonal numbers in E.
The analysis of two-finger synergies stabilizing the force profile during the two-finger
tube task was performed in the framework of the UCM hypothesis (Latash, Scholz, & Schöner,
2002; Latash et al., 2007; Scholz & Schöner, 1999). Because individual finger forces covary due
to the phenomenon of enslaving, variance analysis was performed in the space of finger modes,
m = E–1F, where F is the finger force vector (Danion et al., 2003; Latash, Scholz, Danion, &
Schöner, 2001; Zatsiorsky, Li, & Latash, 1998). Because E could change with practice (for
details, see Results section), we processed data in mode and force spaces. The standard halfcycles were aligned by their initiation, and variance was computed across these half-cycles for
each time sample. The variance across trials was quantified separately in two subspaces for each
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time sample. The first subspace (UCM) corresponded to no changes in FTOT; it was estimated as
variance within the null space of the Jacobian of the system. The second subspace was the
orthogonal complement (ORT) to the UCM; variance within ORT changed FTOT. To investigate
the effects of practice on the structure of variance in the mode space, variance in the UCM space
(VUCM) and variance in the ORT space (VORT) were normalized by the total variance (VTOT)
observed during the pre-test.

Statistical Analysis
Standard descriptive statistics were used; the data are presented as mean ± standard error.
Two-way mixed analyses of variance (ANOVAs) with the factors, Group (one-finger, two-finger)
and Test (pre-, post-, retention), were used to explore how indices of performance (RMSES and
TOUT), indices of enslaving (|E|), and variance components (VUCM and VORT) changed with
practice. Two-way Group × Block (6 practice blocks) mixed ANOVA was performed on the G
values applied during practice. To ensure normality, data were log-transformed when needed. A
Greenhouse-Geisser adjustment was used in case of violation of the sphericity condition.
Significant effects were further analyzed with Tukey’s HSD multiple comparisons. Statistical
significance was set at p ≤ .05. All statistical tests were performed using SPSS 19.0 (SPSS Inc.,
Chicago, IL).

RESULTS
Typical trials before and after practice performed by a representative subject from the
one-finger group are illustrated in Figure 3-1. The total force trajectory produced by the subject
before practice (during the pre-test, panel A) deviated from the task force substantially. After
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practice (during the post-test, panel B), all subjects in both groups showed considerable
improvements in both performance scores.
The G value increased with improved performance (see Method section). As shown in
Figure 3-2, the G value increased similarly for the two groups (on average, from 0.011 to 0.027
for the two-finger group, and from 0.009 to 0.026 for the one-finger group). A two-way ANOVA
Block (6 levels) × Group (2 levels) confirmed a main effect of Block, F(5, 80) = 87.14, p < .001)
with no other effects. Pairwise contrasts confirmed that G increased significantly after each block.

Two-finger
One-finger

Figure 3-2. Averaged G values across subjects in each block for the one-finger group (dashed line) and
two-finger group (solid line) over the practice time. The error bars show the standard errors.

Performance Score
In both Groups, practice significantly improved the performance scores (Table 3-1),
confirmed by the results of two-way Test × Group ANOVAs. The main effect of test was
significant for both RMSES, F(2, 32) = 25.5, p < .001, and TOUT, F(2, 32) = 25.80, p < .001, while
neither Group, RMSES, F(1, 16) = 0.11, p = .74; TOUT, F(1, 16) = 0.42, p = .53; nor Test × Group
effects, RMSES, F(2, 32) = 0.25, p = .67; TOUT, F(2, 32) = 0.20, p = .70, reached significance.
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Pairwise comparisons showed that both performance scores significantly decreased from the pretest to the post-test (p < .001) with no difference between the post-test and retention test.
Table 3-1. The Performance Scores.
RMSES (%MVC)
Group

TOUT (s)

Pre-test

Post-test

Retention

Pre-test

Post-test

Retention

One-finger

1.99 ± 0.31

1.14 ± 0.10

1.11 ± 0.13

4.36 ± 0.96

1.84 ± 0.38

1.56 ± 0.38

Two-finger

1.97 ± 0.28

1.23 ± 0.12

1.27 ± 0.11

4.70 ± 0.95

2.25 ± 0.49

2.37 ± 0.46

Note. Root mean square error index (RMSES) and time outside the tube index (TOUT) averaged across trials and
subjects for each group are presented (± SEM) for the three tests.

Enslaving
After practice, the index of involuntary force production, |E|, increased in the two-finger
group from 0.075 ± 0.10 in the pre-test to 0.92 ± 0.12 in the post-test, and 1.01 ± 0.16 in the
retention test. In contrast, |E| stayed basically unchanged in the one-finger group (0.79 ± 0.18,
0.74 ± 0.10, and 0.73 ± 0.12 for the pre-, post-, and retention tests, respectively). A two-way
mixed ANOVA showed no main effects, while the Test × Group interaction was close to the level
of significance, F(2, 32) = 3.10, p = .06.

Structure of Variance
Mode Space Analyses

Practice had different effects on one of the two variance components (VUCM) in the two

groups. VUCM in the two finger group increased after practice and the increase was even higher in
the retention test. In contrast, VUCM dropped with practice in the one-finger group. VORT dropped
after practice in both groups and stayed at the lower level during the retention test. Figure 3-3
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illustrates VUCM and VORT in mode space, normalized by total variance in the pre-test, averaged
across subjects within the groups.
These observations were confirmed by two-way Test × Group ANOVAs on VUCM and
VORT. Analysis of VUCM showed significant effects of Test, F(2, 32) = 3.32, p < .05; Group, F(1,
16) = 21.86, p < .001; and Test × Group interaction, F(2, 32) = 10.86, p < .001. Tukey’s HSD
tests revealed that VUCM in post- and retention tests was significantly different between the two
groups (p < .005). Specifically, VUCM increased in the two-finger group but decreased in the onefinger group. The effects of Test, F(2, 32) = 18.26, p < .001; Group, F(1, 16) = 10.94, p < .005;
and Test × Group, F(2, 32) = 3.37, p < .05, were also confirmed for VORT. Tukey’s HSD tests
showed that VORT decreased significantly after practice (p < .001), and the decrement was more
pronounced in the one-finger group than in the two-finger group while there was no difference
between the post- and retention tests.
A.

B.
Two-finger
One-finger

Figure 3-3. Normalized good and bad variance, VUCM (A) and VORT (B), computed in the mode space,
averaged across subjects for each group for the pre-, post-, and retention tests. Solid lines show the data for
the two-finger group while dashed lines show the data for the one-finger group. VUCM and VORT were
normalized by the total variance during the pre-test. The error bars show the standard errors.

Force Space Analyses

Analysis in the force space was performed to explore possible effects of the changes in

the enslaving with practice on the structure of variance in the mode space. Overall, the effects of
practice were similar in the force and mode spaces. Figure 4 illustrates variance components
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(VUCM and VORT) in the force space; note the qualitative similarity of the effects to those
illustrated in Figure 3-3. Two-way Test × Group ANOVAs on VUCM and VORT confirmed the
effects of Test, F(2, 32) = 5.45, p < .01; Group, F(1, 16) = 15.12, p = .001; and Test × Group, F(2,
32) = 7.32, p < .005, for VUCM. The interaction reflected different effects of practice on VUCM in
the two groups (Tukey’s HSD test; p < .01). Significant main effects of Test, F(2, 32) = 17.10, p
< .001, and Group, F(1, 16) = 6.12, p < .05, were observed for VORT, without a significant
interaction, F(2, 32) = 1.26, p = .30. Tukey’s HSD tests showed that VORT in the force space
decreased significantly after practice (p < .001).

B.
VORT (Normalized)

VUCM (Normalized)

A.
1.2

0.8

0.4

1.0

Two-finger
One-finger

0.5

0.0

0.0

Pre

Post

Pre

Retention

Post

Retention

Figure 3-4. Normalized good and bad variance, VUCM (A) and VORT (B), computed in the force space,
averaged across subjects for each group for the pre-, post-, and retention tests. Solid lines show the data for
the two-finger group while dashed lines show the data for the one-finger group. VUCM and VORT were
normalized by the total variance during the pre-test. The error bars show the standard errors.

DISCUSSION
Both hypotheses formulated in the Introduction have been confirmed in the experiment.
Indeed, practicing the task with two fingers simultaneously (a redundant system) resulted in an
increase in VUCM and a drop in VORT (Hypothesis 1). In contrast, practicing the same task by
individual fingers led to a drop in both VUCM and VORT (Hypothesis 2). Note that the effects of
practice were present after a relatively brief practice time and retained for two weeks.
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Within the UCM hypothesis, separation of variance into “good” and “bad” depends on
the selected set of elemental variables. As in earlier studies (Kang et al., 2004; Latash et al., 2001;
Scholz, Danion, Latash, & Schöner, 2002), we used modes as elemental variables to remove the
effects of enslaving (Zatsiorsky et al., 2000) on finger force covariation. Note that enslaving leads
to covariation of finger forces that is not specific to particular tasks and can affect the relative
amounts of VUCM and VORT. In our experiment, the enslaving changed with practice, and the
changes differed between the two groups. In principle, these changes could lead to contrasting
changes in the VUCM and VORT components. To explore this possibility, we analyzed the data in
both the finger mode and force spaces. Qualitatively similar results in both spaces indicate that
the effects of practice on the variance components were robust across the two methods of analysis.
Therefore, we conclude that the contrasting effects of practice on the two variance components in
the two groups were not simple reflections of the changes in the enslaving.
The design of our practice session had two features to encourage large VUCM, which has
no effect on variance of the task variable (total force) and seems irrelevant for the task
performance. First, the subjects were presented with a somewhat different tube in each trial.
Second, we used a method of subject-specific graded instability to increase task complexity
without changing the mechanical conditions. While benefits of variable practice may be viewed
as well established (Sherwood, 1996; Welsh & Elliott, 2000), including studies of multifinger
synergies (Latash et al., 2003), the second feature, to our knowledge, has never been implemented.
It encouraged the subjects to use more VUCM when the practiced task was performed by a
redundant system (by the two-finger group). This effect was not observed in the one-finger group
presumably because these subjects practiced the same task in the absence of redundancy, when
VUCM did not exist.
Note that in the two-finger tests VUCM was much higher than VORT in both groups, both
prior to and after practice; in other words, there were strong force-stabilizing synergies (cf. Latash
et al., 2001). As a consequence, an increase in VUCM and a drop in VORT after practice in the two45

finger group resulted in an increase in the total variance mostly driven by VUCM changes. This
result is rather unique: Practicing a task of accurate production of a performance variable (total
force) led to an increase in the variance of the elements contributing to the task. Note that indices
of task performance (i.e., TOUT and RMSES), which were affected by VORT only, changed similarly
in the two groups. It remains to be seen whether this unusual effect of practice can be documented
for other tasks and transferred to more ecologically valid tasks.
The observed retention effects make us cautiously optimistic with respect to the
possibility of developing this method for motor rehabilitation. Indeed, decreased indices of
multifinger synergies have been reported for populations with impaired hand dexterity such as
persons with Down syndrome (Latash, Kang, & Patterson, 2002), healthy elderly (Shim et al.,
2004) and patients with Parkinson’s disease (Park, Wu, et al., 2012). Brief practice led to better
performance and increased synergy indices in individuals with Down syndrome (Scholz et al.,
2003) while healthy elderly individuals showed correlated changes in hand dexterity tests and
synergy indices after six weeks of hand strength-training (Olafsdottir, Zatsiorsky, & Latash,
2008). Overall, these optimistic observations suggest that multifinger synergies can change
quickly, and these changes can be accompanied by better hand performance. Our current study
suggests a specific protocol to encourage flexible involvement of fingers (larger VUCM). This
method can be readily applied to hand training in neurological patients. The idea of using subject
specific adjustments in stability can also be developed for a wide range of motor tasks, such as
reaching movements, postural tasks and locomotion.
The definition of synergy accepted in this work is tightly linked to the notion of action
stability (Martin et al., 2009). Most natural actions are performed in conditions of unpredictable
changes in variables produced by both the environment and the body. Hence, ensuring adequate
stability is a necessary prerequisite for any action. According to a recent model (Latash, Shim,
Smilga, & Zatsiorsky, 2005), control of movement is associated with specification of two groups
of control variables produced by the controller: The first group (CV1) defines patterns of
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performance that can be seen in averages across repetitive trials while the other group (CV2)
defines stability properties of the action seen, in particular, in the structure of variance estimated
across repetitive trials. Several studies have shown that CV1 and CV2 can change independently
of each other (reviewed in Latash, 2010).
Our study provides a new line of evidence that changes in indices of motor performance
and its stability may proceed independently. Indeed, both groups showed comparable
improvements in the indices of performance accuracy and showed similar changes in VORT
(similar changes in CV1). However, the changes in VUCM were in opposite directions after
practice, an increase in the two-finger group and a drop in the one-finger group (different changes
in CV2). Note that over the two weeks between the post-test and retention test, VUCM continued to
increase in the two-finger group, while it recovered to about the prepractice level in the one-finger
group. Given the relatively small group size and large variability across subjects, we would be
cautious in interpreting this enticing phenomenon.
To conclude, our study shows that practicing elements and practicing redundant groups
of elements may lead to similar changes in performance. However, the changes in the structure of
variance are dramatically different: A drop in VUCM after practicing elements and an increase in
VUCM after practicing groups. Note that our subject groups were matched by the amount of
practice per finger, which led to twice as many trials performed by the one-finger group. This
may be an important factor to be disentangled in future studies.
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Chapter 4
Improving Finger Coordination in Young and Elderly Persons
Older adults show reduced rates of skill learning, and their performance level, even after
extended practice, does not reach that of younger persons (Harrington & Haaland, 1992; McNay
& Willingham, 1998; Pratt, Chasteen, & Abrams, 1994; Seidler, 2004, 2007; van Hedel & Dietz,
2004; Voelcker-Rehage & Alberts, 2005). There are also reports on age-related decrements in
sensorimotor adaptation (Buch, Young, & Contreras-Vidal, 2003; Fernández-Ruiz, Hall, Vergara,
& Díiaz, 2000; McNay & Willingham, 1998; Seidler, 2006) and in corticomotor plasticity
(Rogasch, Dartnall, Cirillo, Nordstrom, & Semmler, 2009). On the other hand, several studies
produced a more optimistic message including the ability of older persons to optimize postural
control (Kubicki, Petrement, Bonnetblanc, Ballay, & Mourey, 2012), improve smoothness of
muscle contraction (Connelly, Carnahan, & Vandervoort, 2000), learn balance tasks similarly to
younger persons (Van Ooteghem, Frank, Allard, & Horak, 2010), and demonstrate the ability to
learn new skills (Seidler, 2007).
In this study, we address effects of practice on motor coordination, an issue that has been
notoriously hard to study because of the lack of a commonly accepted method to quantify
coordination. A few studies addressed changes in motor coordination patterns in older persons
with practice. In particular, older people have been reported to have problems with learning
challenging coordination (Sparrow, Parker, Lay, & Wengier, 2005). Besides, improved finger
coordination was observed in a study of the effects of strength training of hand muscles
(Olafsdottir et al., 2007).
All natural actions involve redundant sets of elements (muscles, joints, digits, etc.)
leading to the famous problem of motor redundancy (Bernstein, 1967). The principle of
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abundance (Gelfand & Latash, 1998; Latash, 2012b) views the problem of motor redundancy as
seeming, not real. It considers apparently redundant elemental variables (degrees-of-freedom) not
as a source of computational problems but as a crucial feature of the design that allows ensuring
stability of performance and performing several tasks simultaneously. Neural organizations that
produce families of trajectories that stabilize important performance variables have been termed
synergies. A method to quantify synergies developed within the uncontrolled manifold (UCM)
hypothesis (Scholz & Schöner, 1999; reviewed in Latash, Scholz, & Schöner, 2007) compares
two components of variance in the space of elemental variables, one of which has no effect on a
selected performance variable (variance within the UCM, VUCM), while the other one does
(variance orthogonal to the UCM, VORT). The relative difference between VUCM and VORT has
been used as an index of synergy (ΔV) stabilizing the performance variable.
For example, in a task of accurate total force production by two effectors (e.g., two index
fingers) pressing on individual force sensors, forces of the fingers may be viewed as elemental
variables, while total force is an important performance variable. If, across trials, the two finger
forces show some variability in the absence of co-variation, VUCM = VORT, this case will fail to
qualify as a synergy (ΔV = 0). If the two forces co-vary negatively, VUCM > VORT, one may claim
that the two fingers are united into a force-stabilizing synergy (ΔV > 0). Stronger negative covariation would correspond to a stronger synergy.
Aging is associated with major changes in the neuromuscular system accompanied by a
decline in hand dexterity and strength (Boatright, Kiebzak, O’Neil, & Peindl, 1997; Giampaoli et
al., 1999; Hackel, Wolfe, Bang, & Canfield, 1992) that contributes to the decline in the activities
of daily living (Francis & Spirduso, 2000; Hughes et al., 1997; Rantanen et al., 1999). Weaker
multi-finger synergies documented in older persons in accurate force and moment-of-force
production tasks (Olafsdottir et al., 2007; Shinohara, Li, Kang, Zatsiorsky, & Latash, 2003;
Shinohara et al., 2004) may be related to these functional changes.
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In this study, we focus on the ability of young and older adults to change the multi-finger
synergies after a single session of practice of a variable task with graded instability. Such a task
encourages using variable solutions and developing stronger synergies. The first study involving
young adults has documented an increase in VUCM after a 1.5-h practice session when the subjects
practiced the task with a redundant set of fingers; in contrast, VUCM dropped in a group that
practiced the task with one finger at a time (Wu et al., 2012). These effects persisted 2 weeks
later, during the retention test.
In this study, we asked two main questions. First, can older persons show an
improvement in an index of a multifinger synergy after a brief practice of a similar task? Second,
do practice-induced changes transfer to a different task? Given the demonstrated benefits of
variable practice (Sherwood, 1996; Welsh & Elliott, 2000) and the results of the mentioned study
of young adults (Wu et al., 2012), we expected affirmative answer to the first question. While
VUCM, by definition, has no effect on performance, several studies have suggested that high VUCM
values may help stabilize performance in the presence of perturbations (de Freitas et al., 2007; D.
J. S. Mattos et al., 2011; Scholz et al., 2000) and perform secondary tasks by the same set of
elements (Gera et al., 2010; Klous et al., 2010; Zhang et al., 2008). Hence, we hypothesized that
the expected increase in VUCM with practice would help subjects adapt to changed task conditions
and show strong transfer effects to a different task.

METHODS

Subjects
Twenty-six healthy subjects participated in the experiment. The elderly group consisted
of four females and six males, while six females and ten males formed the young group. The ages
(mean ± SD) for the elderly and young groups were 76.1 ± 5.6 and 26.9 ± 4.9 years, respectively.
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All the subjects were right-handed according to their natural hand use during writing and eating.
None of the subjects reported a previous history of neuromuscular disorder or trauma to their
upper extremities. All subjects had their vision normal or corrected to normal. Prior to the testing,
all subjects signed the consent form according to the procedures approved by the Office for
Research Protection of the Pennsylvania State University.

Apparatus
Finger forces were measured by four force sensors (Nano 17, ATI Industrial Automation,
Garner, NC, USA). An adjustable panel (140 × 90 × 5 mm) was placed on a table and used for
mounting the sensors. Data collection was performed using a LabVIEW-based program at 100 Hz
with a 12-bit resolution. Experimental tasks were displayed on a 17″ monitor located 0.75 m
away from the participant.
The subjects sat in front of the monitor; their right forearm was placed into the wristforearm brace and fixed with the Velcro straps. The subjects placed the four fingertips on the
centers of individual sensors and kept the fingertips in contact with the sensors at all times.
Memory foam was placed underneath the subject’s right palm and forearm to ensure a constant
anatomical configuration of the hand and fingers. The subjects were free to select a comfortable
position of the thumb.

Procedures
The testing session included three parts (pre-test, practice, and post-test). The pre-test
involved four tasks: maximal voluntary contraction (MVC), ramp force production, the “SINE”
task, and the “TUBE” task (described later). The practice part involved only the “TUBE” task,
while the “SINE” task was used to explore transfer effects. The post-test was identical to the pre51

test. Before the pre-test, a short familiarization session with the “SINE” task was given to all
subjects consisting of 3–5 trials. This was sufficient to make them feel comfortable with the main
tasks.

MVC tasks
The MVC tasks were used to normalize task force levels for individual subjects. The
participants were required to produce MVC by each of the four fingers (MVCI, MVCM, MVCR,
and MVCL; I - index, M - middle, R - ring, L - little) and by the I and M fingers pressing together
(MVCIM). Subjects were asked to keep all the fingers on the sensors and pay no attention to
possible force production by non-task fingers of the hand. Two 5-s trials were recorded for each
finger combination (in a random order), and the highest peak force magnitude produced by the
task finger(s) was used to normalize target forces in the following tasks. There was at least a 30-s
interval between trials.

Ramp force production tasks
The purpose of these tasks was to estimate the enslaving matrix (see later), which was
used in the analysis of multi-finger synergies. In these tasks, the participants were shown a
template consisting of 5 % of MVC for the first 2 s followed by a slanted line from 5 to 45 % of
MVC over the next 4 s. In each trial, the participants were instructed to produce a force profile
matching the template on the screen with one of the fingers while paying no attention to possible
force production by the non-task fingers. Only the force produced by the instructed finger was
shown as feedback. Two trials were performed by each finger in a random order. There was at
least a 30-s interval between trials.
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The “SINE” and “TUBE” tasks
The participants were shown a template consisting of fourteen concatenated half-cycles
of sine-like patterns (Figure 4-1 and Figure 4-2). For both tasks, the initial force level was set at
15 % of MVC. The template for the “SINE” task was a perfect sine wave with the amplitude of 7
% of MVC and the period of 3 s. The template of the “TUBE” task involved four standard halfcycles (two with force increase and two with force decrease) identical to the half-cycles used in
the “SINE” task, hidden at random times among at least ten randomly generated half-cycles.
These standard half-cycles were used for the analysis of synergies as described later. The
randomly generated half-cycles were created using amplitude and period parameters selected at
random from normal distributions with 7 ± 2 % of MVC and 3 ± 0.2 s, respectively. The width of
the permissible error margins was always 4 % of MVC for both tasks. In each trial, the
participants were asked to produce a force profile matching the template (FTASK) as accurately as
possible while never going outside the margins. The tasks were performed by the I and M fingers
pressing together, while other fingers stayed on the sensors. The feedback signal (FFB) was
computed as: FFB = FACT + G × sign (FACT − FTASK) × (FACT − FTASK)2 where FACT stands for the
actual force produced by the I and M fingers together, and G is a constant (gain). When G = 0, the
feedback corresponded to the actual force produced by the two fingers; positive G led to
amplification of the deviation from FTASK as if the subject moved over the ridge of a concave
surface with the slope defined by G. Hence, we view higher values of G as corresponding to
higher instability of the task. We used G = 0.02 in all pre- and post-tests to make them
moderately challenging (based on the earlier study, Wu et al. 2012 and pilot observations on
elderly participants). Each subject performed three trials for the “SINE” task and 12 trials for the
“TUBE” task. After each trial, two indices were provided to the subject, the root mean square
error score (RMSES) computed with respect to FTASK and total time spent outside the error margins
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(TOUT). The duration of one trial was 26 s, 4 s prior to the entrance into the half-cycles plus 22 s
of the “SINE” or “TUBE” template. There was at least a 30-s interval between trials.
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Figure 4-1. Typical performance of a representative subject from the elderly group in the “TUBE” and
“SINE” tasks before practice (pre-test, A, C) and after practice (post-test, B, D) in a moderately
challenging condition with G = 0.02. The gray dashed lines show the force target, the gray solid lines show
the permissible error margins, and the black trace shows the actual force. After each trial, root mean square
error score (RMSES) and time outside the permissible error margins (TOUT) were displayed on the screen as
performance indices.
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Figure 4-2. Typical performance of a representative subject from the young group in the “TUBE” and
“SINE” tasks before practice (pre-test, A, C) and after practice (post-test, B, D) in a moderately
challenging condition with G = 0.02. The gray dashed lines show the force target, the gray solid lines show
the permissible error margins, and the black trace shows the actual force. After each trial, root mean square
error score (RMSES) and time outside the permissible error margins (TOUT) were displayed on the screen as
performance indices.

Practice protocol
Both elderly and young groups practiced for 6 blocks × 6 trials (total 36 trials) of the
“TUBE” task. The initial G value was adjusted based on the initial level of performance (the
lowest TOUT observed at the pre-test). If the lowest TOUT < 0.5 s, G = 0.025 (more challenging);
for 0.5 s < TOUT < 1 s, G = 0.02 (as in the pre-test); for 1 s < TOUT < 5 s, G = 0.015, and for TOUT >
5 s, G = 0.01. After each block of 6 trials, if at least one of the TOUT scores was 10 % lower than
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the best TOUT score recorded in the previous block, the G value was increase by 0.005. The
subjects had at least 30-s rest periods between trials and 1-min breaks between blocks.

Data processing
The data were processed using a customized program created in LabVIEW. Individual
finger forces were used to compute the following indices.
Peak force (MVC) was measured at the time when the force produced by the task finger(s)
peaked.
The enslaving matrix (E) reflects the unintentional force production by non-task fingers
when an instructed finger produces force (Zatsiorsky et al., 1998). For each single-finger ramp
trial, linear regressions of the forces produced by each finger against total force (FTOT) over the
4-s ramp time interval were computed. The regression coefficients in Fi,j = f i 0 + ki,j × FTOT,j were

 kI , I

kM ,I
used to construct the enslaving matrix, E =
 kR ,I

 kL ,I

kI ,M

kI, R

kM ,M

kM ,R

kR ,M

k R, R

kL ,M

kL ,R

k I, L 

kM ,L 
, where i = {I, M, R, L}
k R, L 

kL ,L 

and j = {I, M, R, L}; j represents a task finger. Fi,j and FTOT,j indicate the individual i-finger force
and FTOT, respectively, when j finger was the task finger. An overall index of enslaving, |E| was
computed as the sum of the off-diagonal numbers in E. The index represents the average force
exerted by the non-instructed (enslaved) fingers per 1 N of the total finger force.
The analysis of two-finger synergies stabilizing the force profile during the two-finger
“SINE” and “TUBE” tasks was performed within the framework of the UCM hypothesis (Latash
et al., 2001, 2007; Scholz & Schöner, 1999). Since individual finger forces co-vary because of the
phenomenon of enslaving, variance analysis was performed in the space of finger modes, m =
E−1F, where F is the 2 × 1 (I and M) finger force vector (Danion et al., 2003; Latash et al., 2001;
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Zatsiorsky et al., 1998). In order to compare variance indices across groups, both components of
F were normalized by MVCIM. The standard half-cycles were aligned by their initiation without
further normalization since their amplitudes and periods were identical.
All FACT half-cycles were screened in two steps with the criteria determined for each
subject and each task. First, the half-cycles of FACT with values outside the range of 3 standard
deviations of the mean FACT trajectory were rejected. Second, the mean area between FACT and
FTASK of the remaining half-cycles and its standard deviation was computed as the criterion. If the
area between FACT and FTASK for one half-cycle from the original half-cycle set (i.e., 24 for the
“TUBE” and 21 for the “SINE” task) was outside the range of 2 standard deviations of the mean
area, the half-cycle was considered as outlier and removed. These criteria resulted in accepting
92.0 % of the half-cycles for the elderly group and 94.4 % of the half-cycles for the young group.
Further, variance indices in the m space were computed across the accepted half-cycles
for each time sample. The variance in the m space across trials (VTOT) was decomposed into two
components, within the UCM corresponding to no changes in FTOT (VUCM) and orthogonal to it
(VORT), for each time sample. The UCM was computed as the null-space of the Jacobian of the
system. The index of synergy (ΔV) was computed as ΔV = (VUCM − VORT)∕VTOT. Note that all
the variance indices were computed per dimension in the corresponding sub-spaces, 1 for VORT, 1
for VUCM, and 2 for VTOT. The index ΔV is computed in such a way that ΔV = 0 corresponds to
no co-variation across half-cycles in the m space, while ΔV > 0 corresponds to co-variation
reducing the total force variance (force-stabilizing synergy). For statistical analysis, modified
Fisher’s z-transformation was applied to ΔV with the boundaries of −2 and 2.

57

Statistical analysis
Standard descriptive statistics were used; the data are presented as mean ± SE. The
aligned rank transform (ART) procedure (Wobbrock, Findlater, Gergle, & Higgins, 2011) with
two-way mixed-effects analyses of variance (ANOVA) was used to explore how G values
differed between the two groups and changed over practice blocks. The factors were Age (elderly
and young) and Block (6 levels). Three-way mixed ANOVAs with the factors Age, Task (“TUBE”
and “SINE”), and Test (pre-test and post-test) were used to explore indices of performance
(RMSES and TOUT). A two-way ANOVA was used to test whether the index of enslaving (|E|) was
affected by age and practice. Three-way mixed ANOVAs with the factors Age, Task (“TUBE”
and “SINE”), and Test were used to explore how variance indices (VUCM, VORT, and VTOT), and
the synergy index (ΔV) were affected by age and practice as well as the transfer effects from the
practiced task (“TUBE”) to the non-practiced task (“SINE”). To ensure normality, data of
variance indices were power transformed when needed (Osborne & Carolina, 2010). Pairwise
comparisons with Bonferroni corrections were used to explore significant effects, while post hoc
ANOVAs were performed to explore interaction effects in the three-way analysis (Bruin, 2006).
Statistical significance was set at p ≤ 0.05. All statistical tests were performed using SPSS 19.0
(SPSS Inc, Chicago, IL, USA).

RESULTS
The tasks were perceived as challenging, particularly by the elderly subjects. Single trials
performed by representative subjects from both groups before and after practice for both “TUBE”
and “SINE” tasks are illustrated in Figure 4-1 and Figure 4-2. For both tasks, multiple
corrections can be seen in all panels. Practice of the “TUBE” task led to a gradual improvement
in both performance scores, TOUT and RMSES, in both groups. As TOUT improved, the task was
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made more challenging (unstable) by an increase in the G value (see Methods). The G value
increased similarly for both groups (median from 0.010 to 0.025 for the elderly group and from
0.015 to 0.030 for the young group) as shown in Figure 4-3. Because G values had discrete
values, nonparametric tests were used. A two-way mixed (Age × Block) ANOVA with ART
procedure (see “Methods”) showed only a significant effect of Block (F[2.68,64.3] = 118.49, p <
0.001). Pairwise comparisons with Bonferroni adjustments confirmed that G increased
significantly after each block except between the last two blocks.

0.05

G value

0.04

Young
Elderly

0.03
0.02
0.01
0.00
Block 1 Block 2 Block 3 Block 4 Block 5 Block 6

Figure 4-3. Median G values across subjects in each block for the elderly group (dashed line) and young
group (solid line) over the practice time.

Performance score
Elderly subjects performed both tasks less accurately reflected in the higher RMSES and
TOUT values. In both groups, the error indices dropped with practice. The “TUBE” task showed
higher RMSES values than the “SINE” task in both groups, while the TOUT scores were similar
between the two tasks. The average values across the groups for TOUT and RMSES for both tasks
are illustrated in Figure 4-4, note the lower indices in the post-test and the higher RMSES in the
elderly group. These results have been confirmed by a three-way mixed (Age × Task × Test)
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ANOVA. All main effects were significant for RMSES (Age: F[1,22] = 25.75, p < 0.001; Task:
F[1,22] = 22.38; Test: F[1,22] = 142.45, p < 0.001) with the only significant Age × Test
interaction (F[1,22] = 5.54, p < 0.05). The interaction reflected a larger improvement in RMSES in
the young group compared to the elderly group. For TOUT, the main effects of Age and Test
(F[1,22] = 48.36, p < 0.001; F[1,22] = 96.23, p < 0.001, respectively) and Task × Test interaction
(F[1,22] = 13.29, p < 0.001) were observed. Post hoc tests confirmed that the practice effects
were more prominent on TOUT in the “SINE” task than in the “TUBE” task (F[1,22] = 14.53, p <
0.001). In summary, there was strong transfer of the practice effects to the non-practiced (“SINE”)
task.
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Figure 4-4. Indices of performance, RMSES and TOUT, in the “TUBE” and “SINE” tasks prior to (pre)
and after (post) practice. Means with standard error bars are shown for the elderly (open bars) and young
(black bars) groups.

Enslaving
Practice led to an increase in the index of unintentional force production by non-task
fingers (index of enslaving, |E|). Elderly subjects showed a tendency toward lower enslaving
indices both before and after practice. The average values of |E| in the elderly before and after
practice were 0.71 versus 0.94, while in the young, they were 0.81 versus 0.95. Although the

60

elderly group showed a slightly higher increase in |E| with practice, a two-way mixed ANOVA,
Age × Test, confirmed only a significant main effect of Test (F[1,24] = 23.7, p < 0.01).

Structure of variance
The amount of variance in the mode space (see “Methods”) was higher in the elderly
group across tasks and tests. In addition, there was also a major difference in the effects of
practice on variance indices in the “TUBE” and “SINE” tasks. While both groups before practice
showed similar amounts of variance in the two tasks, after practice they showed much higher
amounts of total variance (VTOT) in the “TUBE” task when compared to the “SINE” task. Practice
led to a drop in VORT (which affected total force) in both groups in both practiced (“TUBE”) and
non-practiced (“SINE”) tasks. Figure 4-5 illustrates VUCM, VORT, VTOT, and ΔV averaged across
subjects within age groups for the two tasks (“SINE” and “TUBE”), before and after practice.
Both groups showed much higher proportion of total variance in the finger mode space
confined to the UCM subspace. This was true for both tasks, “TUBE” and “SINE”, both before
and after practice. In other words, VUCM > VORT (or, equivalently, ΔV > 0) reflecting a forcestabilizing two-finger synergy across tasks, tests, and groups. These effects are illustrated in
Figure 4-5A, B (note the different scales for VUCM and VORT).
Since most variance was within the UCM (VUCM that did not affect total force), effects of
age and practice were similar for VTOT and VUCM (compare Figure 4-5A, C). Specifically, both
variance indices were significantly higher in the elderly than in the young group. Three-way
mixed ANOVAs (Age × Task × Test) on both VTOT and VUCM showed significant main effects of
Age (F[1,24] > 11.16, p < 0.01) and Task (F[1,24] > 18.17, p < 0.01), as well as Task × Test
interactions (F[1,24] > 7.45, p < 0.01).
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Figure 4-5. Variance within the UCM (VUCM), variance orthogonal to the UCM (VORT), total variance
(VTOT), and z-transformed index of synergy (ΔVZ) are presented in A-D, respectively. The variance indices
were normalized by MVC2 to facilitate across-subjects comparisons. The values in parentheses in D
represent means of non-transformed ΔV values. All values are averaged across subjects for each group in
the pre- and post-test. The error bars show the standard errors.

After practice, both groups showed an increase in VTOT and VUCM in the “TUBE” task.
Note that these effects were not transferred to the “SINE” task: In the “SINE” task, these variance
indices remained the same or even decreased slightly. To analyze the transfer effects on the
variance indices, two-way (Task × Test) ANOVAs for individual groups were performed. These
ANOVAs revealed significant main effects of Task (F[1,24] > 7.40, p < 0.01) for both groups.
The Task × Test interaction was significant in the young group (F[1,24] > 4.50, p < 0.05) but not
in the elderly group (F[1,24] < 3.0, p > 0.10) possibly due to the higher within group variability in
the elderly subjects.
VORT in both groups dropped after practice for both tasks, while the elderly group showed
higher VORT than the young group (Figure 4-5B). So, in contrast to the described effects on VUCM,
the practice effect on VORT was transferred to the “SINE” task. A three-way (Age × Task × Test)
62

ANOVA confirmed significant effects of all three factors: Age (F[1,24] = 47.75, p < 0.01), Task
(F[1,24] = 26.52, p < 0.01), and Test (F[1,24] = 29.67, p < 0.01). There were no interactions.
The index of synergy (ΔV) in both groups increased after practice with no significant
differences between the groups. On average, after practice ΔV increased in both tasks, although
the increase was significant for the “TUBE” task only (Figure 4-5D). Note that the values in
parentheses in Figure 4-5D show the original ΔV values while the height of the columns shows
averaged across subjects z-transformed values with standard error bars. Since the transformation
was nonlinear, the non-transformed values could be underestimated. The effects of practice and
transfer were explored by a three-way (Age × Task × Test) ANOVA on ΔVZ (z-transformed ΔV).
The main effects of Test (F[1,24] = 13.6, p < 0.01) and Task (F[1,24] = 4.88, p < 0.05) were
significant, as well as the Task × Test interaction (F[1,24] = 5.35, p < 0.05). The interaction
reflected the fact that ΔV in the “TUBE” task increased after practice, while the changes in ΔV
after practice were not significant in the “SINE” task. Two-way ANOVAs (Test × Age) for
individual tasks revealed only significant effects of Test (F[1,24] > 16.4, p < 0.01) for the “TUBE”
task with no significant Age and interaction effects.

DISCUSSION
The first question formulated in the Introduction was: Can older persons show an
improvement in an index of a multi-finger synergy after a brief practice of the variable task with
graded instability (modified by changes in G)? The results suggest an affirmative answer. The
analysis of the structure of variance in the space of hypothetical commands to fingers (modes,
(Latash et al., 2001; Zatsiorsky et al., 1998) has confirmed an increase in the component of
variance, VUCM that had no effect on the total force produced by the index and middle fingers
(FIM). In contrast, the component of variance that led to changes in FIM dropped with practice.
These effects were observed in both young and elderly groups. The changes in the structure of
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variance could be interpreted as strengthening (increasing the index, ΔV) of the two-finger
synergy stabilizing FIM.
The second question was: Do practice-induced changes transfer to a different task? We
used the “SINE” task to quantify the transfer effects. While both groups showed an improvement
in the performance of the “SINE” task, the effects of practice on the two variance components
were different from those observed in the practiced “TUBE” task. Both variance components
estimated for the “SINE” task dropped; as a result, no major changes in the synergy index were
observed. So, transfer effects were seen in the indices of performance but not in the synergy index.
Further, we discuss implications of these results for the issues of learning novel motor
coordination by young and older persons and changes in the structure of variance in redundant
tasks. We believe that these observations carry a highly optimistic message that promises direct
applications of this approach to motor rehabilitation in a variety of disorders characterized by
impaired coordination.

Is aging associated with a decrement in the ability to learn novel tasks?
The current literature is ambiguous with respect to this question. Several studies
emphasized positive effects of practice on such characteristics of motor action as smoothness of
muscle contraction (Connelly et al., 2000) and better postural control (Kubicki et al., 2012). Other
studies, however, reported problems with learning challenging coordination by older persons
(Sparrow et al., 2005), possibly related to diminished corticomotor plasticity (Rogasch et al.,
2009), as well as quantitatively smaller effects of practice in older persons (Etnier & Landers,
1998; Seidler-Dobrin & Stelmach, 1998). Several studies linked motor learning to cerebellar and
striatal thalamo-cortical pathways (reviewed in Seidler, 2010), and age-related decline in the
functioning of these pathways has been reported in several studies (Clark & Taylor, 2011; Fathi et
al., 2010; Moreno-Baylach, Felipo, Männistö, & García-Horsman, 2008).
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The “TUBE” task used in our study may be viewed as rather unusual and challenging.
Nevertheless, while the elderly group showed lower indices of performance, TOUT and RMSES, in
this task, the ability of the older subjects to improve these indices with practice was comparable
to that of the young group (Figure 4-4). The finding that we view as particularly exciting (and
unexpected) was the increase in the synergy index in the elderly group, which was even larger
than the increase in this index in the young group (although the group difference did not reach
significance, Figure 4-5D). We feel safe to claim therefore that, in the used task, elderly and
young participants showed comparable abilities to improve with practice.
One of the effects of practice may be seen as undesirable. As in earlier studies
(Olafsdottir et al., 2007; Wu et al., 2012), we observed a consistent practice-related increase in
the index of unintended force production by fingers that were not instructed to produce force
(enslaving, Zatsiorsky et al., 1998; Zatsiorsky, Li, & Latash, 2000). While the terms “enslaving”
and “lack of individuation” (Schieber & Santello, 2004) carry negative connotation, we would
like to emphasize that a certain amount of enslaving may be beneficial for multi-digit tasks. First,
indices of enslaving are decreased in older persons when compared to younger persons (Kapur et
al., 2010; Shinohara, Li, et al., 2003). This may signify a shift from synergic control of the hand
to element-based control with aging. Second, natural patterns of enslaving were shown to
facilitate stabilization of the total rotational action of the four fingers (Zatsiorsky et al., 2000).
Since, accurate rotational actions are a very important part of the everyday motor repertoire (e.g.,
drinking from a glass, using tools and implements, etc.), an increase in the index of enslaving
may in fact mean improved conditions for the control of the hand action.

Practice that encourages more “good variance”
Most everyday tasks are performed by systems with more elements than the number of
constraints imposed by the tasks leading to the famous problem of motor redundancy introduced
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by Bernstein as the central problem of motor control (Bernstein, 1967). Recently, this problem
has been reconsidered based on the principle of motor abundance (Gelfand & Latash, 1998;
Latash, 2012b). According to this principle, the neural controller does not try to eliminate the
redundancy but takes advantage of it. In particular, the apparent redundancy (better addressed as
abundance) allows performing tasks accurately while having relatively high variance of the
elements. Such “good variance” (VUCM) has no effect on important performance variables, while
it helps with performance of secondary tasks (Gera et al., 2010; Klous et al., 2010; Zhang et al.,
2008) and with handling unexpected and/or unusual perturbations (D. J. S. Mattos et al., 2011;
Scholz et al., 2000; Jeng-Feng Yang, Scholz, & Latash, 2007).
Several recent studies have documented a drop in the relative amount of VUCM (quantified
using a synergy index, ΔV) in the total variance in older persons (Olafsdottir et al., 2007;
Shinohara et al., 2004) and in patients with neurological disorders (Park, Wu, et al., 2012). A
study of the effects of strength training of hand muscles documented correlated changes in
accuracy of performance of hand tasks and indices of synergy stabilizing the total force
(Olafsdottir et al., 2007). These observations suggested to us that practicing a task that introduces
instability in a subject specific, graded way (by changing G in our experiment) may encourage the
subjects to increase the amount of “good variance” leading to stronger multi-finger synergies.
Changes in the G factor within the practice schedule were designed to emphasize the
importance of stability of performance by a redundant (two-finger) system. Important features of
the task were using different tasks in each trial and adjusting the level of instability (with the G
factor) based on individual subject’s performance. Based on the first study (Wu et al., 2012), we
hoped to see higher amount of VUCM in the practiced task in the young group. Whether older
persons can show a similar counter-intuitive increase in VUCM was an open question. The
experiment confirmed that older persons were as able as younger ones to show an increase in
VUCM with such practice in the “TUBE” task.
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Our analysis of multi-finger synergies and variance components was performed in the
space of hypothetical commands to fingers (modes, Danion et al., 2003). The mentioned increase
in enslaving with practice could potentially affect the results by itself. To confirm that the main
results were not due to the changed enslaving, we reanalyzed the data in the space of finger forces.
We are not presenting the results of this analysis (but see Wu et al., 2012) because they show the
same main effects and interaction effects as the described analysis in the space of modes. So, we
feel safe to conclude that the non-trivial changes in the components of variance were not due to
the changes in the enslaving index.
Both prior to and after practice, the amount of VUCM was much higher than the amount of
“bad variance” (VORT) (i.e., ΔV > 0). As a result, an increase in VUCM resulted in an overall
increase in the total variance in the space of commands to fingers. This result is far from being
trivial: Practicing a task that required accurate force production resulted in HIGHER amounts of
variance in the space of finger modes (and in the space of finger forces). This was associated with
an increase in the synergy index; so, as a result, variance of total force dropped. Note that effects
of practice on the synergy index in the elderly group tended to be as strong as in the young group
for the same amount of practice. So, these results do not confirm the earlier conclusion that older
persons need extended practice to show effects comparable to those in younger persons
(Voelcker-Rehage and Alberts 2005).

Transfer of performance versus transfer of coordination
Practicing the “TUBE” task showed different transfer effects on performance and
synergy indices. Performance indices, TOUT and RMSES, measured in the non-practiced “SINE”
task showed a significant improvement with practice in both groups. However, changes in the two
variance components and the synergy index were very different in the two tasks. Indeed, we
observed strong transfer effects when these were quantified using indices of performance (TOUT
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and RMSES) and no significant transfer of practice-related changes in the multi-finger synergy
stabilizing total force. Actually, there was an increase (on average, by 16 %) in the synergy index
in the “SINE” task after practice, but the increase was under the significance level (Figure 4-5D).
Variance that affected accuracy of performance (VORT) dropped with practice in both
groups and in both “TUBE” and “SINE” tasks similarly. In contrast, VUCM increased significantly
in the “TUBE” task but dropped significantly in the “SINE” task. These results look somewhat
unexpected. Note that the transfer task (“SINE”) was simpler than the practiced task. Therefore, it
is possible that it did not require large amounts of VUCM (cf. Domkin, Laczko, Jaric, Johansson, &
Latash, 2002). Also, the subjects could feel more comfortable with the “SINE” task, which was
not associated with exaggerated deviations from the template, and did not perceive the need to
facilitate stronger synergies. Whether stronger synergies can be transferred to more challenging
and more ecologically valid tasks remains to be seen.

Practical implication and conclusions
The observed practice effects in the older adults make us cautiously optimistic with
respect to the possibility of developing this method for future use in populations with impaired
coordination characterized by low synergy indices. Using a variable task with adjustable stability
conditions encouraged flexible involvement of the fingers (larger VUCM). Note that the task itself
was always 100% stable and safe (isometric force production), while the apparent stability
conditions were manipulated using the software and visual feedback. In a way, the task
represented a computer game that encouraged variable involvement of the elements (fingers).
This method can be readily applied to hand training in the field of motor rehabilitation, in
particular in disorders that affect the hand function such as stroke and Parkinson’s disease. The
idea of using subject-specific adjustments in task stability can also be developed for a wide range
of motor tasks, such as reaching movements, postural tasks, and locomotion. To make the
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approach practically useful, however, one has to overcome the apparent limitation in the transfer
of the effects of practice on synergies that we saw in our study.
To conclude, our study shows that practicing redundant groups of elements may lead to
improvement in both motor performance (RMSES and TOUT) and force-stabilizing synergies in
both young and older adults. The two variance indices computed within the framework of the
UCM hypothesis showed opposite effects of practice: VORT dropped with practice, while VUCM
increased leading to an increase in the index of synergy stabilizing total force. The transfer effects
were ambiguous: Performance in the non-practiced task (“SINE”) improved, but there was no
transfer of the effect of practice on the structure of variance: Both variance components, VORT and
VUCM, showed a drop. The next step would be to explore these effects using more ecologically
relevant tasks that would involve all four fingers and manipulation of hand-held objects.

69

Chapter 5
Learning to Combine High Variability with High Precision:
Lack of Transfer to a Different Task
Recent studies have presented evidence that a single session of practice of a variable twofinger accurate force production task in conditions that challenge stability of performance can
lead to an increase in inter-trial variance at the level of elements (fingers) while variance in the
task-specific performance variable (total force) drops (Wu et al., 2012, 2013). In these studies,
most of the increased variance of elemental variables was constrained to a sub-space that had no
effect on the performance variable. These observations corroborate the idea that the apparent
motor redundancy is not a computational problem for the central nervous system but a useful
feature of the neuromotor system (abundance) that allows combining high accuracy and stability
of performance (principle of abundance; Gelfand & Latash, 1998; Latash, 2012). A similar
conclusion on the importance of exploiting task redundancies has been reached in a study of the
effects of practice of a reaching task (Dingwell, Smallwood, & Cusumano, 2013). On the other
hand, studies involving path redundancy produced arguments against using multiple solutions and
large variability during practice (R. Ranganathan & Newell, 2010a, 2010b).
While excessive motor variability may be viewed as detrimental to performance, low
variability at the level of elements (stereotypy) may also be a sign of motor impairment. Within
the framework of the uncontrolled manifold (UCM) hypothesis (Scholz & Schöner, 1999;
reviewed in Latash et al., 2007), variance in the abundant space of elemental variables is viewed
as the sum of two components: Variance within the UCM (VUCM) does not affect the performance
variable, while variance orthogonal to the UCM (VORT) does. If variance of a performance
variable, for instance total force produced by four fingers, decreases with practice, this can be due
to one of two reasons: (a) variance of the individual finger forces decreases, or (b) variance of the
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finger forces stays unchanged or even increases but there is strong co-variation among finger
forces channeling this variance into VUCM.
Several studies have documented relatively low VUCM in older adults, persons with Down
syndrome, and neurological patients (S. Li, Latash, Yue, Siemionow, & Sahgal, 2003; Park,
Lewis, et al., 2012; Park, Wu, et al., 2012; Scholz et al., 2003; Shinohara et al., 2004). Can
practice encouraging higher amounts of VUCM (as in the mentioned studies by Wu et al., 2012,
2013) lead to better performance in everyday tasks by these populations? To make a first step
towards answering this question, we explored three issues: (1) Can the counter-intuitive increase
in VUCM and decrease in VORT be observed in a four-finger task? (2) If so, can these effects of
practice be retained over two weeks? and (3) Can the mentioned counter-intuitive effects of
practice transfer to a more natural prehensile task?
The first question is motivated by the fact that many everyday manipulation tasks involve
all five digits of the hand with the four fingers acting together in opposition to the thumb. The
motivation for the second and third questions is obvious: Without retention and transfer, practical
utility of the discovered effect is limited. The issue of transfer of motor learning is far from being
trivial. Many recent studies of a variety of motor tasks showed strong effects of practice but only
limited transfer effects to dissimilar conditions (Boutin et al., 2012; Houldin, Chua, Carpenter, &
Lam, 2012; Howard, Ingram, & Wolpert, 2010; Malfait, Shiller, & Ostry, 2002; Mattar & Ostry,
2010; Ogawa, Kawashima, Ogata, & Nakazawa, 2012; Rochet-Capellan, Richer, & Ostry, 2012).
On the other hand, strong transfer effects have been reported in other studies (King & Newell,
2013; Shmuelof, Krakauer, & Mazzoni, 2012; Yan et al., 2013). Note that these issues have
remained actively discussed for many years, and a comprehensive review on the problem was
published almost 50 years ago (Zatsiorsky, 1965).
To summarize, we tested three main hypotheses. Hypothesis-1: Practice of a variable
four-finger accurate force production task with graded instability will lead to more accurate
performance accompanied by low inter-trial variance of total force and higher variance of
71

elemental variables (finger forces and finger modes, cf. Danion et al., 2003). Hypothesis-2: The
effects of practice will be retained over two weeks. Hypothesis-3: Effects of practice, such as
changes in force variance indices, will show transfer to performance of an object-manipulation
task similar to taking a sip of water from a glass.

METHODS

Subjects
Eight right-handed healthy adults (three females) volunteered to participate in the
experiment. On average, the participants (mean ± standard deviation) were 26 ± 6 years of age,
1.73 ± 0.14 m in height, 71.1 ± 19.7 kg in mass, 51.8 ± 4.3 cm for the upper-arm length, 27.5 ±
2.9 cm for the forearm length, 37.1 ± 4.8 cm for the shoulder width, 17.8 ± 1.9 cm for the hand
length, and 8.5 ± 1.1 cm for the hand width. Upper-arm length was measured from the armpit to
the medial epicondyle, while forearm length was measured from the medial epicondyle to the
distal wrist crease with wrist in a neutral pose. Shoulder width was defined as the distance
between the acromions. Hand length and width were measured, respectively, as the distance
between the tip of middle finger distal phalanx to the wrist crease and the distance between the
lateral aspects of the metacarpophalangeal joints of the index and little fingers with wrist in a
neutral pose. None of the subjects reported a previous history of neuromuscular disorder or
trauma to their upper extremities. All subjects gave informed consent according to the procedures
approved by the Office for Research Protection of the Pennsylvania State University.

72

Apparatus and Experimental Setups
Two experimental setups were used in the study. The pressing setup consisted of four
force sensors (Nano-17, ATI Industrial Automation, Garner, NC) used to measure individual
finger forces during four-finger pressing tasks. The prehension setup included a handle
instrumented with five force sensors (four Nano-17 and one Nano-25, ATI Industrial
Automation). A customized LabVIEW program was used to collect finger force data at 1000 Hz
via the 16-bit data acquisition board (NI PCI-6225, National Instruments Corporation, Austin,
TX).

Pressing Setup
The four force sensors were places on a panel (140 × 90 × 5 mm, Figure 5-1A) fixed to a
table for measuring downward finger pressing force. A monitor (Dell P190S) located 0.75 m
away from the participant displayed experimental tasks and provided feedback on the total finger
force (FTOT) with a customized LabVIEW program at 40 Hz.
The participants sat in front of the monitor with the right forearm placed and fixed with
Velcro straps in a wrist-forearm brace on the table. The participants placed the four fingertips at
the centers of individual sensors and kept the fingertips in contact with the sensors at all times in
each trial. Between trials, the participants could freely move their fingers for relaxation. Memory
foam was placed underneath the right palm and forearm to ensure a constant anatomical
configuration of the hand. The participants were free to select a comfortable position of the
thumb.
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Figure 5-1. Experiment apparatus: (A) the pressing panel; (B) the grasping handle. The handle centered
coordinate frame (XYZ) was defined parallel to the sensor coordinate frame of the thumb force (xyzTH)
with origin at the geometry center of the handle. The sensor coordinate frames of the other four fingers
(xyzfinger) were rotated from xyzTH 180° about Y axis.

Grasping Setup
The instrumented handle was used to measure the forces and moments of force at the tips
of individual digits when the participant was grasping the handle. The handle was placed on a
table in front of the participants. The mass of the handle with the sensors was 0.3 kg. All the
sensors (four Nano-17 sensors for the four fingers opposing the one Nano-25 for the thumb) were
aligned within a plane (the grasp plane) as illustrated in Figure 5-1B. The centers of adjacent
sensors for the four fingers were spaced 3 cm apart. The center of the thumb sensor was
positioned at the midpoint between the sensors for the middle and ring fingers. The grip width,
the shortest distance between the contact surfaces of the thumb and finger sensors, was 6.25 cm.
Each sensor was covered with sandpaper, 320 grit (Savescu, Latash, & Zatsiorsky, 2008), to
provide friction.
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The handle coordinate frame (XYZ) was defined parallel to the sensor coordinate frame
of the thumb (xyzTH, Figure 5-1B) with the origin at the geometrical center of the handle. The Xaxis pointed away from the grasp plane and the palm, the Y-axis was along the long axis of the
handle pointing downward, and the Z-axis pointed from the finger sensors to the thumb sensor
perpendicularly to the surface of the sensors. The axes (xyz) of all other sensor coordinate frames
were also parallel to XYZ with their origin at the center of individual sensor’s contact surface,
respectively. As a result, the finger sensor coordinate frames were rotated 180° about the Y-axis
as compared to the thumb sensor coordinate frame.
A six-component (three position and three orientation components) electromagnetic
tracking device (trakSTAR, Ascension Technology Corporation, Shelburne, VT, USA) was
affixed to the top of the handle with a wooden base (5 × 2.1 × 0.5 cm) and used to track the
handle position and orientation. The kinematic data were recorded by the customized LabVIEW
program at 40 Hz.

Procedures
The experiment involved three sessions. The first two sessions took place on two
consecutive days, and the third session was conducted two weeks later. Table 5-1 lists the
procedures within each session. The tests in the first (pre-test) and third (retention) sessions
included four tasks: maximal voluntary contraction (MVC), ramp force production (RAMP), the
standard TUBE (described later), and the handle manipulation task. Only the standard TUBE task
was performed in the testing section at the end of the first day (post-test I), while there were three
tasks, RAMP, TUBE, and handle manipulation tasks at the end of the second day (post-test II).
Both practice sections involved only the TUBE task with varying instability (see later).
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Table 5-1. The experimental procedure.
Session

Section

pre-test
1

st

practice I
post-test I
practice II
2nd

3rd

post-test II

retention

Task
Maximum Voluntary Contraction (MVC) task
RAMP task
Standard TUBE task
Object manipulating task
Instability Graded TUBE task
Standard TUBE task
Instability Graded TUBE task
RAMP task
Standard TUBE task
Object manipulating task
MVC task
RAMP task
Standard TUBE task
Object manipulating task

MVC tasks
After a short familiarization period, the participants were required to produce MVC
finger force with all four fingers pressing together. Two 5-s trials were recorded, and the highest
force magnitude produced was used to normalize target forces in the following tasks. There was
at least a 30-s interval between the trials.

RAMP tasks
The participants were instructed to produce a force profile matching a template on the
screen with one of the fingers while paying no attention to possible force production by the nontask fingers. The template consisted of 5% of MVC for the first 2 s followed by a slanted line
from 5 to 45% of MVC over the next 4 s. Only the force produced by the instructed finger was
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shown as feedback. Two trials were performed by each finger in a random order. There were at
least 10-s intervals between trials.

TUBE tasks
The tasks involved tracking a template with the force-related signal shown on the screen
in real time. The templates consisted of at least eighteen consecutive half-cycles of sine-like
patterns (Figure 5-2A). The initial force level was set at 15% of MVC. Six standard half-cycles
(three UPs and three DOWNs) with the amplitude of 7% of MVC and the period of 2.3 s were
hidden at random times in the template of each trial. The other, randomly created, half-cycles
were selected from a normal distribution with the amplitude of 7 ± 2% of MVC and the period of
2.3 ± 0.1 s. The permissible error margin was always ±2% of MVC.
In each trial, the participants were asked to press with all four fingers and to match the
prescribed force profile (FTASK) shown as the center line of the template as accurately as possible.
The feedback signal (FFB) was computed as: FACT + G × sign (FACT − FTASK) × (FACT − FTASK)2,
where FACT stands for the sum of the four finger forces, and G is a coefficient used to adjust the
instability of the task. When G = 0, the feedback corresponded to the actual force produced (FFB =
FACT); positive G led to amplification of the deviation of FACT from FTASK as if the participants
were moving over the ridge of a concave surface with variable slope (Figure 5-2B). We used the
same G = 0.02 in all testing sections to make them moderately challenging, as in previous studies
(Wu et al., 2012, 2013). In each session, there were eight trials for the standard TUBE task with
G = 0.02. After each trial, two performance indices were provided to the subject, the root-meansquare error score (RMSES) reflecting deviations of FFB from FTASK and total time spent outside
the error margins (TOUT). The duration of one trial was 26 s; 4 s prior to the entrance into the
TUBE plus 22 s of the TUBE template. There were at least 10-s intervals between trials.
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Figure 5-2. An illustration of a typical template in the tasks with graded instability. (A) The task template
is built with at least eighteen half-cycles of sine-like patterns, including six standard sinusoidal half-cycles.
(B) The adjustable instability factor (G) modifies the visual feedback leading to amplification of the
deviation from FTASK as if the participants were moving over the ridge of a concave surface with variable
slope.
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Grasping tasks
Prior to each trial, the participants sat in front of the table with the instrumented handle
placed vertically at 80% of the arm length from the trunk. The five digits were placed over the
centers of the corresponding force sensors. Data collection began after the participants grasped
and lifted the handle 5 cm above the table while keeping it vertical.
The participants were instructed to move the handle as if lifting a glass of water and
taking a sip from it except that there were four pauses viewed as steady states (SS) within each
trial. First, the participants held the handle at the initial location, 5 cm above the table, for about 4
s (SS1). Then they lifted the handle vertically up to the height of their mouth and paused for 4 s
(SS2). After the pause, the handle was moved horizontally, toward the mouth and stopped about
5 cm in front of the mouth for another 4 s (SS3). Finally, the participants rotated the handle by
about 45° about the X-axis and paused again for 4 s (SS4). After the last pause, the handle was
placed back on the table. The participants were required to move smoothly between pauses, and
count 4 s for the duration of each pause. The handle was supposed to be vertical during SS1, SS2,
and SS3. The overall trial duration was less than 25 s and there were 10-s rest intervals between
trials. Twenty trials were performed in each session.

Practice protocols
The participants practiced tasks similar to the standard TUBE task but with different gain
factors G defined based on their performance. The gain factor G was always the same within a
block but could be adjusted across blocks. The initial G value during practice was set based on
the lowest TOUT observed in the pre-test: G = 0.025 (more challenging), if TOUT < 0.5 s; G = 0.02
(as in each pre-test), if TOUT was between 0.5 s to 1 s; G = 0.015, if TOUT was between 1 s to 5 s;
G = 0.01, if TOUT > 5 s. After each block of six trials, an average of the second and third lowest
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TOUT in the block was computed, and G was increased by 0.005 when this averaged TOUT
improved by at least 10% compared to the previous block.

Data Processing
The data were processed off-line using customized LabVIEW software. All force,
position, and orientation data were low-pass filtered at 10 Hz with the fourth-order, zero-lag
Butterworth filter before further processing. The MVC force was defined as the maximum total
finger force produced in the MVC tasks.
The enslaving matrix (E) reflects the unintentional finger force production when the
participant intends to produce force by another finger (Zatsiorsky et al., 1998). For each singlefinger ramp trial, linear regressions of the forces produced by each finger against total force
(FTOT) over the 4-s ramp time interval were computed. The regression coefficients ki,j in Fi,j = f i,j 0

+ ki,j × FTOT,j

 kI , I
k
 M ,I
were used to construct the enslaving matrix, E =
 kR ,I

 kL ,I

kI ,M

kI, R

kM ,M

kM ,R

kR ,M

k R, R

kL ,M

kL ,R

k I, L 
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,
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where i = {I, M, R, L} and j = {I, M, R, L}; j represents a task finger. Fi,j, FTOT,j, and f i,j 0 indicate
the individual i-finger force, total force, and regression intercepts, respectively, when j-finger was
the task-finger. An overall index of enslaving, |E| was computed as the sum of the off-diagonal
entries in E.
The analysis of multi-finger synergies stabilizing the force profile during the TUBE tasks
was performed within the framework of the UCM hypothesis (Scholz & Schöner, 1999). Finger
forces were transformed into a set of finger modes (hypothetical commands to fingers): m = E–1F,
where F is the finger force vector and m is the finger mode vector (Latash et al., 2001; Scholz et
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al., 2002). Since practice could lead to changes in E (Wu et al., 2013), analysis of synergies was
performed in both mode (m) and force (F) spaces.
The finger force data for the standard half-cycles of FTASK were aligned by the half-cycle
initiation. Indices of variance were computed across the half-cycles for each time slice and
normalized by MVC2 of each participant. The variance across trials was quantified separately in
two sub-spaces per degree-of-freedom in each sub-space. The first sub-space (UCM, threedimensional) corresponded to no changes in FTOT; variance within the UCM (VUCM) was
estimated as variance within the null-space of the Jacobian of the system. The second sub-space
was the orthogonal complement (ORT, one-dimensional) to the UCM; variance within ORT
(VORT) changed FTOT. The total variance per degree-of-freedom was VTOT = (3 × VUCM + VORT) ∕
4. The index of synergy (ΔV) was computed as: ΔV = (VUCM – VORT) ∕ VTOT. For statistical
analysis, ΔV was subjected to the modified Fisher’s z-transform, ΔVZ = 0.5 × ln{ [1 + (ΔV /
|BL|)] / [1 − (ΔV / BU)] }, where BL is the lower limit (−4) and BU is the upper limit (+4/3) of
ΔV. This analysis was performed in both m and F spaces.
The force data for the three steady states (SS1, SS2, and SS3) in the grasping tasks were
extracted based on the position and orientation of the handle. Figure 5-3 shows handle kinematic
characteristics in a typical grasping task. For simplicity, the handle was assumed to be vertically
oriented in SS1, SS2, and SS3, and the data during SS4 were not analyzed. The handle position
and orientation data were linearly interpolated and re-sampled to match the force data sampling.
Time derivatives of the position and orientation data (Figure 5-3B) were low-pass filtered at 1 Hz
with the fourth-order, zero-lag Butterworth filter. Peaks of time derivatives, larger than 20 cm/s
for position or 30°/s for orientation, were identified. The movement initiation time was defined as
the instant when the corresponding derivative increased and reached 5% of the peak value that it
consequently reached during that movement. The force data in individual steady states were
defined as data averaged within 500-ms periods, 1500 ms before each movement initiation. The
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force data of individual digit sensors were represented in the handle centered coordinate frame for
further processing.
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Figure 5-3. Kinematic measurements of a typical grasping task are presented. (A) The time profiles of
handle horizontal (solid line), vertical (dotted line) position, and orientation (dash-dot line) are illustrated.
(B) The panel shows the time derivative of corresponding time profiles. The gray bands indicate the time
periods of steady state (SS1, SS2, and SS3).
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We assumed that the prehensile task was controlled as a two-level hierarchy (Arbib,
Iberall, & Lyons, 1985). At the first level (TH-VF level), the task was shared between the thumb
and the virtual finger (VF) defined as an imagined digit whose mechanical output is equivalent to
the combined output of the four fingers. At the next, individual finger (IF), level, the action of the
VF was shared among the four fingers. Forces and moments produced by VF were computed as:
FiVF = Σj[Fij], MiVF = Σj[Mij], where F is the finger force, M is the moment of force about each
axis, i = {X, Y, and Z}, and j = {I, M, R, and L}.
Multi-digit grasping synergies were quantified as the co-variation (across trials) among
elemental variables (EV) produced by each digit. The index of grasping synergy was defined as
ΔVG = [ΣVar(EV) – Var(ΣEV)] / ΣVar(EV). At the TH-VF level, EVs were the force and
moment variables produced by the TH and VF. At the IF level, the force and moment variables
produced by individual fingers were EVs. ΔVGZ, the Fisher’s z-transformed ΔVG, was used in the
statistical parametric analyses.

Statistical analysis
Standard descriptive statistics were used; the data are presented as means ± SE. One-way
repeated measures analyses of variance (ANOVAs) using mixed model approach with the factor
Test (4 levels: pre-test, post-test I, post-test II, and retention) were used to explore how indices of
performance (RMSES and TOUT), variance components (VUCM and VORT), and the synergy index
(ΔVZ) changed with practice. One-way repeated measures ANOVAs using mixed model
approach with the factors Test (3 levels: pre-test, post-test II, and retention) were performed on
the MVC and the indices of enslaving (|E|). The aligned rank transform (ART) procedure
(Wobbrock et al., 2011) with one-way mixed model (Block, 20 levels) ANOVA was used to
explore the changes of G values over practice blocks. Two-way repeated measures ANOVAs
with factors Test (3 levels: pre-test, post-test II, and retention) and Steady-State (3 levels: SS1,
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SS2, and SS3) were conducted on the force variables and the indices of grasping synergy (ΔVGZ).
The normality of data was checked before the ANOVAs were applied. Main effects were
explored with post-hoc pairwise comparisons using the Holm-Bonferroni method (Abdi, 2010).
Statistical significance was set at p ≤ 0.05. All statistical tests were performed using SPSS 19.0
(SPSS Inc, Chicago, IL).

RESULTS

Pressing Task
The total force trajectories produced before practice deviated from the FTASK substantially
while considerable improvements in performance were observed after practice. This is illustrated
in Figure 5-4, which shows individual standard half-cycles extracted from the Tube performance
trials. Note the much lower inter-trial variability during all the tests after practice, the post-test I,
post-test II, and retention, as compared to the pre-test.
The gain factor G was adjusted during the two practice sessions with improved
performance (details in Methods). On average, G increased from about 0.01 to 0.03 as shown in
Figure 5-5. The nonparametric one-way mixed model (Block) ANOVA with ART procedure (see
Methods) showed that the main effect of Block was significant (F[19, 133] = 59.314, p < 0.001).
Pairwise comparisons with Holm-Bonferroni procedure confirmed that G increased significantly
between the first and last practice block.
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Figure 5-4. Typical total force trajectories produced by one participant during the standard sinusoidal halfcycles in the testing sections are plotted. The dash line in each panel indicates the standard target (FTASK)
profile, while the solid lines represent total force profiles in individual trials. The panels in the left column
show the force profiles in the ascending half-cycles, while the panels in the right column are in the
descending half-cycles. The panels illustrate the force profiles in the four testing sections (pre-test, post-test
I, post-test II, and retention), respectively from top to bottom. Note that before practice the total force
trajectories deviated from the FTASK substantially while considerable improvements in performance were
observed after practice.
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Figure 5-5. An illustration of averaged G value across participants in each block over the two practice
sections is presented. The error bars show the standard errors.

Performance score
The participants reduced both performance indices, RMSES and TOUT, after one session of
practice (practice I). No improvement with further practice was observed. The improvement was
maintained for at least two weeks (retention). These results, illustrated in Figure 5-6, have been
confirmed by one-way mixed ANOVAs with the factor Test. The main effects were significant
for both RMSES (F[3, 21] = 9.078, p < 0.001), and TOUT (F[3, 21] = 52.417, p < 0.001). Pairwise
comparison showed that both performance indices significantly declined from pre-test to post-test
I with no difference between post-test I, post-test II, and retention.
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Figure 5-6. The performance indices, RMSES and TOUT, averaged across participants are presented. Both
performance indices were improved after one section of practice tested in the post-test I. The improvement
maintained for at least two weeks later in the retention.

Enslaving
After practice, the index of unintentional force production by non-task fingers (enslaving,
|E|) showed a trend to increase from 0.78 ± 0.07 in pre-test to 1.02 ± .09 in post-test II, and
decreased back to 0.82 ± 0.06 in the retention. A one-way mixed ANOVA showed a close to
significant main effect of Test (F[2, 14] = 3.163, p = 0.07).

Structure of Variance
The amount of overall variance per degree-of-freedom (VTOT) in both finger force and
finger mode spaces (see Methods) showed a trend of increase after the first section of practice
(post-test I), and then declined with further practice (post-test II). The trend of VUCM was similar
to VTOT, since most variance was always within the UCM subspace. On the other hand, VORT
showed a decrease with practice and reached a plateau with more practice. The inequality VUCM >
VORT reflecting a force-stabilizing synergy (ΔV > 0) was seen throughout the study. Figure 5-7
illustrates VTOT, VUCM, VORT, and ΔV averaged across participants in the four test sections.
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Figure 5-7. Variances (VTOT, VUCM, and VORT) in the elemental variable space, and ΔV averaged across
participants in the four test sections are illustrated. The panels in the top row present the indices of variance
in the finger mode space, while the panels in the bottom row are in the finger force space. The VTOT and
VUCM in both space showed trend of increase in post-test I, and then declined in post-test II. On the other
hand, the VORT showed a decrease after practice and reach a plateau with more practice. The index of
synergy in pressing task (ΔV) increased after first section of practice, decrease with further practice, and
dropped back in two weeks later.

Practice showed different effects on the two variance components, VUCM and VORT. A
decrease in VORT took place immediately after the first section of practice without major changes
in further sessions. In contrast, VUCM first increased and then declined after the second section of
practice. These observations were confirmed by one-way mixed ANOVAs with factor Test on
VUCM and VORT in both force and mode spaces. In both spaces, Test effects on VORT were
significant, F[3, 21] = 18.504, p < 0.001. The post-hoc pairwise comparisons showed that VORT
before practice was significantly higher than after practice in both mode and force spaces (p <
0.01). On the other hand, effects of Test on VUCM were significant only in force space F[3, 21] =
3.617, p < 0.05. The post-hoc pairwise comparison showed that only the difference between posttest I and post-test II was close to significant level (p = 0.06).
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The index of synergy (ΔV) increased after the first practice session, decreased with
further practice, and decreased even more two weeks later. ANOVAs confirmed the effect of Test
in both spaces: F[3, 21] > 5.67, p < 0.01. The post-hoc pairwise comparisons revealed that the
values of ΔVZ in post-test I were significantly larger than those in pre-test (p < 0.05) in both
spaces, while ΔVZ in post-test II was significantly larger than that in pre-test (p < 0.05) for mode
space only. The drop of ΔVZ after two weeks was significant in the force space (p < 0.05) and
close to being significant in the mode space (p = 0.076).

Prehension Task

Mechanical variables
Practice led to no changes in individual finger forces and moments of force, while some
mechanical variables differed across the three steady states (SS1, SS2, and SS3). Because the
fingertips were aligned in the grasping plane and the unbalanced torque applied on the handle
away from the plane was assumed to be negligible, only three mechanical variables (FY, FZ, and
MX) were considered in this study. Two-way mixed ANOVAs (Test × Steady-State) showed only
significant main effects of Steady-State on FYVF (F[2, 14] = 13.085, p < 0.001). The post-hoc
pairwise comparisons confirmed smaller absolute values of FYVF in SS1 compared to both SS2
and SS3 (p < 0.05).

Structure of Variance
There were no significant effects of practice on indices of grasping synergy (ΔVG)
computed at the two levels of the assumed hierarchy, TH-VF and IF (see Methods). Figure 8
illustrates Fisher’s z-transformed ΔVG averaged across subjects for FY, FZ, and MX. Note that the
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indices were all positive corresponding to synergies stabilizing the mechanical variables except
for ΔVG for FZIF. Two-way mixed ANOVAs (Test × Steady-State) showed only significant main
effects of Steady-State on ΔVG for FZ at the TH-VF level (F[2, 14] = 194.536, p < 0.001). The
post-hoc pairwise comparisons confirmed that ΔVG for FZ in SS1, SS2, and SS3 were
significantly different from each other (p < 0.001).
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Figure 5-8. Fisher’s z-transformed ΔVG averaged across subjects for the salient mechanical variables in
grasping task, FY, FZ, and MX. The panels in the upper row are indices of synergies at the thumb-virtualfinger (TH-VF) level, while the panels in the lower row illustrate indices at the individual-finger (IF) level.
The three columns stand for FY, FZ, and MX, respectively from left to right. Note that the indices were all
positive signifies that synergies stabilizing the mechanical variables except the ΔVG of FZ at the IF level.

DISCUSSION
The results of our experiments provided support for two of the three main hypotheses
formulated in the Introduction. In particular, as predicted by Hypothesis-1, practice led to more
accurate performance in the main task (as quantified by changes in RMSES and TOUT)
accompanied by a drop in the inter-trial variance of total force (reflected in lower variance
orthogonal to the UCM, VORT), while the total variance of both finger forces and finger modes
increased due to the increase in variance within the UCM, VUCM. In short, after the practice,
variability of finger forces increased while the variability of the total force decreased. The effects
90

of practice on performance were retained over two weeks in support of Hypothesis-2. Hypothesis3, however, was falsified. No significant effects of practice were observed in any indices such as
digit forces, moments of force, and indices of finger force co-variation during the performance of
the object-manipulation task (Figure 5-8). While the results of testing Hypothesis-3 are
disappointing, they are not completely unexpected. Indeed, studies of transfer in a variety of
motor tasks, from speech tasks (Rochet-Capellan et al., 2012; Tremblay, Houle, & Ostry, 2008) to
arm movement tasks (Boutin et al., 2012; Malfait et al., 2002) and to whole-body tasks (Ogawa et
al., 2012) have shown high specificity of motor learning and very limited effects of transfer. Note
that the prehension task is different from the finger pressing task not only because the four fingers
are acting in opposition to the thumb but also due to additional imposed mechanical constraints
such as the requirement to balance the contributions of the digits to the total moment of force
(reviewed in Zatsiorsky & Latash, 2008).

Structure of Variance and Action Stability
Analysis of the structure of variance within the UCM hypothesis framework (Scholz &
Schöner, 1999) was developed as an extension of the notion of task-specific stability of redundant
systems (Schöner, 1995). Assuming that all trials start from somewhat different initial states of
the system (and, possibly, from different states of the environment), larger inter-trial variance is
expected in directions of relatively low stability, i.e. in directions that span the UCM for
potentially important performance variables. Recent studies combined more traditional methods
of estimating stability, such as application of small perturbations in the course of task execution,
with analysis of inter-trial variance and obtained results compatible with the idea that both
methods produce results reflecting the task-specific stability of the system (D. J. S. Mattos et al.,
2011; D. Mattos, Kuhl, Scholz, & Latash, 2013; Wilhelm, Zatsiorsky, & Latash, 2013; Zhou,
Solnik, Wu, & Latash, 2014).
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In our experiment, as well as in earlier experiments using a similar paradigm (Wu et al.,
2012, 2013; reviewed in Wu & Latash, 2014), we used the idea that challenging stability of a
particular performance variable would be beneficial for the development of coordination patterns
that stabilize the variable better. Within the models with back-coupling loops (Latash et al., 2005;
Martin et al., 2009), this process has been assumed to lead to higher gains in the loops that
channel any deviations at the level of elemental variables into the UCM for the performance
variable. The results of this series of studies, including the current experiment, are consistent with
the idea that, indeed, the hypothesized back-coupling loops became more efficient in channeling
most variance into the UCM.
Another interpretation of the structure of inter-trial variance compatible with the UCM
hypothesis has been developed within the optimal feedback control approach (Diedrichsen,
Shadmehr, & Ivry, 2010; Todorov & Jordan, 2002). Within this approach, relatively higher
magnitude of VUCM are expected if the weight of performance errors in the cost function is
increased relative to the weight or variance at the level of neural commands. Within the current
study we cannot distinguish between the two interpretations. It is important to emphasize,
however, that, independently of the origin of the observed effects of practice, its overall pattern
remains rather unexpected: With practice, the system increased its variance at the level of
elemental variables while improving accuracy of overall performance. This outcome is hardly
compatible with the idea of signal-dependent noise as the main source of motor variability (Harris
& Wolpert, 1998). Indeed, if “noise” at the level of elements increased without a change in their
average performance (“signal”), there is no reason to expect lower “noise” at the level of
performance of the whole system.
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Is High Variance Good or Bad?
Reducing motor variability is a common goal of practice. Typically, variability in taskrelated performance variables is analyzed while relatively little attention is paid to variability at
the level of elements within redundant systems that are involved in all natural human movements
(Bernstein, 1967). Practicing movements has been shown to lead to an expected drop in
performance variance (reflected in lower VORT) accompanied by proportional or disproportional
changes in the component of variance that has no effect on performance (VUCM) (reviewed in
Latash, 2008, 2010). Until recently, all those studies, however, reported a drop in both variance
components, VORT and VUCM. Our series of studies is unique in showing changes in the two
variance components in opposite directions.
While by itself VUCM has no effect on performance, its changes reflect potentially
important changes in stability properties of performance emerging in the process of practice.
VUCM is known to increase under fatigue of an element (Singh, SKM, Zatsiorsky, & Latash, 2010)
and in conditions when a change in the movement target may happen, even if this change in fact
does not happen (de Freitas et al., 2007). So, while during performance in sterile laboratory
conditions VUCM seems to be irrelevant, it becomes relevant in more challenging conditions.
Low relative amounts of VUCM may be a sign of stereotypy. For example, relatively low
VUCM is seen in persons with Down syndrome (Latash, Kang, et al., 2002), healthy elderly
(Olafsdottir et al., 2007; Shim et al., 2004), and patients with neurological disorders (Park, Lewis,
et al., 2012; Park, Wu, et al., 2012). Note that impaired movement stability is a common sign
across the mentioned groups. Developing exercise schedules that would encourage these
populations to increase the relative amounts of VUCM has been one of the driving forces behind
this line of research.
The unusual combination of high variance and high precision was also observed in a
recent study of human walking (Rosenblatt, Hurt, Latash, & Grabiner, 2014). In that study, asking

93

the subjects to place their feet within narrow targets resulted in an increase in inter-stride joint
configuration variance with a simultaneous drop in the variance of foot placement in the mediolateral direction. These results that are qualitatively similar to our observations were observed
without any specialized practice, as a direct consequence of placing more strict constraints on
task performance.

Why Are Transfer Effects so Limited?
The effects of practice on the two variance components in our study were robust when
analyzed in two spaces, those of finger forces and finger modes. We performed the analysis in the
two spaces because earlier studies (Wu et al., 2012, 2013) have shown significant changes in the
magnitude of enslaving (see Zatsiorsky, Li, & Latash, 2000) with practice of two-finger tasks.
Enslaving, by definition, contributes to positive co-variation among finger forces and, hence, if
analysis is performed at the level of forces, changes in the enslaving magnitude may by
themselves lead to a change in the relative amounts of VORT and VUCM. In our study, enslaving
showed a tendency to increase although this effect was slightly under the significance level.
These changes, however, had no effect on the overall pattern of changes in the variance
components. The robust effects in the pressing task were, however, in stark contrast to the lack of
transfer to the prehensile task.
This result has not been completely unexpected, although we hoped for a more optimistic
outcome. Indeed, limited transfer effects to dissimilar conditions have been reported in many
studies (Boutin et al., 2012; Houldin et al., 2012; Howard et al., 2010; Malfait et al., 2002; Mattar
& Ostry, 2010; Ogawa et al., 2012; Rochet-Capellan et al., 2012). It is possible that practicerelated changed changes in stability are highly specific to the practiced task and cannot be
implemented in a different task even it has, as one of its components, stability of the same
variable produced by the same elements. In our prehensile task, forces of the individual fingers
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along the Z-axis contributed to the total normal force produced by the virtual finger in the same
way the pressing force produced total force in the practiced task. However, analysis of finger
force co-variation with respect to this variable (FZ) showed no significant effects of practice.
The issue of transfer with respect to variance structure within a redundant system has
been all but unexplored (reviewed in Latash, 2010). While our first attempt produced negative
results, we hope that further exploration of this issue will shed light on how and why some
features of performance are transferred to other tasks while other are not. In particular, designing
a similar task that would combine requirements for accurate total force and accurate total moment
of force production may improve chances of transfer to prehensile tasks.

Concluding Comments
The study has both optimistic and pessimistic lessons. On the one hand, we have shown
that the relatively short practice of the four-finger task with visual feedback adjusted to simulate
changes in stability conditions led to a change in the structure of variance characterized by
changes in VORT and VUCM in different directions. The fact that practice effects showed retention
is also optimistic. On the other hand, the lack of transfer to the more functionally relevant
prehensile task is discouraging. Maybe, we tried to achieve too much in one study, and it would
be more prudent to explore transfer of the effects on of practice on the structure of variance using
less dissimilar tasks, for example pressing tasks that combine accurate force and moment of force
production. We have to admit the relatively small number of subjects, which might prevent us
from reaching statistical significance in some of the effects. On the other hand, earlier studies
(Wu et al., 2012, 2013) used similar numbers of subjects and, based on those studies, we expected
to see effect sizes on the order of 1.0. Eight subjects had to be sufficient to explore such large
effects.
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Chapter 6
Transfer of the Effects of Practicing Coordination
The apparently redundant design of human body provides an apparatus for flexible-andprecise movements. Studies in previous three chapters have shown that practicing a variable
multi-finger accurate force production task with modifiable performance stability increases (or at
least maintains) inter-trial variance at the level of elements (fingers) while variance in the taskspecific performance variable (total force) drops. Without redundancy (or abundance), a system
becomes more precise only when all the elements are less variable; such stereotypical solutions
are, however, notoriously unstable in cases of perturbations. The abundance of the neuromotor
system is the foundation that allows combining high precision and stability of performance
(principle of abundance; Gelfand & Latash, 1998; Latash, 2012). The structure of inter-trial
variance at the level of elemental variables has been viewed as a property reflecting the stability
of the neuromotor system. The variance at the level of elements can be decomposed into two
components within the framework of the uncontrolled manifold (UCM) hypothesis (Scholz &
Schöner, 1999; reviewed in Latash, Scholz, & Schöner, 2007): Variance within the UCM (VUCM),
which does not affect the performance variable, and variance orthogonal to the UCM (VORT),
which does.
Although, by definition, VUCM has no direct effects on the performance variables, low
variability within the UCM could be deleterious to performance. Relatively low amounts of VUCM
have been documented in populations characterized by impaired motor coordination. For
example, the healthy elderly (Kapur et al., 2010) and persons with Down syndrome (Black et al.,
2007; Scholz et al., 2003) usually show stereotypical movements; patients with Parkinson’s
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disease and cerebellar disorders (Park, Lewis, et al., 2012; Park, Wu, et al., 2012) also
demonstrate low synergy indices due to the relatively low VUCM.
The disproportional changes in VUCM and in VORT observed in both two- and four-finger
pressing tasks have suggested that practicing a variable motor task with adjustable task-instability
can discourage development of stereotypical movements. Although little transfer of the effect of
practice on the structure of variance to a simpler task or to a qualitatively different, prehensile,
task was reported in previous studies, the consistent retention of the effects after the relatively
short practice encouraged us to explore whether the effects of practice on the structure of variance
can transfer to less trivial and less dissimilar tasks. The two main issues explored in the present
study are (1) Can the effects of practice on the structure of variance transfer to another finger
pressing task? and (2) If so, can the transfer be retained over two weeks?
In this study, we tested two main hypotheses. Hypothesis-1: The effects of practicing a
variable four-finger accurate force production task with graded instability on the structure of
variance will show transfer to changes on the structure of variance in an accurate force/moment
production task. Hypothesis-2: The transfer of the effects of practice will be retained over two
weeks.

METHODS

Subjects
We recruited thirteen right-handed healthy adults (seven females) in the experiment. On
average, the participants (mean ± standard deviation) were 29 ± 4 years of age, 1.68 ± 0.09 m in
height, 70.7 ± 31.5 kg in mass, 18.1 ± 1.0 cm for the hand length, and 8.2 ± 0.7 cm for the hand
width. Hand length and width were measured, respectively, as the distance between the tip of
middle finger distal phalanx to the wrist crease and the distance between the lateral aspects of the
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metacarpophalangeal joints of the index and little fingers with wrist in a neutral pose. None of the
subjects reported a previous history of neuromuscular disorder or trauma to their upper
extremities. All subjects gave informed consent according to the procedures approved by the
Office for Research Protection of the Pennsylvania State University.

Apparatus
The experimental setup consisted of four force sensors (Nano-17, ATI Industrial
Automation, Garner, NC) measuring individual finger downward forces in the finger pressing
tasks. The four force sensors were places on a panel (140 × 90 × 5 mm) in four parallel slots with
distance of 30 mm from each other in the finger abduction/adduction direction while being
adjusted to fit the individual hand’s anatomy so that the participants can press comfortably on the
sensors with fingertips. A monitor (Dell P190S) located 0.75 m away from the participant
displayed experimental tasks and provided feedback on the total finger force (FTOT) with a
customized LabVIEW program at 40 Hz. The customized LabVIEW program collected finger
force data at 1000 Hz via the 16-bit data acquisition board (NI PCI-6225, National Instruments
Corporation, Austin, TX).
The participants sat in front of the monitor with the right forearm placed and fixed with
Velcro straps in a wrist-forearm brace on the table. The participants placed the four fingertips at
the centers of individual sensors and kept the fingertips in contact with the sensors at all times in
each trial. Between trials, the participants could freely move their fingers for relaxation. Memory
foam was placed underneath the right palm and forearm to ensure a constant anatomical
configuration of the hand. The participants were free to select a comfortable position of the
thumb.
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Procedures
The experiment consisted of three sessions. The first two sessions were run on two
consecutive days, and the third session was conducted two weeks later. Error! Reference source
not found. lists the procedures within each session. The first session had two sections separated
apart by a 20-min break for familiarization and baseline measurement. The second session was
the main part for the special designed practice protocol. The third session was a retention session.

Table 6-1. The experimental procedure.
Session

Section

Task
Maximum Voluntary Contraction (MVC) task
RAMP task

pre-test I

Accurate force/moment task

1st

20 min break
control

Accurate force/moment task
Familiarization TUBE task (G = 0)
RAMP task

pre-test II

Accurate force/moment task
Standard TUBE task (G = 0.02)

2nd

practice

Instability Graded TUBE task
RAMP task

post-test

Standard TUBE task (G = 0.02)
Accurate force/moment task
RAMP task

3rd

retention

Standard TUBE task (G = 0.02)
Accurate force/moment task
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Maximum Voluntary Contraction (MVC) tasks
The participants were required to press on the sensors with all four fingers as hard as they
can to produce MVC finger force. Two 5-s trials were recorded, and the highest force magnitude
measured was used to normalize target forces and moments of force in the following tasks. There
was at least a 30-s interval between the trials.

RAMP tasks
The participants were instructed to produce a force profile matching a template on the
screen with one of the fingers while paying no attention to possible force production by the nontask fingers. The template began with 5% of MVC for the first 2 s followed by a slanted line from
5 to 45% of MVC over the next 4 s. Only the force produced by the instructed finger was shown
as feedback. Two trials were performed by each finger in a random order. There were at least 10s intervals between trials.

TUBE tasks
The participants tracked a template with the force-related signal shown on the screen in
real time. The templates consisted of at least eighteen consecutive half-cycles of sine-like patterns
(Figure 5-2). The initial force level was set at 15% of MVC. Six standard half-cycles (three UPs
and three DOWNs) with the amplitude of 7% of MVC and the period of 2.3 s were hidden at
random times in the template of each trial. The other, randomly created, half-cycles were selected
from a normal distribution with the amplitude of 7 ± 2% of MVC and the period of 2.3 ± 0.1 s.
The permissible error margin was always ±2% of MVC.
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Figure 6-1. An illustration of a typical template. The task template is built of at least eighteen half-cycles
of sine-like patterns, including six standard half-cycles.

The participants pressed with all four fingers to match the prescribed force profile (FTASK)
shown as the center line of the template as accurately as possible. The feedback signal (FFB) was
computed as: FACT + G × sign (FACT − FTASK) × (FACT − FTASK)2, where FACT stands for the sum of
the four finger forces, and G is a coefficient used to adjust the instability of the task. When G = 0,
the feedback corresponded to the actual force produced (FFB = FACT); positive G led to
amplification of the deviation of FACT from FTASK as if the participants were moving over the ridge
of a concave surface with variable slope. We used the same G = 0.02 in pre-test II, post-test and
retention test to make the tasks moderately challenging, as in previous studies (Wu et al., 2012,
2013). In each session, there were eight trials for the standard TUBE task with G = 0.02. After
each trial, two performance indices were provided to the subject, the root-mean-square error score
(RMSES) reflecting deviations of FFB from FTASK and total time spent outside the error margins
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(TOUT). The duration of one trial was 26 s; 4 s prior to the entrance into the TUBE plus 22 s of the
TUBE template. There were at least 10-s intervals between trials.

Accurate force/moment task
The participants were instructed to produce a combination of total finger forces and total
moments of force about the middle-line of the hand to move a cursor on the screen to match a
prescribed force/moment combination shown at the center of the screen as quick as possible. The
vertical coordinate of the cursor represented the total force produced by all four fingers
normalized by MVC, and the horizontal coordinate indicated the total moment of force
normalized by the minimum between the theoretically maximal pronation and supination efforts
(estimated using the recorded IM MVC and RL MVC, respectively). The moments of force were
computed as the normal finger force multiplied the corresponding moment arms from the
fingertip to the middle of the hand (I: -45 mm; M: -15 mm; R: 15 mm; and L: 45 mm).
At the beginning of each trial, the subject had 4 s to reach an initial force/moment value,
15%MVC and 0%MVCmm. By modifying the coordinates of the cursor, eight different
prescribed force/moment values were presented sequentially in each trial (Figure 6-2.A or 6-2E).
When a new prescribed force/moment value was presented, the cursor jumped to a new location
such that the center of the screen corresponding to the prescribed force/moment value, which
required the subject to produce a combination of force/moment adjustments to come back to the
center of the screen.
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Figure 6-2. Typical trials within the accurate force/moment task. Panel A, B, and C are the time profiles of
force, moment of force, and error to target, respectively, for trials involving force change only. Panel D, E,
and F are the time profiles of force, moment of force, and error to target, respectively, for trials involving
moment change only. The solid lines are performance, and the dashed lines are targets. The first and last
gray periods are two steady-states before and after all target jumps, and the other gray areas are 1-s periods
before individual target jumps. The error to target was computed as

error = ( Ftot − Ft arg et ) 2 + ( M tot − M t arg et ) 2 ,
where (Mtot, Ftot) was the coordinate of performance, and (Mtraget, Ftarget) was coordinate of the target.
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The prescribed levels in force/moment values were ±10%MVC, ±5%MVC, 0%MVC,
±10%MVCmm, ±5%MVCmm, and 0%MVCmm to the initial force/moment value, 15%MVC
and 0%MVCmm. In one trial, only one of the components (force or moment) changed with the
five possible levels of that component. For example, the cursor jumps mainly in the vertical
(force) direction (Figure 6-2.A and 6-2B) in a trial with prescribed force/moment values different
in only force component. On the other hand, Figure 6-2.D and 6-2E show a trial with prescribed
force/moment value different in only moment component. The different levels were presented
randomly without identical adjacent levels at random time intervals (2.25 ± 0.25 s) starting after
the first 4 s from the trial initiation in 13 trials for each of the force changing or moment changing
block. In total the number of cursor jumps was at most 234 times (9 jumps/trial × 26 trials). Each
of the prescribed force/moment level was presented at least 20 times. The total time for one trial
was 26 s. There were at least 10-s intervals between trials.

Practice protocols - Instability graded TUBE task
The participants practiced tasks similar to the standard TUBE task but with different gain
factors G defined based on their performance. The gain factor G was always the same within a
block but could be adjusted across blocks. The initial G value during practice was set based on
the lowest TOUT observed in the pre-test: G = 0.025 (more challenging), if TOUT < 0.5 s; G = 0.02
(as in each pre-test), if TOUT was between 0.5 s to 1 s; G = 0.015, if TOUT was between 1 s to 5 s;
G = 0.01, if TOUT > 5 s. After each block of six trials, an average of the second and third lowest
TOUT in the block was computed, and G was increased by 0.005 if the averaged TOUT improved by
at least 10% compared to the previous block.

104

Data Processing
The data were processed off-line using customized LabVIEW program. All force data
were low-pass filtered at 10 Hz with the fourth-order, zero-lag Butterworth filter before further
processing. The MVC force was defined as the maximum total finger force produced in the MVC
tasks.
The enslaving matrix (E) reflects the unintentional finger force production when the
participant intends to produce force by another finger (Zatsiorsky et al., 1998). For each singlefinger ramp trial, linear regressions of the forces produced by each finger against total force
(FTOT) over the 4-s ramp time interval were computed. The regression coefficients ki,j in
Fi,j = f i,j 0 + ki,j × FTOT,j were used to construct the enslaving matrix,

 kI , I
k
M ,I
E=
 kR ,I

 kL ,I

kI ,M

kI, R

kM ,M

kM ,R

kR ,M

k R, R

kL ,M

kL ,R

k I, L 
kM ,L 

,
k R, L 

kL ,L 

where i = {I, M, R, L} and j = {I, M, R, L}; j represents a task finger. Fi,j, FTOT,j, and f i,j 0 indicate
the individual i-finger force, total force, and regression intercepts, respectively, when j-finger was
the task-finger. An overall index of enslaving, |E| was computed as the sum of the off-diagonal
entries in E.
The analysis of multi-finger synergies stabilizing the force profile during the TUBE tasks
was performed within the framework of the UCM hypothesis (Scholz & Schöner, 1999). Finger
forces were transformed into a set of finger modes (hypothetical commands to fingers): m = E–1F,
where F is the finger force vector and m is the finger mode vector (Latash et al., 2001; Scholz et
al., 2002). Since practice could lead to changes in E (Wu et al., 2013), analysis of synergies was
performed in both mode (m) and force (F) spaces.
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TUBE task
The finger force data for the standard half-cycles of FTASK were aligned by the half-cycle
initiation. The half-cycles were screened based on their total force trajectories, FACT. Two criteria
were applied: First, the half-cycles of FACT with values outside the range of 2 standard deviations
of the mean FACT trajectory were rejected; the mean area between FACT and FTASK of the remaining
half-cycles and its standard deviation was computed as the second criterion. If the area between
FACT and FTASK for one half-cycle was outside the range of 2 standard deviations of the mean area,
the half-cycle was rejected. These criteria resulted in accepting 94.54 % of the half-cycles.
Indices of variance were computed across the half-cycles for each time slice and
normalized by MVC2 of each participant. The variance across trials was decomposed into two
sub-spaces. The first sub-space (UCM, three-dimensional) corresponded to no changes in FTOT;
variance within the UCM per degree-of-freedom (VUCM) was estimated as variance within the
null-space of the Jacobian of the system. The second sub-space was the orthogonal complement
(ORT, one-dimensional) to the UCM; variance within ORT per degree-of-freedom (VORT)
changed FTOT. The total variance per degree-of-freedom was VTOT = (3 × VUCM + VORT) ∕ 4. The
index of synergy (ΔV) was computed as: ΔV = (VUCM – VORT) ∕ VTOT. For statistical analysis,
ΔV was subjected to the modified Fisher’s z-transform, ΔVZ = 0.5 × ln{ [1 + (ΔV / |BL|)] / [1 −
(ΔV / BU)] }, where BL is the lower limit (−4) and BU is the upper limit (+4/3) of ΔV. This
analysis was performed in both m and F spaces.

Accurate force/moment task
The finger force data of the accurate force/moment task were first extracted and aligned
by the time of the jumps of the cursor (1 s before the jump onset, gray areas in Figure 6-2.). The
extracted force data were then categorized into 12 conditions according to the properties of the
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target jumps: ±10F, ±5F, 0F, ±10M, ±5M, 0M, First, and Last, where the number represents the
corresponding level added to the initial force/moment value, F and M denote the component in
which the level changed, First indicates the last second of the initial 4 s to reach the initial
force/moment level, and Last is the last second of each trial. The 1-s episodes were screened
based on their total force/moment trajectories. The total force/moment trajectories with values
outside the range of 3 standard deviations of the mean total force/moment trajectories across
episodes in one condition were rejected. These criteria resulted in accepting 86.37 % of the 1-s
episodes. All the following variables were the averages of the accepted episodes.
Performance in the accurate force/moment task was quantified with errors with respect to
2
2
the targets. The error was computed as error = ( Ftot − Ft arg et ) + ( M tot − M t arg et ) , where

(Mtot, Ftot) was the coordinate of performance, and (Mtraget, Ftarget) was the coordinate of the target.
Indices of variance were computed across the 1-s periods within the same conditions for each
time slice and normalized by MVC2 of each participant. The variance across trials was also
decomposed into variance in the UCM and orthogonal to the UCM per degree-of-freedom, VUCM,
FM

and VORT, FM. The total variance per degree-of-freedom was VTOT = (2 × VUCM, FM + 2 × VORT,

FM)

∕ 4. The index of synergy (ΔVFM) was computed as: ΔVFM = (VUCM, FM – VORT, FM) ∕ VTOT.

For statistical analysis, ΔVFM was subjected to the modified Fisher’s z-transform, ΔVZ, FM = 0.5 ×
ln{ [1 + (ΔV FM / |BL FM |)] / [1 − (ΔV FM / BU FM)] }, where BL FM is the lower limit (−2) and BU
FM

is the upper limit (+2) of ΔV FM. This analysis was also performed in both m and F spaces.

Statistical analysis
Standard descriptive statistics were used; the data are presented as means ± SE. The
aligned rank transform (ART) procedure (Wobbrock et al., 2011) with one-way mixed model
(Block, 20 levels) ANOVA was used to explore the changes of G values over practice blocks.
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One-way repeated measures analyses of variance (ANOVAs) using mixed model approach with
the factor Test (3 levels: pre-test II, post-test, and retention) were used to explore how indices of
performance (RMSES and TOUT), variance components (VUCM and VORT), and the synergy index
(ΔVZ) changed with practice. One-way repeated measures ANOVAs using mixed model
approach with the factors Test (4 levels: pre-test I, pre-test II, post-test, and retention) were
performed on the indices of enslaving (|E|). Two-way repeated measures ANOVAs with factors
Test (3 levels: pre-test II, post-test, and retention) and Condition (12 levels: ±10F, ±5F, 0F,
±10M, ±5M, 0M, First, and Last) were conducted on the accurate force/moment performance,
indices of variance (VTOT,

FM,

VUCM,

FM,

and VORT,

FM),

and indices of synergy (ΔVZ,

FM).

The

normality of data was checked before the ANOVAs were applied. Main effects were explored
with post-hoc pairwise comparisons using the Holm-Bonferroni method (Abdi, 2010). Statistical
significance was set at p ≤ 0.05. All statistical tests were performed using SPSS 19.0 (SPSS Inc,
Chicago, IL).

RESULTS
All participants were able to follow the instructions in all tasks after just a few
familiarization trials. With G = 0.02 in the standard TUBE tasks, the total force trajectories
produced before practice deviated from FTASK substantially while considerable improvements in
performance were observed after practice. All participants were capable of matching the targets
within the allotted time in the accurate force/moment tasks with a few failures (less than 15%)
before practice.
The gain factor G was adjusted during the practice session with improved performance
(details in Methods). On average, G increased from about 0.01 to 0.03 as shown in Figure 5-5.
The nonparametric one-way mixed model (Block) ANOVA with ART procedure (see Methods)
showed that the main effect of Block was significant (F[9, 108] = 90.491, p < 0.001). Pairwise
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comparisons with Holm-Bonferroni procedure confirmed that G increased significantly between
the first and last practice block.
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Figure 6-3. An illustration of averaged G value across participants in each block over the practice section
is presented. The error bars show the standard errors.

Performance
The participants reduced both performance indices, RMSES and TOUT, after one session of
practice. The improvement was maintained for at least two weeks. These results, illustrated in
Figure 5-6, have been confirmed by one-way mixed ANOVAs with the factor Test. The main
effects were significant for both RMSES (F[2, 24] = 79.601, p < 0.001), and TOUT (F[2, 24] =
94.158, p < 0.001). Pairwise comparison showed that both performance indices significantly
declined from pre-test II to post-test and retention (p < 0.001). TOUT in retention significantly
increased from post-test (p = 0.001), while RMSES showed no difference between post-test and
retention.
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Figure 6-4. The performance indices, RMSES and TOUT, averaged across participants are presented. Both
performance indices were improved after one section of practice. The improvement was maintained for at
least two weeks (retention).

The performance error in the accurate force/moment task showed no improvement or
even became slightly worse (non-significant) after the practice session (Figure 6-5.). A two-way
mixed model ANOVA Test × Condition showed only a significant main effect of Condition
(F[11, 420] = 56.959, p < 0.001 reflecting higher errors for larger force/moment changes) with no
main effect of Test or interaction effect.
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Figure 6-5. The performance errors averaged across participants are presented. No improvement was
observed after practice.
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Enslaving
After practice, the index of unintentional force production by non-task fingers (enslaving,
|E|) showed an increase from 0.66 ± 0.06 in pre-test I and pre-test II to 0.85 ± 0.08 in post-test,
and decreased back to 0.69 ± 0.06 in the retention. A one-way mixed ANOVA showed a
significant main effect of Test (F[3, 36] = 7.19, p = 0.001). Pairwise comparison confirmed that
|E| was significantly larger in post-test than in the other sessions (p < 0.05).

Structure of Variance
All three indices of variance per degree-of-freedom (VTOT, VUCM, and VORT) for the
TUBE tasks in both finger force and finger mode spaces (see Methods) showed a decrease after
the practice, and then disproportionally reversed during the retention test. In contrast to the
consistent improvement of VORT across participants after practice, the less consistent changes in
VUCM might reflect the difference stages of learning synergies for individual participants (Latash,
2010). The inequality VUCM > VORT seen throughout the study reflects a force-stabilizing synergy
(ΔV > 0). Figure 5-7 illustrates VTOT, VUCM, VORT, and ΔV averaged across participants in the
pre-test II, post-test, and retention sections.
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Figure 6-6. Variances (VTOT, VUCM, and VORT) in the elemental variable space, and ΔVZ averaged across
participants for the TUBE tasks in the pre-test II, post-test, and retention sections are illustrated. The panels
in the top row present the indices of variance and synergy in the finger mode space, while the panels in the
bottom row are in the finger force space. All indices of variance (VTOT, VUCM, and VORT) in both space
showed trends of decrease after practice, and then reversed in retention. The index of synergy in the
standard TUBE task (ΔV) increased after practice, and dropped back two weeks later.

Practice showed disproportional effects on the two variance components, VUCM and VORT.
A clear drop in VORT took place after the practice with a little rebound in the retention section. In
contrast, VUCM on average showed less consistent changes; on average, a decrease after practice
and then an increase in the retention section (both non-significant). These observations were
confirmed by one-way mixed ANOVAs with factor Test on VUCM and VORT in both force and
mode spaces. In both spaces, Test effects on VORT were significant, F[2, 24] = 45.186, p < 0.001.
The post-hoc pairwise comparisons showed that VORT in pre-test II was the highest among the
three sections and VORT in retention was significantly higher than in post-test in both mode and
force spaces (p < 0.001). On the other hand, effects of Test on VTOT, VUCM, and ΔVZ were not
significant (p > 0.169).
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In the accurate force/moment task, the indices of variance per degree-of-freedom (VTOT,
VUCM, FM, and VORT, FM) for each condition showed trends of an increase after practice, and then
reversed in the retention in both finger mode and finger force spaces (see Methods). The positive
index of synergy ΔVFM seen throughout the study reflects that the performance was stabilized
with respect to the combined force-moment variable. Figure 6-7. and Figure 6-8. illustrate VTOT,
FM,

VUCM, FM, VORT, FM, and ΔVFM averaged across participants for individual conditions in the pre-

test II, post-test, and retention sections.
Practicing the TUBE task resulted in larger amounts of variance in the elemental variable
spaces (both finger mode and finger force spaces). Most of the increased variance was within the
UCM (VUCM,

FM

> VORT,

FM)

reflecting that the performance-stabilizing synergy (ΔVFM) also

improved after practice. Increases in VTOT, VUCM, FM, and ΔVFM took place after practice followed
by a drop in the retention section. Changes in VORT, FM were less consistent. Significant Test and
Condition effects were revealed by two-way mixed ANOVAs with factor Test × Condition on
VTOT,, VUCM, FM, and ΔVZ, FM in both force and mode spaces (Test: F[2, 420] > 5.756, p < 0.01;
Condition: F[2, 420] > 12.046, p < 0.001) without interactions. The post-hoc pairwise
comparisons showed that VTOT, VUCM, FM, and ΔVZ, FM in post-test were significantly higher than
in pre-test II and retention (p < 0.01).
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Figure 6-7. Indices of variance and synergy in the finger mode space averaged across participants for the
pre-test II, post-test, and retention sections are illustrated. All indices of variance (VTOT, FM, VUCM, FM, and
VORT, FM) showed trends of increase after practice, and then reversed in retention. The index of synergy in
the accurate force/moment task (ΔVZ, FM) increased after practice, and dropped back two weeks later.
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Figure 6-8. Indices of variance and synergy in the finger force space averaged across participants for the
pre-test II, post-test, and retention sections are illustrated. Two indices of variance (VTOT, FM and VUCM, FM)
showed trends of increase after practice, and then reversed in retention, while the changes in VORT, FM did
not have a consistent trend. The index of synergy in the accurate force/moment task (ΔVZ, FM) increased
after practice, and dropped back two weeks later.
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DISCUSSION
The experiment provided only partial support for one of the specific hypotheses
(Hypothesis-1) and refuted the other (Hypothesis-2). Indeed, practicing the four-finger accurate
force production task with graded instability led to significant changes in the structure of variance
in the other task involving quick, accurate changes in both total force and total moment of force.
These changes included an increase in the synergy index (∆V). So, it is possible to claim that
there were significant transfer effects with respect to the synergy index. On the other hand,
practice induced qualitatively different changes in the magnitude of the two variance components,
VUCM and VORT, in the two tasks. Within the practiced (TUBE) task, all variance indices dropped
with practice while in the transfer (force/moment) task, all variance indices increased. So, while
in both tasks, the changes in the variance indices led to higher ∆V (significant in the transfer task
and below significance in the TUBE task), the causes of these changes were qualitatively
different. This was also reflected in the opposite changes of practice on the indices of accuracy of
performance: In the TUBE task accuracy increased, while in the transfer task accuracy became
worse. The effects of practice on the transfer task disappeared after two weeks thus falsifying
Hypothesis-2.

Inter-trial Variance and Its Structure
Analysis on the inter-trial variance developed within the UCM hypothesis (reviewed in
Latash et al., 2007) has been used as a window into task-specific stability of performance (cf.
Schöner, 1995). Indeed, if one assumes that each trial starts from slightly different initial
conditions and proceeds in slightly different external conditions, inter-trial variance in less stable
directions is expected to be larger as compared to variance in more stable directions. The UCM
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hypothesis assumes that, with respect to any task-specific performance variable, a redundant
space of elemental variables can be viewed as consisting of two sub-spaces, the UCM and the
orthogonal (ORT) sub-space. If the selected performance variable is stabilized, variance in
directions spanning the UCM is expected to be higher than in directions spanning the ORT space.
This method is based on analysis of the structure of variance based on comparing RELATIVE
amounts of variance in the two spaces.
Note that a change in variance of a performance variable is defined only by changes in
VORT, while VUCM, by definition, has no effect on that variable and on its variance. So, accuracy
of performance and synergy index (∆V, reflecting the relative amounts of VUCM and VORT) can
potentially change independently from each other.
In all earlier studies of the effects of practice on performance and structure of variance,
improved accuracy of performance was observed that could be accompanied by an increase in, a
drop in, or no changes in the associated synergy index (Domkin et al., 2005; Kang et al., 2004;
Wu et al., 2012). The current study is unique in showing an increase in the synergy index
associated with a drop in accuracy of performance. This was reflected in both higher VORT after
practice and larger error indices. These results emphasize importance of analysis of both variance
components, VUCM and VORT, if one wants to obtain a comprehensive picture of the effects of
practice.

Complexity of the Practice and Transfer Effects
The effects of practicing the TUBE task on indices of finger interaction and coordination
were similar to those observed in earlier studies (Wu et al., 2012, 2013). These included an
increase in the enslaving index, an improvement in the two indices of performance (TOUT and
RMSES), and a modest increase in the synergy index associated with a significant drop in VORT.
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The effects of practice on VUCM were under the significance level, which could reflect mixed
effects of practice in different subjects. As shown in earlier studies (Latash, 2010; Wu & Latash,
2014), practice is likely to show two stages of effects on the structure of variance. Practicing a
novel task is associated with a drop in VORT, while VUCM does not drop as much and even can
show an increase. Further practice leads to relatively minor changes in VORT (possibly, because it
reaches values close to minimal possible ones), while VUCM shows a significant decrease resulting
in a decrease of the synergy index. This stage has been associated with searching for solutions
(within the UCM) associated with more optimal performance with respect to other components,
not explicitly prescribed by the task.
Our earlier studies with two-finger tasks (Wu et al., 2012, 2013) were rather unusual and
led to a drop in VORT associated with an increase in VUCM. A later study used four-finger tasks
(Chapter 5), which are more common in everyday life. In that study, different subjects showed
VUCM changes in opposite directions possibly reflecting the differences in the speed at which they
moved through the first stage of practice into the second one. In our study, once again, there was
large variability across the subjects in the effects of practice on VUCM (reflected in the large error
bars in Figure 6-6). As a result, on average, VUCM dropped (non-significantly). As in earlier
studies, there were substantial retention effects of practice with respect to the practiced task.
These included lower error indices, higher enslaving, and lower VORT as compared to the pre-test.
Transfer effects were much more complex and unexpected. The most unexpected effect
was the combination of a worse performance (higher error indices) and a higher synergy index
after practice. These observations suggest an interaction of two factors, negative (interference)
and positive (facilitation). Both factors have been studied in-depth within the motor learning
literature (reviewed in Maslovat, Chus, Lee, & Franks, 2004; Seidler, 2010). These effects are
opposite to those observed in an earlier study (Wu et al., 2012, 2013) that used a two-finger
TUBE task and studied transfer to a more simple, two-finger sine-wave force production task. In
that study, improvement of performance was transferred while the synergy index was not. Taken
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together, the observations suggest that interference and facilitation depend on the relation
between the practiced and transfer task (known before, Seidler, 2010) and that this dependence
may be different for performance indices and synergy indices (never reported before to our
knowledge).
So far, we can tentatively conclude that transfer of performance improvement is strong
for similar tasks and disappears or may even be replaced with negative interference for dissimilar
tasks. In contrast, there seems to be a non-monotonic relation between transfer of the effects of
practice on synergy indices and task similarity. We did not observe transfer of such effects for a
similar, simple task and also for a very different prehensile task. In contrast, effects of practice on
∆V were observed for a task that was rather novel, similar to the practiced one in the
experimental setting and apparatus, but differed from the practiced task in the variables that had
to be produced accurately and their required time changes. Although based on earlier studies (Wu
et al., 2012, 2013) the effect size of the practice effects was expected on the order of 1.0, the
small number of subjects in this study might still prevent us from reaching statistical significance
in some of the effects. In addition, the repetitive testing for exploring motor learning is a potential
confounding factor that occludes the effects of practicing the special designed practice protocol.
In order to mitigate the effects of practicing the testing tasks, we implemented a whole
familiarization session to establish a baseline of these effects.
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Chapter 7
General Discussions and Conclusions
In this dissertation, we present a series of studies about practice-induced changes in two
variance components defined based on the uncontrolled manifold (UCM) hypothesis: variance
orthogonal to the UCM (VORT) affects task performance, whereas variance in the UCM (VUCM)
does not. Practice leads to a drop in VORT (higher precision), whereas VUCM can drop, stay
unchanged, or even increase.
When one deals with a redundant system, there are different strategies of achieving
similar levels of precision. For example, variability of the output of each element can decrease
with practice. Alternatively, the outputs of individual elements may remain noisy but their
covariation can improve, leading to lower variability of a task-related performance variable, to
which all of the elements contribute. Evidence for a less obvious strategy is presented in the
present dissertation: individual elements may become more variable with practice while their
combined output becomes less variable.
Bernstein (1996) introduced a view on a staged process involved in skill acquisition. This,
now classical, view (Vereijken, Whiting, & Beek, 1992) considers three stages of motor learning.
At the first stage, redundant DOF are eliminated by adding constraints to the movement. At the
second stage, some DOF are gradually released, which results in added variability at the level of
elements. At the third stage, the elements are coordinated to use the reactive phenomena induced
in movement execution.
In this dissertation, we considered an alternative view that does not involve changes in
the number of DOF but rather changes in their covariation patterns in the process of motor
learning (Latash, 1996; J-F Yang & Scholz, 2005). The alternative view is rooted in the recently
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developed principle of abundance (Gelfand & Latash, 1998; Latash, 2012b), which considers the
apparently redundant design of the neuromotor system as contributing to both stability of motor
actions and the ability to perform multiple tasks by the same set of elements. This view makes it
plausible that properly organized practice can lead to an increase in variability within the space of
elemental variables accompanied by a drop in the variability in performance variables because of
the improved covariation. This can happen if an increase in VUCM is accompanied by a drop in
VORT.
Besides being a reflection of improved stability of performance, large amounts of
variability within the UCM allow performing secondary tasks with the same set of elemental
variables without negative interference with the primary task (Zhang et al., 2008). For example, a
soccer player kicking a ball has to use many muscles of the trunk and extremities that also are
involved in providing stability of the vertical posture. A toddler kicking a ball frequently loses
balance and falls. Kicking the ball can be performed without causing postural problems, when a
person learns how to unite the involved muscle groups into functional units (synergies) that
provide postural stability while allowing large amounts of variability in the muscle activation
space. Motor variability resulting from such an abundant design has been viewed as a prerequisite
for flexibility and adaptability of biological behavior (Latash, 2000; Müller & Sternad, 2009).
The series of studies presented in this dissertation show that VUCM can indeed increase in the
course of practicing a variable task in conditions designed to adjust the magnitude of errors
presented to the subject when his/her performance deviated from the perfect one. Effectively, this
manipulation adjusted stability conditions.

CHANGES IN MOTOR SYNERGIES WITH PRACTICE
Practice with the purpose to increase accuracy is expected to lead to more consistent
performance, which means that a drop in the corresponding VORT is expected. Changes in VUCM
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are much harder to predict because, by definition, VUCM has no effect on performance. Figure 7-1
illustrates five possibilities of changes in VUCM (and ΔV) with practice. First, all variance
components can change proportionally resulting in no changes in ΔV (Figure 7-1A). Second, ΔV
can drop if VUCM decreases more than VORT (Figure 7-1B). In the other three scenarios (Figure
7-1C, D, and E), ΔV is increased, which may be associated with a relatively small drop in VUCM,
no changes in VUCM, or even an increase in VUCM (cf. Latash, 2010). Data compatible with all the
scenarios illustrated in Figure 7-1 have been published. Indeed, a drop in the synergy index
(Domkin et al., 2002), no change in this index (Domkin et al., 2005), and an increase in the index
(Kang et al., 2004; J-F Yang & Scholz, 2005) have been reported after practice emphasizing
accuracy of performance. Note that the studies presented in Chapter 3 and 4 showed changes in
the structure of variance corresponding to Figure 7-1E. An increase in variability within the
space of elemental variables (caused by an increase in VUCM) can be accompanied by a drop in the
variability in the performance variable (reflected in low VORT) because of the improved
covariation.
Recent studies (reviewed in Latash, 2010) have suggested a two-stage process of how
DOF are coordinated, rather than frozen and released, to stabilize performance. Both stages were
observed in a study of accurate three-finger force production with unexpected transcranial
magnetic stimuli (TMS) applied over the contralateral primary motor cortex (Latash et al., 2003).
The first stage was characterized by a significant drop in VORT with minimal changes in VUCM,
while during the second phase, VUCM decreased with little change in VORT. The first stage was
interpreted as developing a synergy with respect to the explicit task requirement. During the
second stage, performance was tuned with respect to other factors such as coping with the
perturbing effects of the TMS. This resulted in selecting particular combinations of individual
finger forces within the UCM, leading to a smaller area within the UCM that was used by the
subject. During the second stage, the synergy index dropped. It is also possible that, during the
second stage, VORT dropped to such a low level that the reduction in the variability of
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performance approaches a plateau while VUCM continued to drop. During this second stage,
practice optimizes features of performance other than those explicitly defined by the task, for
example, those related to possible perturbations (as in Latash et al., 2003), comfort, avoiding
fatigue, and so on.
Total variability decreases
in panel A, B, C, and D.

E1

VUCM
VORT

UCM

A.

UCM

B.

UCM

C.

UCM

D.

UCM

E2

Total variability increases accompanied by
a drop in performance variability in panel E.

E.

UCM

Figure 7-1. Five possible changes in the structure of variance are illustrated in the space of two elemental
variables involved in a task targeting a certain sum of two elements. (A) ΔV remains the same because of
proportional changes in VUCM and VORT. (B) ΔV decreases because VUCM drops more than VORT. (C), (D),
and (E) ΔV is increased because of the relative increase of VUCM compared with VORT; (C) VUCM drops less
than VORT; (D) VUCM does not change whereas VORT drops; (E) VUCM and VORT change in opposite
directions.

The idea on the two stages of changes in motor synergies suggests that learning a motor
task involves developing coordination among elements rather than searching for a unique solution
for optimal performance. It follows naturally the classical idea of “repetition without repetition”
introduced by Bernstein (1967), which implies that the individual repeats a process of achieving
the task goal under varying initial conditions and external forces, which results in nonrepetitive
patterns of elemental variables providing for stability of important features of the action. Some of
the results described in this dissertation suggest that the subjects were indeed going through the
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two stages, possibly at different rates for the two-finger and four-finger tasks (see below and
Table 7-1).

IT IS GOOD TO HAVE “GOOD VARIABILITY”
Human movements always are performed in varying external conditions, which are
impossible to predict with certainty. In addition, excitability of neural structures involved in
movement production varies from trial to trial. These factors make all movements, even wellpracticed ones, unlike each other and emphasize the requirements for movement stability. Under
this term, we imply an ability to accomplish a task (a final value or a time profile of an important
performance variable) under varying initial conditions and possible transient perturbations. This
feature is reflected in the structure of across-trials variance in the space of elemental variables
quantified with the indices VUCM, VORT, and ΔV. In particular, low VUCM, which seems irrelevant
to movement outcome, is a sign of stereotypy, highly repetitive movement patterns that may be
able to accomplish the task but only in a highly sterile environment, when no major changes in
the initial conditions and external forces happen. In more natural conditions, we believe that
sufficiently high VUCM values reflect stability of the movement. One more benefit of the high
amount of VUCM is that the individual has the flexibility of performing a secondary task while
keeping the stability of the first task performance. The larger range of the VUCM allows the two
solution spaces for the two tasks to overlap (Zhang et al., 2008).
Several studies have documented relatively low amounts of VUCM in populations
characterized by impaired motor coordination such as healthy older persons (Kapur et al., 2010),
persons with Down syndrome (Black et al., 2007; Scholz et al., 2003), and patients with
Parkinson disease and cerebellar disorders (Park, Lewis, et al., 2012; Park, Wu, et al., 2012). The
purpose of a series of our recent studies (Wu et al., 2012, 2013) has been to find a way to
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encourage high amounts of VUCM while simultaneously making sure that performance variability
is low (low VORT).

CHALLENGING MOVEMENT STABILITY
The idea of challenging stability of action can be traced back to the classical book by
Nikolai Bernstein “On Dexterity and Its Development” (Bernstein, 1996). Bernstein had an
insight that achieving top-level performance in athletes, such as gymnasts, and circus performers
requires practicing the task under varying initial conditions and external forces. Such
manipulations naturally challenge stability of the practiced action. There are a few important
features in the practice schedule we designed to improve performance and simultaneously
encourage large amounts of “good variability.” These include using non-repetitive tasks (to
discourage development of stereotypical solutions) and manipulating the stability conditions for
performance, thus making the task more and more challenging in terms of stability without
changing any of the other task attributes. Although this task can be implemented for various
actions, in the series of studies in this dissertation, we explored the effects of practice on accurate
multi-finger force production, a task that has been well developed to address issues associated
with the problem of motor redundancy (Li, Latash, & Zatsiorsky, 1998; reviewed in (Zatsiorsky
& Latash, 2008).
Some of the effects of practicing the TUBE task on indices of performance, finger
interaction and coordination were similar in all studies in this dissertation and summarized in
Table 7-1. These included an increase in the enslaving index, an improvement in the two indices
of performance (TOUT and RMSES), and a modest increase in the synergy index associated with a
significant drop in VORT. VUCM increased in the two-finger TUBE tasks (Wu et al., 2012, 2013)
while showed no change in the four-finger studies (Chapter 5 and 6). Substantial retention effects
of practice with respect to the practiced task over two weeks were reported in all of these studies.
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The different effects of practice on VUCM between the two-finger (relatively unusual) and
four-finger (common in everyday life) tasks might be attributed to the differences among subjects
in reaching the second stages of learning the force-stabilizing synergy suggested in earlier studies
(Latash, 2010; Wu & Latash, 2014). Practicing a novel task leads to a drop in VORT while VUCM
does not drop as much and even can show an increase during the first stage. We hypothesize that
in the two-finger task most (or maybe even all) of the subjects were still within the first stage
during the practice time. As a result, they showed a consistent combination of a drop in VORT and
an increase in VUCM. In the four-finger task, likely, some subjects were within the first stage while
others learned the task well enough and showed second-stage changes (such as a drop in VUCM).
As a result, no significant changes in VUCM were seen with practice in the four-finger tasks (see
Table 7-1).
Table 7-1. Summary of the effects of practice in the studies presented in this dissertation.
TUBE task

Transfer task

Finger

|E|

TOUT and
RMSES

VORT

VUCM

ΔV

IM











SINE

IMRL







≈



Prehension

IMRL







≈

≈

Force/moment

Task

Performance

ΔV

Improved

≈

≈

≈

Interfered



IM: index-and-middle fingers; IMRL: four fingers; : increase; : decrease; ≈: no change

COMPLEX TRANSFER EFFECTS
In contrast to the effects of practice with respect to the practiced task, the transfer effects
were much more complex and unexpected. Three different combinations of changes in the
performance and the synergy index were documented in our studies (Wu et al., 2013; Chapter 5
and 6) with distinct transfer tasks (Table 7-1). After practice, performance of the simpler pressing
transfer task improved whereas there was no transfer of the effects on the structure of variance in
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the first study (Wu et al., 2013). The second study (Chapter 5) showed the lack of transfer to the
prehensile task. The third study (Chapter 6) revealed a detrimental effect of practice on
performance of the transfer, quick and accurate force/moment production, task (higher error
indices) with a higher synergy index after practice. These observations suggest that the transfer
effects measured using performance variables can be both interfering and facilitating depending
on the relation between the practiced and transfer task. The dependence seems to be nonmonotonic. Indeed, the task that resembled the practice task most (the SINE task) showed
positive transfer effects. The quick and accurate force/moment production task was the next in
terms of similarity because it involved the same experimental setup (four-finger pressing). It
showed worse performance after practice. The least similar task (object manipulation) showed no
transfer effects at all.
As far as transfer of the effects of practice on synergy indices is concerned, the only task
showing such effects was the quick and accurate force/moment production task. The combination
of negative interference and improved synergy indices is highly unexpected. In other words, it
reflects an overall increase in the variance at the level of elemental variables with a simultaneous
increase in covariation among those variables.
Taken together, the limited transfer effects on performance indices corroborate the recent
idea that transfer of practice is limited to a narrow range of similar tasks performed in a similar
workspace (Boutin et al., 2012; Houldin et al., 2012; Howard et al., 2010; Malfait et al., 2002;
Mattar & Ostry, 2010; Ogawa et al., 2012; Rochet-Capellan et al., 2012). Our studies are the first
to explore transfer effects on synergy indices. These effects are obviously limited but the
observations of positive transfer in one of the tasks makes one optimistic with respect to possible
future explorations in this field.
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CONCLUSIONS
Our research shows that practice can lead to changes in finger coordination as reflected
by changed indices of motor synergies. Moreover, the practice design used in our studies led to
the unusual combination of increased motor variability at the level of elements and more precise
performance at the task level. The described protocol to encourage flexible involvement of
fingers can be potentially applied to hand training in populations with significantly decreased
relative amounts of “good variability” such as patients with neurological disorders and healthy
elderly. The positive results of improving motor synergies by properly designed tasks with the
disputable transfer effects to more ecological tasks make us cautious but optimistic about possible
future developments of this method for motor rehabilitation.
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