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ABSTRACT 

 
Clinical research has presented evidence that chronic neck-shoulder pain is associated with 
impairments of proprioception (perception of limb position and movement without vision 
and touch) and motor control. Thus, assessment of proprioceptive and motor function of the 
upper limb may be powerful tools both for research and clinical practice. However, 
insufficient knowledge of certain features of human sensorimotor control hampers both 
development and interpretation of results of clinically relevant tests. For example, evidence 
is lacking which proprioception submodalities (position and movement sense) are reflected 
in common tests of shoulder proprioception. With respect to testing of upper limb motor 
function, a better understanding of the control of goal directed arm movements would be 
needed. 

The overall purpose of the thesis was to gain further insights into the sensorimotor 
control of the upper limb in healthy subjects, with implications for clinical testing and 
ergonomics. The main aims were: (1) to study relationships of outcomes of different 
psychophysical tests for assessment of proprioceptive acuity in the shoulder joint and (2) to 
study control strategies in repetitive bimanual pointing tasks by analysis of the structure of 
joint angle variability. 
 Proprioceptive acuity was assessed in several variants of ipsilateral position-
matching and velocity-discrimination by testing subjects’ ability to repeat a memorized arm 
location and to discriminate between two different velocities of arm movement, 
respectively. Sensory discrimination thresholds were represented by Variable Errors (VEs) 
for position-matching and by Just Noticeable Differences (JNDs) for velocity-
discrimination. The pattern of correlations of the VEs and JNDs was analyzed by Principal 
Component Analysis. The main finding was that two uncorrelated mechanisms based either 
on perception of position or movement might underlie perception of limb location in 
ipsilateral position-matching. This depended on the extent of arm movement and on 
association of the memorized arm location with an active location-focused searching task. 
The results provided important information for interpretation of common tests of shoulder 
proprioception with implications for design of novel tests allowing for specific 
proprioception submodalities to be addressed. 
 Control strategies in bimanual pointing in 2D and 3D space were studied within 
the Uncontrolled Manifold (UCM) hypothesis. The structure of joint angle variance was 
computed with respect to the vectorial distance between the endpoints of the arms and with 
respect to the endpoint coordinates of each arm separately (selected task variables). Joint 
angle variability was decomposed in variance affecting (VUN) and not affecting (VCOMP) a 
task variable. The UCM hypothesis predicts that the central nervous system stabilizes a task 
variable by minimizing VUN, while allowing VCOMP to be high. Thus, the ratio of these 
variance components quantifies the degree of control of the task variable. The results 
showed that the variance in joint space was structured according to the predictions of the 
UCM hypothesis. It was also shown that the arms were united into one synergy to 
significantly larger degree than joints within each arm were united into single-arm 
synergies. It was concluded that the UCM approach might quantify components of motor 
variability during repetitive motor tasks, which are not detectable by conventional 
performance measures. 
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INTRODUCTION 

Importance of human movement 
Movement is an essential as well as inevitable part of human life. Virtually 
everything we do during our interaction with the environment is connected with 
production of movements. This fact alone might be sufficient for studying human 
movement. However, results of human movement studies, except for providing 
important knowledge of fundamental principles of movement organization and 
control, also have many useful practical applications in various areas of clinical 
practice, sports and working life. 

Applications of human movement studies 
Results of human movement studies have provided knowledge and tools to develop 
diagnostic methods for assessment of motor function in different clinical 
disciplines (e.g., Kleissen et al. 1998), to develop programs for movement 
rehabilitation after injuries and during chronic disorders of the musculoskeletal 
apparatus (Shumway-Cook and Woollacott 2004), and provided insights into the 
mechanisms of delusions of movement control and of body schema during certain 
psychiatric disorders (Frith et al. 2000). Movement control research has contributed 
to the development of prostheses (e.g., Johnson et al. 1995) and to improvement of 
wheelchair design (e.g., Cooper et al. 2002). 

Human movement studies have also provided a basis for improvement of 
human physical performance, for example in elite sports (Schmidt 1991), in terms 
of optimization of training and decrease of the risk of injuries. Likewise in 
ergonomics, human movement research has contributed to improvement of 
production and to increase of safety at work (Kroemer and Grandjean 1997). 

Proprioception 

Proprioception and proprioceptors 
Proprioception (kinaesthesia) (Goodwin 1976) is defined in this thesis as 
perception, without the aid of vision and touch, of position and movement of limbs 
in relation to the body and to each other. Proprioceptive sensory input originates in 
mechanoreceptors in muscles, joints and skin (Grigg 1994), which are termed 
proprioceptors. The type of muscle mechanoreceptors called muscle spindles are 
currently thought to be the most important source of proprioceptive information 
(McCloskey 1978; Gandevia and Burke 1992). Some results suggest that spindle 
information is particularly important in the middle ranges of limb movement, while 
joint receptors may play a relatively larger role at the end ranges of motion 
(reviewed in Lattanzio and Petrella 1998). Cutaneous receptors are suggested to 
have mainly facilitative non-specific function for sensory input from other 
proprioceptors (Clark et al. 1986; Grigg 1994). However, some studies indicated 
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that skin receptors may also provide specific proprioceptive information (Moberg 
1983; Ferrell and Milne 1989; Edin and Johansson 1995). 

Proprioception and motor control 
Proprioceptive sensory input plays an important role for control of movement. It 
provides information for planning of motor commands and allows for error 
correction during movements (Schmidt and Lee 1999). Studies by Rothwell et al. 
(1982), Sainburg et al. (1993) and Ghez and Sainburg (1995) showed that 
impairment or loss of proprioception causes derangement of inter-joint 
coordination during upper limb movements. Impairment of proprioception might 
be partly, but not fully, compensated for by vision (Sainburg et al. 1993). Except 
for being crucially important for organization and control of movement, 
proprioception is also essential for perception of our body schema (corporal 
awareness) and for linking of personal and extra-personal spaces (Gallagher and 
Cole 1995; Gandevia 1996; Roll et al. 1996). Thus, assessment of proprioception 
can be of great importance for applied research and clinical practice. 

Proprioceptive deficits 
Epidemiological research has revealed an association between chronic 
musculoskeletal disorders and certain general physical factors in working life, such 
as repetitive motor tasks and prolonged static contractions (e.g., Punnett and Gold 
2003). In line with this, a study by Barbe et al. (2003) in an animal model provided 
direct evidence for development of an inflammatory response in the tissues, 
exposed to prolonged low-intensity repetitive upper extremity movements. 

According to a recent model for the mechanisms behind development of 
chronic work related myalgia (Johansson et al. 2003), prolonged exposure to these 
risk factors may initiate disturbances in the proprioceptive system. Thus, release of 
inflammatory substances in muscles, caused by prolonged unfavorable physical 
exposure, may, via chemosensitive muscle afferents, affect the activity in the γ-
fusimotor system, which controls muscle spindle sensitivity. According to the 
model, this would lead to disturbances in afferent signals from muscle spindles. 
The decreased quality of proprioceptive sensory signal leads to impaired acuity of 
proprioception and thus, to disturbances in motor function. Derangements in motor 
control, in turn, may lead to increase of the risk of injuries to muscles and joints 
and to less efficient coordination involving increased muscle co-contraction. 

Thus, assessment of proprioceptive function may provide further insights 
into the pathophysiology of chronic myalgia and impaired movement control. 
Proprioception tests may also serve as a useful diagnostic tool both in clinical 
practice and applied research. 

Proprioception submodalities 
It has been shown that proprioception consists of at least two submodalities. Thus, 
in experimental studies, using muscle tendon vibration, evidence was presented for 
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a dissociation of the sense of position and the sense of movement (McCloskey 
1973; Roll and Vedel 1982; Sittig et al. 1985). These proprioception submodalities 
were also suggested to have separate neural pathways (McCloskey 1973). Some 
studies provided indications for further subdivision of the position sense into static 
and dynamic (Clark et al. 1986; Cordo et al. 2000; Verschueren and Swinnen 
2001). 

Proprioception tests 
Given the background above, there is a need for assessment of proprioceptive 
function in both clinical practice and applied research. In accordance with this 
demand, many different proprioception tests based on psychophysical methods 
(Gescheider 1997) were developed during the preceding decades. Although the 
development of testing procedures emerged long before the knowledge about the 
existence of distinct proprioception submodalities, the tests nevertheless were often 
named as “position sense tests” or “movement sense tests”. Hence, this 
classification was probably based rather on the nature of the testing procedures 
than with respect to proprioception submodalities. 

Assuming a classification based on the main features of testing procedures, 
all proprioception tests can be classified in three main groups: tests focusing 
subjects’ attention on and requiring judgment about limb position, tests focusing on 
limb velocity and tests focusing on detection of movement initiation (reviewed in 
Clark and Horch 1986). 

Psychophysical methods for testing proprioception 
Regardless of classifications, some basic psychophysical methodology is used in 
tests for assessment of proprioception. In general, psychophysics is the scientific 
study of the relation between stimulus and sensation (Gescheider 1997). The 
concept of sensory threshold is central in psychophysics. There are two types of 
sensory thresholds: absolute threshold and difference threshold. The absolute 
threshold is defined as the smallest amount of stimulus energy necessary to 
produce a sensation. The difference threshold is the amount of change in a stimulus 
required to produce a just noticeable difference (JND) in sensation. Since 
sensations of stimuli are variable due to the presence of noise in the sensory system 
(Gescheider 1997), the thresholds must be specified as statistical values. Thus, 
presenting stimuli involves multiple trials and computation of thresholds requires 
some mathematical processing. 
 There are three main (classical) psychophysical methods: method of 
constant stimuli, method of limits and method of adjustment (Gescheider 1997). 
Each of them can be applied for evaluation of the absolute and difference 
thresholds. 

 3



Method of constant stimuli 
If method of constant stimuli is applied for testing of the absolute threshold, a 
constant set of several stimuli, including stimuli well above, well below and close 
to the threshold, is used. The stimuli are presented in a random sequence and 
subject has to indicate in each stimulus presentation whether he or she has 
sensation of a stimulus. Then, probability of correct detection as a function of 
stimulus intensity is determined on the basis of subject’s “yes” and “no” responses. 
Stimulus intensity corresponding to the probability of 50% correct responses is 
considered as the absolute threshold. 

For testing of the difference threshold a similar procedure is used, but 
stimuli are presented in pairs: standard stimulus and comparison stimulus.  Subject 
has to judge, which stimulus in each pair appears greater or less. Probability of 
correct response as a function of difference between standard and comparison 
stimulus is determined on the basis of subject’s “greater” or “less” responses. Then, 
the magnitudes of difference between standard and comparison stimulus (points) 
are determined, which correspond to probabilities of 25% (lower difference 
threshold, LL), 50% (point of subjective equality, PSE) and 75% (upper difference 
threshold, UL) correct responses. At the PSE, sensation of the comparison stimulus 
appears equal to sensation of the standard stimulus. This, however, does not 
necessarily imply real equality of the stimuli. The difference between PSE and the 
magnitude of the standard stimulus is called Constant Error (CE) or bias and 
reflects systematic effects of factors, unrelated to the difference threshold, such as 
order of presentation of stimuli or subject’s strategy. The difference threshold is 
computed as the average of UL and LL and is just noticeable difference (JND). 

Method of limits 
For evaluation of the absolute threshold with the method of limits, stimuli are 
presented in series starting well above or well below the threshold. In descending 
series, the magnitude of stimulus decreases in each presentation until no sensation 
is reported by subject. In ascending series, the magnitude of stimulus increases in 
each presentation until subject reports a sensation. The last presented stimulus 
value is considered as an estimate of the absolute threshold. The value of the 
absolute threshold is computed as the average of the absolute threshold estimates 
obtained in several series. 

For measurement of the difference threshold, pairs consisting of a standard 
and comparison stimulus are presented in ascending and descending series, with 
comparison stimulus being initially well below or well above the standard stimulus, 
respectively. In ascending series, the magnitude of the comparison stimulus 
increases in each presentation until subject reports that comparison stimulus 
appears greater than the standard stimulus. In descending series, the magnitude of 
comparison stimulus decreases in each presentation until subject reports that 
comparison stimulus appears less than standard stimulus. Three subject’s responses 
are possible: comparison stimulus appears “greater”, “equal” or “less” than the 
standard. In each series, the magnitudes of comparison stimulus are obtained, 
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which correspond to upper (UL) and lower (LL) transition points, when a switch 
occurred from the response “greater” or “less” to “equal”. The difference threshold 
(JND) is computed as the half of the difference between the average UL and LL in 
several series. 

Forced-choice procedure can be applied as a variant of the method of 
limits, in which only two responses are possible during comparison of two stimuli: 
“greater” or “less”. The forced-choice method allows decreasing of the effect of 
subject’s response bias on the test outcome (Gescheider 1997) and thus, allows 
more precise computation of the difference threshold. Response bias reflects a 
tendency in subject’s responses. For example, the subject may tend to report the 
presence of sensation in the absence of a stimulus (“optimistic” strategy) or to 
report no sensation in the presence of a stimulus (“pessimistic” strategy) 
(Gescheider 1997). Forced-choice procedure of the method of limits can be further 
advanced by application of adaptive stimulation techniques, in which the intensity 
of a stimulus presented in a particular trial is determined by the subject’s 
performance in detecting stimuli in prior trials (Treutwein 1995). The computation 
technique for the difference threshold (JND) in a forced-choice variant of the 
method of limits is similar to that for the difference threshold in the method of 
constant stimuli described above. 

Method of adjustment 
The method of adjustment has been primarily used for evaluation of difference 
thresholds. In this procedure, in several presentations of pairs consisting of a 
standard and comparison stimulus, subject adjusts a comparison stimulus until is 
seems equal to the standard stimulus. The primary outcome of each stimuli 
presentation (trial) is the difference between the standard and adjusted comparison 
stimulus – Algebraic Error (AlgE). The difference threshold is computed as a 
measure of variability of adjustment, also referred to as Variable Error (VE) 
(Schmidt and Lee 1999) and is the standard deviation of algebraic errors of several 
trials. The mean of the distribution of the adjusted comparison stimuli is the point 
of subjective equality (PSE). The Constant Error (CE) is obtained as the difference 
between the PSE and the magnitude of the standard stimulus (Gescheider 1997), or, 
equivalently, as the mean of algebraic errors of several trials (Schmidt and Lee 
1999). Sometimes, the mean of absolute algebraic errors of several trials – the 
Absolute Error (AE) – is computed (Schmidt and Lee 1999). However, AE 
represents a composite of VE and CE (Schutz and Roy 1973; Schmidt and Lee 
1999) and is difficult to interpret in psychophysical tests (Schutz and Roy 1973). In 
motor performance tests, it, nevertheless, may be an appropriate measure of overall 
performance (Schmidt and Lee 1999). 

Outcome measures in proprioception tests 
The ability to discriminate between two stimuli is called sensory acuity (Coren et 
al. 1984) and corresponds to the difference threshold in psychophysical testing. 
The difference threshold depends on the level of noise in the sensory system. 
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Sensory noise is always present as a spontaneous activity in the nervous system, 
which exists as a background to stimulation and sensation (Gescheider 1997). 
Disturbances in the proprioceptive system may increase noise in the proprioceptive 
sensory signal. This implies a decrease in proprioceptive acuity because noise 
limits information transfer (Shannon and Weaver 1964). It seems reasonable to 
assume that such changes of proprioceptive acuity can be best evaluated by 
psychophysical methods measuring the difference threshold. This reasoning is in 
line with the ideas expressed in a study by Clark et al. (1995), who recommended a 
measure based on error variance, similar to VE, for assessment of acuity of 
position sense. As described above, VE and JND reflect proprioceptive acuity, 
while CE, and also partly AE, reflects bias and thus, can be dependent on factors 
not related to proprioception, such as range effects (Craske and Cranshaw 1974; 
Poulton 1975), learning effects (Redding and Wallace 1990) and sensory drift 
(Wann and Ibrahim 1992). 

Tests focusing on limb position 
The tests focusing on limb position have been implemented in a variety of designs 
based on different psychophysical methods (reviewed in Clark and Horch 1986). In 
general, there are two main types of tasks during tests focusing on limb position. 
One type implies reproduction of a previously presented limb position (position-
matching) (e.g., Lönn et al. 2000b). In this task the difference threshold can be 
computed as VE from the algebraic errors of matching in several trials. The other 
type of task implies judgment about the difference between two presented limb 
positions (e.g., Waddington and Adams 1999). In this type of task, the difference 
threshold can be computed as JND. 

In addition to differences in psychophysical methods, tests focusing on 
limb position can differ with respect to a large number of other experimental 
factors. The most frequently manipulated factors are movement mode (active and 
passive) (Janwantanakul et al. 2002), movement extent (Janwantanakul et al. 
2001), starting and target limb position (Lönn et al. 2000b), state of muscle 
contraction of the repositioned limb (Wise et al. 1998), memorized entity (limb 
orientation or joint angle) (Soechting 1982), mode of selection of target limb 
position (presented by experimenter or selected by subject) (Walsh 1981), 
procedure of limb position presentation and repositioning (visual, kinaesthetic) and 
limb side (ipsilateral or contralateral limb repositioning) (Grob et al. 2002). 

An important problem of the tests focusing on limb position is that, 
regardless of the variety of test variants, in the majority of such tests it is 
impossible to dissociate changes in limb position from limb movement, that is, any 
change in limb position inevitably leads to limb movement and vice versa (Clark 
and Horch 1986). Thus, although limb position is in focus of these tests, perception 
of limb movement may influence the test outcome. For studies that address the 
underlying sensory mechanisms of perception of limb position, the dissociation 
between limb position and limb movement is important. Some studies (Clark et al. 
1986; Cordo et al. 2000) used very slow velocities of limb movement, below 
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movement detection threshold, to achieve isolated assessment of “static” limb 
position sense. This obviously makes testing very time consuming and thus, limits 
the applicability. 

Tests focusing on limb velocity 
Psychophysical proprioception tests focusing on limb velocity are rarely used in 
research and clinical practice. Only one clinical study (Grill et al. 1994) and four 
studies in applied research (Kerr et al. 1994; Pedersen et al. 1999; Lönn et al. 2001; 
Kerr and Worringham 2002) employed this type of proprioception tests. A study by 
Lönn et al. (2001) investigated the methodology of two types of proprioception 
tests focusing on velocity of upper limb movement. One test type involved 
ipsilateral replication of velocity of previously presented arm movement. The 
outcome measure of this test was the difference threshold computed as VE from 
the algebraic errors between presented and replicated velocity in several trials. In 
the other test type, subjects discriminated between two different velocities of 
passive ipsilateral arm movement in a forced-choice procedure. The outcome 
measure was computed as the difference threshold (JND). In the velocity-
replication test, two testing conditions were used: (1) active presentation with 
active replication and (2) passive presentation with active replication. One of the 
findings was that arm velocities during replication movement in both procedures 
had bell-shaped velocity profiles. For the active-active condition it could be 
interpreted as replication of the velocity profiles of a presented movement, which 
were also bell-shaped. However, in the passive-active procedure, during 
presentation, the arm was moved by the motor with a velocity that was constant for 
the most of the movement time, with short moments of acceleration and 
deceleration. In spite of that, subjects had a tendency to produce bell-shaped 
velocity profiles during velocity replication. In general, bell-shaped velocity 
profiles are typical for ballistic movements performed under feedforward control 
(Sheridan 1984). The findings may imply that the velocity-replication test might 
have addressed mainly motor and not sensory function of the upper limb. However, 
the same study by Lönn et al. (2001) provided support for feasibility of the 
velocity-discrimination test for testing proprioceptive function of the upper limb. 
Due to the passive character of movements in this test, it mainly addresses sensory 
function. The study also presented evidence that subjects based their judgments on 
the velocity difference and not on limb position or movement time, indicating that 
this test likely addresses sense of limb velocity. 

Movement detection tests 
Tests involving detection of limb movement are widely used in applied research 
(Refshauge et al. 1995). The psychophysical procedure of such tests includes 
measurement of absolute sensory thresholds for perception of movement initiation. 
The outcome measures are usually represented as angular or linear distances that 
the limb has gone until the movement was detected. The major problem of 
movement detection tests is that the subjects’ strategies may impose a substantial 
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bias reflecting a tendency in subject’s responses. Thus, subject may tend to report 
the presence of movement although the limb is not moving (“optimistic” strategy) 
or to report no movement in the presence of limb movement (“pessimistic” 
strategy) (Gescheider 1997). This problem has been overcome by a special test 
design denoted Signal Detection Theory (Gescheider 1997). The drawback of this 
design is however that a large number of trials is needed, thus making testing very 
time consuming. This may obviously limit the applicability in clinical practice. On 
the other hand, not applying the Signal Detection Theory design makes the validity 
of movement detection tests questionable. 

Confounding effects in proprioception tests 
Common for all types of tests is the susceptibility to confounding factors not 
related to proprioception, such as subject’s attention, cues and subject’s cognitive 
strategy. Such factors can certainly induce a systematic bias in subjects’ 
performance, but they can also introduce additional variance in the acuity 
measurements. However, a careful test design, including a stable laboratory 
environment, reducing the use of sensory cues and standardizing testing procedures 
(Lönn et al. 2000a) may limit influence of such confounders. 

Problem of correspondence of proprioception 
submodalities and proprioception tests 
The development of tests for assessment of proprioception emerged long before the 
knowledge about the existence of distinct proprioceptive submodalities. Due to this 
fact, no clear correspondence of certain testing procedures with specific 
proprioception submodalities has been established. Thus, it is still unclear whether 
“position sense tests” really address position sense. However, some “movement 
sense tests” may indeed address the movement sense, as shown in a study by Lönn 
et al. (2001). In general, the lack of clarity with respect to correspondence between 
testing procedures and proprioception submodalities makes the interpretation of 
common proprioception tests difficult. Furthermore, it may be hypothesized that 
certain pathologies of the musculoskeletal apparatus may cause disturbances 
predominantly affecting only one submodality of proprioception. 

Thus, currently there is a need for investigation of relationships between 
outcomes of different tests of proprioception. Such studies may reveal groups of 
tests with correlated outcomes, thus indicating that they measure predominantly the 
same perception mechanisms. In this way it would be possible to construct a 
compact test battery still allowing for a comprehensive assessment of 
proprioception. 

Selection of proprioception tests 
From the variety of possible testing procedures in the described three groups of 
proprioception tests focusing on limb position, limb velocity and limb movement 
detection, two tests were selected for studies of relationships between test 
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outcomes. For both tests, ipsilateral testing procedures were chosen in order to 
avoid effects of factors not related to proprioception of specific joints, such as 
differences in proprioception between joints and differences in body scheme 
perception across limbs due to, for example, differences between dominant and 
non-dominant limb. The velocity-discrimination test was selected because its 
methodology has been tested and proved to be feasible in a study by Lönn et al. 
(2001). Also, in the same study, this test was shown to measure the sense of 
movement. Thus, this test may serve as basis for interpretation of results of 
correlation analysis during study of relationships between outcomes of different 
proprioception tests. Position-matching and position-discrimination tests seemed to 
be equally suitable for inclusion in Study I and II. However, position-matching 
procedures would require, in general, fewer trials for computation of the difference 
threshold and thus, would be more applicable in clinical research. 

Motor variability and musculoskeletal disorders 
As stated early in this Introduction, human movement studies have been of great 
importance for the understanding of a range of clinical conditions. One clinical 
condition, much in need of additional research, is chronic musculoskeletal 
disorders (MSDs). MSDs are characterized by pain and discomfort in the neck-
shoulder area and lower back (Hagberg et al. 1995). Motor dysfunctions are 
frequently reported, and their association with MSDs has been confirmed in a large 
number of studies (reviewed in Johansson et al. 2003). Frequently, effects on motor 
variability are reported. For example, low back pain was shown to be associated 
with increased lumbar muscle co-activation (Arendt-Nielsen et al. 1995), and 
decreased amplitude of arm movement during repetitive work was observed in 
persons with neck-shoulder complaints (Madeleine et al. 2003). Motor variability 
may also play a role in the etiology of MSDs. Experimental studies have presented 
evidence that a variable muscle activation pattern can delay muscle fatigue (van 
Dieen et al. 1993). In this context, Kilbom and Persson (1987) presented interesting 
results with respect to risk factors in assembly work. They found, through a 
prospective study design, that workers using a more dynamic pattern of movements 
ran a lower risk of developing MSDs than those exhibiting more static postures 
during work. 

In line with this finding, as well as results of a large number of other 
epidemiological studies, it is generally held that insufficient motor variation 
constitutes a risk factor for development of MSDs. For example, Swedish law 
provides that stereotype work tasks for prolonged periods of time should be 
avoided and variation introduced (AFS 1998:1 “Ergonomics for the prevention of 
musculoskeletal disorders” by the Swedish National Board of Occupational Safety 
and Health). In this context it is of interest that observations from motor control 
research (Bernstein 1924; Darling and Stephenson 1993) have indicated the 
existence of two different kinds of motor variation during repetitive motor tasks: 
variation that affects performance and variation that does not. Thus, from an 
ergonomic perspective, the former type should be minimized to improve 
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productivity while the latter type would be beneficial for preventing MSDs. 
However, motor variation is commonly addressed as a whole entity. Therefore, 
novel methods allowing for selective measurement of these two components of 
variation would provide interesting tools in applied research on occupational risk 
factors. 

Motor variability and motor redundancy 
Previous research has presented evidence that goal directed movements are planned 
by the CNS in terms of trajectory of hand movement in coordinates of external 
space (reviewed in Desmurget et al. 1998). However, for execution of movements 
the CNS has to transform the planned hand path into the joint coordinate system to 
achieve a proper pattern of joint rotations (Kawato 1996). This type of 
transformation is termed “inverse kinematics”. The human arm represents a motor 
system with a redundant number of degrees of freedom (DFs) (Jaric and Latash 
1999). It means that the number of available joint rotations (seven DFs for the 
shoulder, elbow and wrist joints together) exceeds the number of rotations needed 
to uniquely determine the location of the arm endpoint (three DFs) (Zatsiorsky 
1998). Thus, during inverse kinematics transformations, the same coordinates of 
the arm endpoint can be represented by an infinite number of combinations of joint 
angles of the arm. Currently it is not clear how the CNS selects a solution of a 
motor task from an infinite number of possible solutions. The lack of 
understanding how the CNS masters redundant DFs during movement execution 
represents a major problem of human motor control and is termed the “motor 
redundancy problem” (Latash et al. 2004). 

In general, two approaches to the motor redundancy problem may be 
distinguished. The first approach follows Bernstein’s original formulation that 
redundant DFs are simply eliminated (Bernstein 1967). Some studies, in line with 
this approach, demonstrated “freezing” of DFs during performance of motor tasks 
(Vereijken et al. 1992; Steenbergen et al. 1995). Other studies have shown that the 
CNS might apply certain criteria to choose optimal motor solutions – smoothness 
of movement, minimal energy costs or minimal joint torques (reviewed in Kawato 
1996). 

However, some empirical observations of motor actions indicated that the 
CNS might master redundant DFs in a different way. Thus, analyzing kinematic 
data of hitting movements performed by a blacksmith, Bernstein (1924) noticed 
that the variability of the trajectory of the tip of the hammer over several strikes 
was smaller than the variability of the trajectories of the individual joints of the 
arm. He concluded that the joints of the redundant system of the human arm were 
not acting independently during motor tasks, but were correcting for each other to 
provide a stable motor output. In line with this, other studies presented 
observations of mutual compensation of joint angles for preserving the value of an 
important task variable (Arutyunyan et al. 1968; Arutyunyan et al. 1969; Darling 
and Stephenson 1993). A situation when different motor solutions lead to an 
equivalent motor output in a redundant system was termed “motor equivalence” 
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(Hughes and Abbs 1976). This line of thinking was also developed in the works by 
Gelfand and Tsetlin (1966), Kugler et al. (1980) and Turvey (1990), and became a 
basis for the second approach to the problem of motor redundancy. This approach 
implies that the CNS does not try to find a unique solution by eliminating 
redundant DFs but rather organizes them into coordinative structures, or synergies, 
for selective control of an important task variable. 

In the 1960s, Gelfand and Tsetlin (1966) formulated a set of principles 
describing the organization of elements united by a common goal. In general, their 
ideas imply that the elements of a redundant motor system are not controlled 
individually but are organized into structural units on different hierarchical levels. 
Within a hierarchical organization, a functional goal is formulated by the controller 
(CNS) on the upper level of the hierarchy, which does not limit the freedom of 
elements on the lower levels of the hierarchy, as long as their outputs allow 
successful task performance. The proposed hierarchical organization does not 
directly reflect the levels of physiological organization but should rather be viewed 
with respect to their importance for task performance. This implies that the degree 
of control by the CNS may be unequally distributed between hierarchical levels. 
Thus, structural units on higher levels, which directly determine the task success, 
are more controlled than those on lower levels. This suggested organization of the 
elements implies that redundant DFs are not eliminated but organized in flexible 
task-specific units – synergies. 

Uncontrolled Manifold hypothesis and method 
In accordance with this theoretical line of thinking, the Uncontrolled Manifold 
(UCM) hypothesis was recently proposed by Scholz and Schoner (1999). This 
hypothesis offers an explanation how the CNS organizes redundant DFs in task-
specific motor synergies on different hierarchical levels of control. In general, the 
presence of redundant DFs in a motor system implies that some combinations of 
the elements of the system affect the common output (i.e., produce different 
outputs) and some do not (i.e., produce the same output). The UCM hypothesis 
always starts with the formulation of a “control hypothesis”, that is, an assumption 
about which variable is controlled by the CNS is a certain motor task. The principle 
of the UCM hypothesis can be illustrated with an example of a bimanual pointing 
task, when the endpoints of two arms should be matched in any point in space in 
front of the subject. It may be assumed, based on the nature of the task, that the 
controlled task variable is the relative position of the arm endpoints. Thus, a 
control hypothesis can be formulated that the CNS stabilizes the synergy of two 
arms to control the vectorial distance between the endpoints of the arms (task 
variable). The UCM hypothesis further suggests that the CNS selects, within the 
joint space of the two arms, a set of joint configurations (a joint angle sub-space), 
such that the variance in joint angles within this sub-space does not affect the task 
variable. This sub-space is termed Uncontrolled Manifold (UCM). By definition, 
the rest of the possible joint configurations form a joint sub-space orthogonal 
(ORT) to the UCM, such that the variance of joint angles within the ORT sub-
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space affects the task variable. The CNS selectively strives to restrict the variability 
of the joint angles within the ORT sub-space, while allowing high variability of the 
joint angles within the UCM sub-space. Thus, if the selected task variable is indeed 
controlled by the CNS, the variance within the UCM would be higher than that 
within the ORT sub-space. The more pronounced this difference is, the more the 
task variable is controlled. The variance within the UCM is termed compensated 
variance (VCOMP), because variances of joint angles within this sub-space 
compensate for each other, while the variance within the ORT sub-space is termed 
uncompensated variance (VUN). 

Based on the UCM hypothesis, a computational method was developed by 
Scholz and Schoner (1999) that allows for quantifying UCM and ORT variances. 
This computational method requires that a motor task is performed in redundant 
motor systems in typically 15 and more trials to allow computation of the total 
variance between trials of the elements of the motor system. Then this total 
variance is decomposed into variance components corresponding to the UCM and 
ORT. 

In general, the UCM method can be used for distinguishing synergies from 
non-synergies, for assessment of the strength of synergies and for monitoring of 
emergence of synergies, for example, during practicing of a motor task (Latash et 
al. 2002b). Applications of the UCM method have provided support for the UCM 
hypothesis in a variety of motor tasks: upper limb unimanual pointing (Tseng et al. 
2002; Tseng et al. 2003; Tseng and Scholz 2005), pistol-shooting task (Scholz et al. 
2000), sit-to-stand tasks (Scholz and Schoner 1999; Scholz et al. 2001) and multi-
finger force production tasks (Latash et al. 2001; Latash et al. 2002a). The UCM 
method was also used for studies of motor control strategies in patients with post-
stroke hemiparesis (Reisman and Scholz 2003) and in elderly persons (Shinohara et 
al. 2004). 

In Study III and IV, the UCM method was applied to bimanual motor 
tasks. This was a novel application, since previous UCM studies on the upper limb 
involved only unimanual tasks. Since bimanual motor tasks are common in 
industrial assembly work, basic knowledge on the structure of kinematic variance 
during bimanual tasks is an important step for possible future applied research on 
variation during repetitive work. Also, application of the UCM method in bimanual 
tasks may provide further insights into hierarchical organization of synergies in 
redundant motor systems. 
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AIMS 
The overall purpose of the thesis was to gain further insights into the sensorimotor 
control of the upper limb in healthy subjects, with implications for clinical testing 
of proprioceptive function and quantifying of certain aspects of variation during 
repetitive motor tasks. These general aims were defined: (1) to study, which 
proprioception submodalities are addressed in common and some novel tests of 
shoulder proprioception; (2) to increase sensitivity of tests of shoulder 
proprioception; (3) to study control of redundant motor system of the upper limb 
during goal directed movements by analysis of structure of kinematic variability. 
 
The specific aims of the thesis were: 
 
Paper I and II 
 
(1) To study relationships between outcomes of different psychophysical tests for 
assessment of proprioceptive acuity in the shoulder joint by analysis of correlations 
(a) between outcomes of different testing conditions of ipsilateral upper limb 
position-matching test and (b) between outcomes of ipsilateral upper limb position-
matching and velocity-discrimination tests. 
(2) To study effects of different testing conditions of ipsilateral upper limb 
position-matching on proprioceptive acuity. 
 
Paper III and IV 
 
(3) To study the structure of joint angle variability in bimanual pointing tasks. 
(4) To study effect of practice on the structure of joint angle variability in bimanual 
pointing tasks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 13



METHODS 

Assessment of proprioceptive acuity 

Subjects 
In Study I, sixteen healthy students (eight males and eight females) participated in 
all tests. In Study II, a heterogeneous group of subjects different with respect to 
factors indicated to influence proprioception was included: individuals of different 
age (Skinner et al. 1984), patients with chronic muscle pain (Brumagne et al. 2000; 
Sandlund et al. 2004) and tai-chi athletes (Tsang and Hui-Chan 2003). This was 
done in order to achieve a larger inter-individual variance in performance and 
thereby better conditions for analysis of correlations between outcomes of different 
proprioception tests. Thus, in Study II, twenty-eight subjects (12 males and 16 
females) participated in all tests: seven healthy students, ten healthy elderly and 
three healthy middle-aged subjects, three tai-chi athletes and five persons with 
chronic muscle pain in the neck-shoulder region. All subjects were right-handed. 
The study was approved by the Ethical Committee of the Medical Faculty of Umeå 
University and was performed in accordance with the ethical standards laid down 
by the Declaration of Helsinki in 1964. The subjects signed an informed consent 
before participation in the studies. 

Apparatus and data collection 
The same apparatus was used in all tests in Study I and II. It consisted of a steady 
comfortable chair and a computer-controlled motorized rig for the right arm (Fig. 
1). Testing movements were performed as horizontal abductions and adductions in 
the shoulder joint. An electromagnetic tracking system (FASTRAK, Polhemus 
Inc., USA) was used to record the position and movement of the rig. 
 
 
 

 
Figure 1 
Experimental setup in Study I and II. 
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Figure 2 
Testing conditions in Study I and II. 
A: Starting and target positions in the position-matching in Study I; B: Starting
position and target positions in the position-matching in Study II; C: Starting position
and range of movement in the velocity-discrimination in both Study I and II. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Testing procedures 

Position-matching 
The subjects sat in the chair and their right arm was resting in the rig. To exclude 
visual and auditory cues the subjects were blindfolded and wore earphones. The 
earphones were also used for delivering pre-recorded instructions during the 
testing. The task in the position-matching test was to match a previously presented 
target position. In Study I, the movements were performed from the starting 
positions 0, 40 and 80 degrees to target positions at 16, 32, 48 and 64 degrees, with 
respect to the sagittal plane. In Study II, the movements were performed from a 
starting position at 50 degrees to target positions at 18.5 (“long” movement extent) 
and 31.5 degrees (“short” movement extent), with respect to the sagittal plane (Fig. 
2, Panels A and B). 

Target presentation in the active test variants 

Active-Active (Study I), Active-Standard-I and Active-Standard-II 
(Study II) 
The task was to actively move the right arm from the starting position in the 
direction of the target. At a predetermined location, the position of the rig was 
locked and the subject was instructed to “memorize the location of the hand” 
(Active-Standard-I) or “memorize the position of the arm” (Active-Active and 
Active-Standard-II). 
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Passive-Active (Study I) 
The Passive-Active test was performed similar to the Active-Active procedure 
except that the arm was passively moved by the motor to the target. 

Active-Audio (Study II) 
The task was to actively move the arm in the direction of the target and to find a 
location of the hand where the subject heard a continuous tone in the earphones. 
The tone appeared when the hand was inside an angular sector of ± 1.5 degrees 
around the target position. The position of the rig was locked after the hand had 
remained within the sector for 1.5 s. Thereafter the subject was instructed to 
“memorize the location of the hand”. 

Active-Haptic (Study II) 
In this test, a computer-controlled electro-mechanical device placed a doorbell 
button at a predetermined location prior to the target presentation. The task was to 
actively move the right arm in the direction of the target and to find and press the 
doorbell button with the tip of the right index finger. This provided a typical 
doorbell sound in the subject’s earphones. Thereafter, the position of the rig was 
locked and the subject was instructed to “memorize the location of the button”. The 
target was removed prior to target matching. 

Target matching in the active test variants 
After the target location was memorized, the subject returned the arm to the 
starting position and then actively matched the memorized target position, 
indicating recognition of the target position by pressing a button-switch held in the 
left hand. 

Target presentation and matching in the passive test variants: 
Passive-Passive and Semipassive-Semipassive (Study I), Passive-
Standard, Passive-Audio and Passive-Haptic (Study II) 
These tests were performed similar to the active test variants except that the right 
arm in the rig was moved passively by the motor during both target presentation 
and matching. In the Semipassive-Semipassive test variant the subjects additionally 
maintained a light torque resisting the rig movement both during target 
presentation and matching. In the passive tests in Study I, no adjustment of 
matching was possible: the subjects were instructed to press the button-switch held 
in the left hand when the right arm passed through the memorized position, which 
instantaneously locked the rig. In the passive tests in Study II, the subjects could 
adjust the final arm position during target matching by controlling the motion of 
the rig via a “joystick” device, which they operated with the fingers of the 
contralateral (left) hand. The subject indicated recognition of the target position by 
pressing a button on the “joystick”. 

 16



Velocity-discrimination 
This test evaluated the subjects’ ability to discriminate between two arm movement 
velocities (see also Lönn et al. 2001). Arm movements were performed as 
horizontal abductions in the right shoulder joint with the arm starting aligned with 
the sagittal plane (Fig. 2, Panel C). The arm was always moved passively by the 
motor. In a forced-choice procedure the subjects had to judge whether a later 
comparison movement was faster or slower than a previous criterion movement by 
the verbal responses “Faster” or “Slower”. In Study I, each subject was presented 
with two test variants: Passive-Passive and Semipassive-Semipassive and with two 
criterion velocities of 30 and 50 deg/s. In the semipassive test variant the subjects 
executed a light torque opposing the movements. In Study II, only the Passive-
Passive procedure and one criterion velocity of 30 deg/s were used. In Study I, 
comparison velocities were preprogrammed so that the differences between the 
criterion and comparison velocities were normally distributed around 0 deg/s. In 
Study II, a real time adaptive stimulation algorithm, accelerated stochastic 
approximation, was applied to achieve an optimal stimulus distribution for 
determination of the discrimination threshold (Treutwein 1995). 

Calculation of discrimination thresholds 

Position-matching 
The detrended Variable Error (VE) was computed as the standard deviation of the 
linear regression residuals of the algebraic errors between the memorized and 
reproduced target locations in several trials, generating 48 VE values for each 
subject in Study I and 14 VE values for each subject in Study II. 

Velocity-discrimination 
A binary logistic regression model (Johnson 1998) was fitted to the subjects’ 
responses and differences between comparison and criterion velocities. From this 
model, the Just Noticeable Difference (JND) in degrees per second was computed, 
generating four JND values for each subject in Study I and one JND for each 
subject in Study II. 

Statistical analysis 
The VE and JND values were organized in data matrices: in Study I with 16 rows 
(subjects) and 52 columns (VEs and JNDs) and in Study II with 28 rows and 15 
columns. Each testing condition was represented by one column in the matrices, 
and will be referred to as a “variable”. In order to study relationships between the 
variables, the multivariate statistical technique of Principal Component Analysis 
(PCA) (Jolliffe 2002) was applied to matrices of Pearson correlation coefficients 
between the VE and JND variables in both Study I and II. The significance of 
principal components (PCs) was evaluated with Parallel Analysis (Franklin et al. 
1995; Turner 1998). Additionally, analysis of variance (ANOVA) was applied to 
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the position-matching test outcomes in order to reveal effects of different testing 
conditions on the Variable Error. Data processing was performed with Matlab v5.3 
(Matlab, USA) and statistical analysis was performed with SPSS v11.5 (SPSS, 
USA). 

Motor variability in bimanual pointing 

Subjects 
Nine male subjects (age 32 ± 5.3 years, mean ± SD) participated in Study III and 
ten female subjects (age 23 ± 1.3 years) participated in Study IV. All subjects were 
healthy and right-handed. The study was approved by the Ethical Committee of the 
Medical Faculty of the Umeå University and was performed in accordance with the 
ethical standards laid down by the Declaration of Helsinki in 1964. The subjects 
signed an informed consent before participation in the studies. 

Materials and data collection 
The subjects sat in a rigid chair with their shoulders strapped to the back of the 
chair. This restricted movements in the clavicular joints while allowing free 
movements in the glenohumeral joints. The subjects held a long pointer in the right 
hand and a target-object in the left hand. The target-object provided one target (the 
center of the semicircular target-object) in Study III and three targets (upper, 
middle and lower) in Study IV (Fig. 3). 
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Figure 3 
Experimental setup in Study III and IV. 
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In Study III, kinematic data for both arms were recorded with the APAS 
optoelectronic system (Ariel Dynamics, USA) with passive contrast spherical 
markers placed on the arms. In Study IV, two synchronized electromagnetic 
tracking systems (FASTRAK, Polhemus Inc., USA) were used, one for each arm, 
with electromagnetic sensors placed on the arms. 

Task and testing procedures 
The subjects were instructed to bring the pointer tip as close as possible to the 
center of the target-object in Study III or to the aimed target tip in Study IV. The 
subjects were instructed to perform movements “as fast and accurate as possible”. 
No corrections of the relative positions of the pointer and target were allowed after 
the movement termination. No instructions were given regarding any point in space 
where the pointer and target should meet. 

In Study III, the movements were performed in the horizontal plane just 
over a table surface in front of the subject and thus, movements were mainly 
limited to one plane. In Study IV, the pointing movements were preformed freely 
in 3D space (Fig. 3). 
 The subjects first performed a pre-test (15 trials in Study III and 20 trials to 
each target in Study IV), then they practiced the task over many repetitions in three 
practice sessions and finally they performed a post-test with the same number of 
trials as in the pre-test. The tests and practices were distributed over 4-7 days in 
Study III and over 3 days in Study IV. In Study III the subjects performed 
movements with vision at all times, while in Study IV they were blindfolded during 
the pre-test as well as post-test. 

Control hypotheses and task variables 
In both Study III and IV, two control hypotheses were formulated. Within each 
hypothesis a task variable was selected, which was hypothesized to be controlled 
by the CNS. The “unimanual” control hypothesis predicted that at each phase of 
the movement, the joint angles within each arm separately, covary to stabilize the 
coordinates of the arm endpoint (task variable). A two-arm control hypothesis 
(“bimanual”) predicted that the joint angles of the two arms covary to stabilize the 
vectorial distance between the pointer tip and the center of the target object (task 
variable) (Study III) or between the pointer and aimed target tips (Study IV). 

Data processing and analysis 

Kinematics 
The following kinematic performance variables were computed: the coordinates of 
the meeting point of the pointer and target, the variability of the meeting point, the 
variability of the pointer tip position relative to the target (Variable Error, VE), the 
peak velocity of the arm endpoints and movement time. 
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Joint angles and structure of joint angle variance 
In Study III, three planar (2D) joint angles for each arm were computed with the 
standard APAS software: shoulder horizontal abduction-adduction, elbow flexion-
extension and wrist flexion-extension. In Study IV, seven joint angles for each arm 
were computed as Euler angles (Zatsiorsky 1998) from a rigid-body model of the 
arm (Djupsjöbacka et al. 1999): horizontal abduction-adduction, flexion-extension 
and inward-outward rotation of the shoulder; elbow flexion-extension; forearm 
pronation-supination; flexion-extension and abduction-adduction of the wrist. 
 In both Study III and IV, the joint angular trajectories were time-
normalized with a cubic spline interpolation to allow alignment of trials. The 
normalized movement time was divided into 10 equidistant time bins. For each 
selected task variable, the total variance per DF in joint space was computed for 
each time bin from sequential pointing movements. 

Then the total variance was partitioned into two components. The first 
component was the uncompensated variance VUN that affected the task variable and 
corresponded to the variance orthogonal to the uncontrolled manifold (UCM) sub-
space. The second component was the compensated variance VCOMP that did not 
affect the task variable and corresponded to the variance within the UCM sub-
space. To decompose the total variance, a Jacobian was computed for the joint 
system of two arms and for the joint systems of separate arms. Jacobian is a matrix 
of coefficients, which describes how the changes in the outputs of individual 
elements of the system are reflected in the changes of the value of a selected task 
variable. In the application to the UCM analysis in Study III and IV, Jacobian 
describes how changes in joint rotations affect value of the vectorial distance 
between the arm endpoints (two-arms joint system) or coordinates of the arm 
endpoint (single-arm joint system). Coefficients of the Jacobian are computed as 
partial derivatives of a selected task variable with respect to outputs of the elements 
(joint angles). The null space of the Jacobian corresponds to the UCM sub-space 
and represents those changes of joint rotations that do not cause any change in the 
task variable. The ratio of the two variance components was computed as 
RV=VCOMP/VUN. 

Data processing and computations were performed with Matlab v5.3 
(Matlab, USA). Statistical analysis (ANOVA, t-test) was performed with SPSS 
v11.5 (SPSS, USA). 
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RESULTS 

Assessment of proprioceptive acuity 
In Study I and II, Principal Component Analysis (PCA) was applied to the data 
matrices containing the VE and JND values in order to investigate correlations 
between proprioceptive acuity in the different proprioception tests. Analysis of 
variance (ANOVA) was applied to the VE data in order to compare the magnitude 
of sensory discrimination thresholds in the different variants of the position-
matching test. 

Correlation analysis of proprioceptive acuity in position-
matching and velocity-discrimination 
In both Study I and II, the Parallel Analysis indicated significance of the first two 
principal components (PCs). These components were then included in the principal 
component structure for interpretation. To evaluate the pattern of correlation 
between the variables in the PCA, variable loadings plots in the space of the first 
and second PC are shown in Figures 4, 5 and 6. The loading plots reflect the 
relationships between a PC and the original variables. Such relationships are 
represented by the variable loadings, which are the correlation coefficients 
between the original variables and the PC. Each symbol in the plots represents one 
testing condition of the position-matching or velocity-discrimination. According to 
the results of loadings significance testing for α(2)=0.05 (Stevens 1996), the 
absolute cut-off limit for significant loadings was 0.50 in Study I and 0.37 in Study 
II. 

In Study I, of the 52 variables used in the PCA, 18 variables had significant 
loadings on PC1 and six on PC2. In Study II, of the 15 variables included in the 
PCA, nine had significant loadings on PC1 and five on PC2. Thus, in Study II only 
o e variable did not have significant loadings for any of the two PCs. 
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Figure 4 
Principal component loadings
of the position-matching in
Study I. 
The loadings are shown in the
space of components one and
two for the four test variants of
the position-matching: 
A Active-Active 
B Passive-Active 
C Passive-Passive 
D Semipassive-Semipassive 
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Principal component loadings of the position-
matching and velocity-discrimination in Study I.
The loadings are shown in the space of
components one and two. Position-matching:
open rhombs, triangles, squares and circles show
the Active-Active, Passive-Active, Passive-
Passive and Semipassive-Semipassive test
variants, respectively. Velocity-discrimination:
filled triangle and square show the passive
condition with the criterion velocities of 30 and
50 deg/s, respectively and filled circle and rhomb
show the semipassive condition with the criterion
velocities of 30 and 50 deg/s, respectively. 

 
 
Figure 6 
Principal component loadings of the velocity-discrimination and position matching
variables in Study II in the space of components one and two. The star symbol shows the
velocity-discrimination variable. The other symbols show the variables of the position-
matching tests. 

 

22



From the loadings plots, the pattern of correlation can be interpreted by the 
relative locations between the variables. Thus, if variables are closely grouped on 
one side from the origin, or lie opposite the origin, and at a sufficient distance from 
the origin, such variables are correlated. If two variables lie so that the angle 
formed between these variables and the origin is close to 90 degrees, they are 
uncorrelated, provided the distance from the origin to each of the variables is 
sufficient. 

In Study I, no obvious regularities in the distribution of the position-
matching variables in the two-component structure with respect to the staring 
position, target position or movement extent were apparent. However, a pattern 
was found for the position-matching test outcomes with respect to movement mode 
during target presentation and matching. Thus, the majority of the Active-Active 
variables (Panel A of Fig. 4) were relatively closely grouped far from the origin. 
The Passive-Active variables (Panel B) also had a rather compact distribution but 
were located, in general, closer to the origin. The Passive-Passive (Panel C) and 
Semipassive-Semipassive (Panel D) variables lied, on average, closer to the origin 
and more scattered. 

In Study I, the majority of the position-matching variables had negative 
loading values along PC1 and occupied, in general, similar locations in the 
principal component space. Most of the velocity-discrimination variables had 
positive loading values along PC1 and were located, on average, closer to the 
origin than the position-matching variables (Fig. 5). 

In Study II, all variables (but one with non-significant loadings) were 
separated in two groups in the space of the first and second PC (Fig. 6). One group 
included the short movement extent position-matching variables, the long-extent 
variables of the Active-Standard-I and Active-Standard-II tests and the velocity-
discrimination variable. The other group included the remaining long movement 
extent position-matching variables. The Active-Haptic position-matching variable 
with short movement extent did not have significant loadings for any of the two 
PCs. 

Comparison of discrimination threshold magnitudes in position-
matching 
Effects of different experimental factors on sensory discrimination thresholds (VE) 
in the position-matching tests were evaluated with ANOVA. The factors in Study I 
were: test variant (reflected movement mode and state of muscle contraction 
during target presentation and matching), starting position, target position and 
movement extent. The factors in Study II were: mode of target presentation, 
movement mode, movement extent and instruction (referred to memorizing of the 
hand location or arm position). In Study II, there was no effect of instruction on the 
VE in the Active-Standard-I and Active-Standard-II procedures, so their data were 
pooled together for further analysis on all position-matching test data in Study II. 
In Study I, a significant effect of test variant (p<0.01 and Tukey post-hoc test 
p<0.05) showed that the VE was smaller in tests with active (Active-Active and 
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Passive-Active) than with passive (Passive-Passive and Semipassive-Semipassive) 
target matching, while there were no significant differences in VE between Active-
Active and Passive-Active and between Passive-Passive and Semipassive-
Semipassive test variants. In Study II, a significant effect of movement mode 
(p<0.001) indicated that the VE was smaller in active than in passive tests. A 
significant effect of movement extent on the VE in both Study I and II (p<0.001) 
showed that the VE increased with increasing movement extent. There were no 
effects on the VE of starting position, target position (Study I) or mode of target 
presentation (Study II). The ANOVA effects are illustrated in Fig. 7. 
 
 
 
 
 
 

 
Figure 7 
Variable Error in Study I and II. 
A: Mean ± SD of the variable error in the four test variants of the position-matching in
Study I; B: Mean ± SD of the variable error for each movement extent in the position-
matching in Study I; C: Mean ± SD of the variable error for the different test variants of the
position-matching in Study II. 
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Motor variability in bimanual pointing 

Kinematic performance variables 
In Study III and IV, significant changes of kinematic performance variables in the 
post-test relative to pre-test suggested an effect of practice. Thus, movement time 
in Study III decreased (p<0.05) and peak velocity of the arm endpoints in Study IV 
increased (p<0.05). An improved precision of pointing was evident from a decrease 
in VE (computed from scalar distances) from 1.8 ± 0.7 cm to 1.2 ± 0.4 cm in Study 
III (close to the level of significance, p=0.07) and from 3.3 ± 0.9 cm to 2.4 ± 0.7 
cm in Study IV (p<0.001). In Study IV, the VE along the Y-axis (see coordinate 
axes in Fig. 3) was smaller than along the X and Z-axis (Tukey post-hoc test 
p<0.001) and pointing to the middle target was more accurate than to the upper or 
lower target (Tukey post-hoc test p<0.01). The variability of the meeting point 
decreased from 3.1 ± 0.7 cm to 2.3 ± 0.5 cm in Study III (p<0.01) and from 2.3 ± 
0.7 cm to 1.8 ± 0.7 cm in Study IV (p<0.001). In Study IV, the variability of the 
meeting point along the X-axis was smaller than along the Y and Z-axis (Tukey 
post-hoc test p<0.01). 

Structure of joint angle variability 
In Study III and IV, the total variance of joint space of the two-arms system, as 
well as of joint spaces of the single-arm systems, decreased significantly from the 
pre-test to post-test (p<0.01). Figures 8 and 9 show the result of partitioning of the 
total joint angle variance into compensated (VCOMP) and uncompensated (VUN) 
variance for the bimanual and unimanual control hypotheses. The figures for both 
Study III and IV showed that VCOMP was larger than VUN for both control 
hypotheses in the pre-test as well as in the post-test. Both variance components 
decreased from the pre-test to post-test for both control hypotheses. 
 In Study III and IV, the ratio RV=VCOMP/VUN was computed over the time 
bins of the normalized movement time for the bimanual and unimanual hypotheses 
(Fig. 10). The graphs show that for both Study III and IV, all three ratios were 
greater than unity in the pre-test as well as in the post-test. The results of ANOVAs 
for both Study III and IV suggested that the ratio for the bimanual hypothesis was 
significantly greater than the ratios for the unimanual hypothesis (p<0.01 and 
Tukey post-hoc test p<0.01). In Study III, an ANOVA revealed a significant 
decrease of RV from the pre-test to post-test (p<0.01). In Study IV, no significant 
change of RV between the pre-test and post-test was found, although there was a 
slight increase of RV for both control hypotheses. 

In Study IV, there were no significant differences between three employed 
targets with respect to the structure of joint angle variability and its changes with 
practice. 
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Figure 8 
Compensated and uncompensated variance in Study III. 
Mean ± SE (averaged across subjects) of the compensated (VCOMP) and uncompensated
(VUN) variance for the bimanual control hypothesis, and for the unimanual control
hypothesis for the left and right arm. Circles and triangles represent VCOMP and VUN,
while filled symbols and open symbols represent the pre-test and post-test, respectively.
26



 

 
 
Figure 9 
Compensated and uncompensated variance in Study IV. 
Mean ± SE (averaged across subjects and targets) of the compensated (VCOMP) and
uncompensated (VUN) variance for the bimanual control hypothesis, and for the
unimanual control hypothesis for the left and right arm. Thick and thin lines
represent the pre-test and post-test, respectively. Solid and dashed lines represent
the compensated (VCOMP) and uncompensated (VUN) variance, respectively. 
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Figure 10 
Variance ratios in Study III and IV. 
The ratios are represented for the bimanual hypothesis and unimanual hypothesis for 
the left and right arm in the pre-test and post-test in Study III (A) and Study IV (B). 
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DISCUSSION 
The main aim of Study I and II was to investigate which proprioception 
submodalities are addressed in shoulder proprioception tests involving ipsilateral 
upper limb position-matching and velocity-discrimination. The outcomes of the 
tests were analyzed by means of Principal Component Analysis (PCA). Study I and 
II explicitly addressed this issue using appropriate psychophysical measures for 
testing proprioceptive function – VE and JND as measures of acuity of 
proprioception (c.f. Clark et al. 1995). The main conclusion was that two different 
(uncorrelated) mechanisms underlie perception of limb position during ipsilateral 
upper limb position-matching, one based on perception of limb velocity and the 
other possibly on perception of limb location. The involvement of these different 
mechanisms depended on movement extent and on factors related to the 
presentation of the target position. 

The main aim of Study III and IV was to investigate how the CNS controls 
movements in a kinematically redundant motor system of the upper limb during 
goal directed movements. The Uncontrolled Manifold (UCM) computational 
method, involving analysis of kinematic variability, was used for analysis of the 
structure of joint angle variability during repetitive bimanual pointing tasks. The 
main conclusions were that: (1) joint angle variability in bimanual pointing tasks 
was structured in a way so that the variance component affecting the task 
performance was smaller than the variance component that did not affect the task; 
(2) the CNS controlled bimanual motor actions by organization of synergies on 
different hierarchical levels of control and with different degree of control. 

Assessment of proprioceptive acuity 

Associations between discrimination thresholds of the 
proprioception tests 

Correlation analysis in Study I 
The correlation pattern among the outcome variables of the different 
proprioception tests was analyzed using Principal Component Analysis (PCA). The 
results of the PCA suggested the following conclusions: 

First, the proprioceptive acuity measures in all position-matching test 
variants were, in general, correlated. This conclusion was based on the rather 
similar locations of all position-matching variables in the principal component 
loading space (Fig. 5). 

Second, the only regularity found in the distribution of the loadings of the 
position-matching variables was with respect to the mode of movement (active or 
passive) during target presentation and matching. Thus, the variables of the Active-
Active test were located quite close to each other in the loading plot and had, on 
average, the largest loading values for PC1 (explained the largest amount of 
variance in the PC-model) (Fig. 4). This may be a reflection of a smaller amount of 
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noise in the discrimination threshold data of the Active-Active test in comparison 
to the other tests. This, in turn, may indicate a higher reliability and sensitivity (i.e., 
higher discriminative power) of the Active-Active test. This assumption is 
supported by results presented by Lönn (2001) who found higher test-retest 
reliability in Active-Active in comparison to passive variants of position-matching. 
The only difference between the Active-Active and Passive-Active tests variants in 
Study I was that for the latter the target presentation was passive. Hence, the 
subjects did not have access to any memory of motor commands from the target 
presentation (efference copy) during the target matching. The, on average, higher 
loading values for PC1 of the Active-Active test could thus be due to the additional 
information provided by the efference copy. The test variants with passive target 
matching (Passive-Passive and Semipassive-Semipassive) had similar loading 
distribution patterns. This suggested that the muscle contraction opposing the 
passive movement in the semipassive test did not affect the mechanism behind the 
position-matching acuity. The differences in the distribution of loadings between 
tests with active and passive target matching indicated that the latter had, in 
general, lower discriminative power. 

The third conclusion was that the position-matching and velocity-
discrimination variables were, in general, uncorrelated and thus, might have 
different underlying perception mechanisms. However, the majority of the 
velocity-discrimination variables did not have significant loadings, suggesting a 
large amount of noise in the data. Thus, the lack of correlation between the 
outcomes of the position-matching and velocity-discrimination tests should be 
interpreted with caution. 

In summary, the results of the correlation analysis of Study I indicated that 
a common mechanism underlies perception of limb position in the employed 
variants of ipsilateral upper limb position-matching test, and that perception of 
limb movement in the velocity-discrimination test may rely on a different 
mechanism. 

Methodological considerations 
The results of the PCA in Study I indicated that the discrimination threshold data in 
the velocity-discrimination as well as in the position-matching tests contained a 
considerable amount of noise. Therefore, it is likely that some subtle correlation 
patterns, possibly present in the data, could not be detected. Thus, no obvious 
correlation patterns could be found between trials of the position-matching with 
different starting and target positions, or with different extents, although certain 
differences between these testing conditions, with respect to underlying 
mechanisms, could be expected (Smyth 1984). Therefore, in Study II, 
methodological improvements were introduced with the aim to decrease the 
amount of noise in the outcomes: in the velocity-discrimination test, an adaptive 
algorithm (Treutwein 1995) was employed for optimizing stimuli distribution for 
determination of JND; in the position-matching test, novel and presumably more 
sensitive tests were introduced, involving tasks where the subjects actively had to 
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search for the target position; the number of trials for all position-matching test 
variants was increased. Finally, in order to achieve a better separation of variables 
in the PCA, a heterogeneous group of subjects, with presumably larger inter-
individual variability in proprioceptive ability, was recruited, and the sample size 
was almost doubled along with a decrease of the number of testing conditions. 
These improvements indeed allowed for revealing some general correlation 
patterns that did not appear in Study I. 

Correlation analysis in Study II 
The results of the principal component analysis in Study II indicated the existence 
of two independent (uncorrelated) components behind the acuity of the position-
matching and velocity-discrimination. Each of these components might reflect a 
separate mechanism underlying perception of limb position and movement in the 
employed proprioception tests. 

Thus, the first principal component (PC1) had high loading values for the 
velocity-discrimination variable and short extent position-matching variables (Fig. 
6). Since a study by Lönn et al. (2001) showed that outcomes of the velocity-
discrimination test were indeed based on limb velocity perception, PC1 likely 
represents perception based on information about limb velocity. This implies that 
position-matching during trials with short movement extent was also based on limb 
velocity information, since these variables loaded on the same PC as the velocity-
discrimination variable. 

The second principal component (PC2) had high loading values for the 
long extent position-matching variables with active target searching (haptic and 
audio modes of target presentation). Three things may be taken into consideration 
when speculating on the mechanism represented by PC2: (1) the testing conditions 
that loaded high on PC2 employed a searching task forcing the subjects to 
explicitly focus on location, (2) previous research showed existence of two distinct 
proprioception submodalities of position and movement sense (McCloskey 1973; 
Sittig et al. 1985) and (3) the long extent variables with haptic and audio modes of 
target presentation were uncorrelated with variables representing velocity-based 
perception, which indicates different perception mechanisms. On this basis, it may 
be hypothesized that PC2 represents a perception mechanism based mainly on 
information about limb location. 

For the active standard conditions, both the short and long trials were 
correlated with the velocity-discrimination test (Fig. 6). This indicated that 
perception of limb position in the active standard procedures was velocity-based 
independently of movement extent. 

In general, it can be concluded that for the short movement extents, the 
velocity-based perception mechanism in the position-matching test seemed to act 
regardless of the mode of target presentation and movement mode. However, 
during the long movement extents, the mode of target presentation affected the 
correlation pattern. If no explicit location-focused task for finding the target 
position was introduced, perception of limb position during long movements was 
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still derived from velocity information. In contrast, if a location-focused target 
presentation (audio and haptic) was used, a switch from the velocity-based 
perception to another, uncorrelated, perception mechanism (likely location-based) 
occurred when movement extent exceeded a certain limit. 

Previous research presented evidence that the CNS may differently encode 
information about limb location and distance moved by the limb (reviewed in 
Smyth 1984). Thus, from the comparison of matching errors in position-matching 
tasks (Roy 1977; Semler and Simmons 1979; Walsh 1981) it was suggested that 
information about movement distance plays a greater role for the perception of 
limb position during short movements, while information about limb location plays 
a greater role during long movement extents. These findings are in line with the 
results of the correlation analysis in Study II, with respect to the tests with haptic 
and audio guidance. 

A switch from the velocity-based to location-based perception occurred 
also in long movements in the Passive-Standard test. This was somewhat surprising 
because this testing condition did not involve explicit location-focused target 
presentation and in the active counterparts of this test the velocity-based perception 
dominated for both short and long movement extents. The following factors might 
have limited the availability of velocity information in the Passive-Standard test 
and forced the CNS to choose the location-based perception mechanism: first, the 
efference copy of the criterion movement, containing information about movement 
velocity, was not available in this test variant. Second, operating the rig with the 
contralateral fingers was more difficult than moving the arm under direct voluntary 
control. As a consequence, the velocity of the rig movement in the Passive-
Standard test variant was more variable than in the active standard procedures. 

The findings of Study II may suggest that in ipsilateral position-matching 
tests, the CNS chose the velocity-based perception as the primary source of 
information about limb position. If an explicit active location-focused task was 
introduced, or availability of velocity information was limited, the CNS used the 
location-based perception as the primary source of information about limb position. 
Analysis of postural sway in a study by Jeka et al. (2004) suggested that during 
quiet stance, sensory input provided more accurate information about the body’s 
velocity than its position or acceleration. Drawing a parallel between results of that 
study and the findings of Study II, it may be hypothesized that information about 
limb movement might be, in general, more accurate than information about limb 
position, which might explain why the CNS preferentially uses velocity-based 
perception. It is unclear, however, whether the introduced active location-searching 
task might have increased the accuracy of position information, or the shift in 
priority from the velocity-based to location-based perception occurred due to other 
reasons. 
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Comparison of discrimination threshold magnitudes in position-
matching 
In addition to PCA, differences in proprioceptive acuity (i.e., magnitudes of 
discrimination thresholds) among the ipsilateral upper limb position-matching test 
variants were analyzed with ANOVA in both Study I and II. 

Effect of movement extent 
The results of both studies showed that matching acuity decreased (i.e., VE 
increased) with increasing movement extent (Fig. 7, Panels B and C). Similar 
results were reported by Magill and Parks (1983) and Choi et al. (1995). The 
results of the PCA in Study II suggested existence of two uncorrelated mechanisms 
underlying perception of limb position in the position-matching tests with location-
focused target presentation (haptic and audio guidance). The switch from the 
velocity-based to location-based perception occurred between movement extents of 
18.5 and 31.5 degrees. However, perception of limb position in the active standard 
testing procedures in Study II was based on one mechanism – velocity-based 
perception – for both of these movement extents. In Study I, the same type of 
Active-Active position-matching test was used and VE values were obtained for 
several movement extents within the same ranges of movement extents as in the 
Active-Active test variant of Study II (Fig. 7, Panel B). The results of Study I 
showed that within each of these movement extent ranges VE increased with the 
extent of the movement, for example, between 8 and 16 degrees and between 32 
and 48 degrees. Thus, it may be assumed that perception of limb position in the 
Active-Active tests in both Study I and II was based on one mechanism of the 
prothetic continuum type (Magill and Parks 1983; Choi et al. 1995). That is, 
response magnitude increases with increasing magnitude of the stimulus. In the 
haptic and audio guidance tests of Study II, only two movement extents were used 
and different perception mechanisms acted at these extents. Thus, there was only 
one VE value for each mechanism. In order to conclude whether a prothetic 
continuum underlies perception of limb position also in tests employing an active 
location-searching task during target presentation, one would obviously need at 
least two VE values within the movement range of each perception mechanism. 

Effects of movement mode and muscle contraction 
One of the findings of Study I was that the acuity of matching in the Active-Active 
and Passive-Active conditions was not significantly different. In general, it cannot 
be ruled out that the subjects used the memory of motor command (efference copy) 
in the Active-Active test. However, the applied tests could not detect this effect. 

Study I did not support the suggestion of previous research that sensory 
discrimination thresholds in proprioception tests involving passive movements may 
be lowered by muscle contraction opposing the passive movement (Gandevia et al. 
1992). Thus, there was no significant difference in matching acuity between the 
Passive-Passive and Semipassive-Semipassive conditions. 
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In the tests with active target matching in Study I, the matching acuity was 
greater than in those with passive matching. This is in agreement with previous 
studies (Lönn et al. 2000b; Janwantanakul et al. 2002). In line with this, the PCA in 
Study I indicated smaller loadings values on the first principal component and less 
consistent pattern of loadings distribution for the passive than for the active tests. 
Since no effect of efference copy on the outcomes of the position-matching test 
was found in Study I (ANOVA), the difference in VE between active and passive 
matching in both Study I and II was attributed to other reasons. Thus, either target 
matching under direct voluntary control may be in general more precise than 
passive matching due to some generic differences in motor control between these 
modes of movement. Another factor was the lack of possibility to adjust the 
matched limb position, which conceivably could lead to worse matching acuity in 
the passive tests. However, in a study by Cordo (1990), subjects demonstrated 
rather high proprioceptive acuity during matching of a previously presented limb 
location without adjustments, “on the fly” at a speed of limb movement much 
higher than used in our studies. The effect of the possibility to adjust the matched 
target position in passive tests on matching acuity was tested in Study II. In spite of 
allowing for adjustment during target matching, the results still showed that the 
subjects’ matching acuity was significantly lower than that in active matching. The 
magnitude of the difference was similar to the difference found in Study I, where 
no adjustment was used (Fig. 7, Panels A and C). 

Effects of starting and target position, mode of target 
presentation and spatial reference point 
Study I did not reveal any significant effect of starting and target position on 
matching acuity, which is at variance with the results of a study by Lönn et al. 
(2000b), who found significant effects of starting and target position on 
repositioning accuracy. However, the study by Lönn et al. (2000b) only reported 
Absolute Errors (AE), which also reflect bias in the performance. This fact may 
explain the discrepancy in these findings. 
 In Study II there was no increase of matching acuity in the novel tests with 
an active location-searching task during target presentation in comparison to the 
tests with the “standard mode” of target presentation (Fig. 7, Panel C). The 
expectations were that employing a location-focused searching task, supported by 
stimuli from other sensory modalities (hearing and touch), would increase the 
acuity of matching. 
 The assumption of Study II, that focusing on a clearly defined and 
functionally meaningful (ecological) spatial reference point (hand) was defied by 
the lack of significant differences in sensory discrimination thresholds and in 
correlation patterns between outcomes of position-matching tests with 
memorization of “location of the hand” vs. “position of the arm”. 
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Conclusions, practical implications and future research 
The findings of Study I and II revealed certain features of the nature of several 
common and novel tests for assessment of proprioceptive acuity in the shoulder 
joint. It was concluded that position-matching tests may address both of the 
proprioceptive submodalities of position and movement sense. This conclusion is 
at variance with the general presumption that position-matching procedures 
evaluate predominantly position sense. Extent of limb movement in conjunction 
with employing of location-focused searching task during target presentation in 
position-matching appeared to determine which perception modality was used by 
the CNS. The implication of this fact is that certain common “position sense tests” 
in reality evaluate movement sense alone, while the tests with location-focused 
tasks addressed specific proprioception submodalities dependent on the extent of 
limb movement.  

Study I and II thus provided important information for interpretation of 
results of commonly used tests of shoulder proprioception along with implications 
for design of novel tests, allowing for addressing specific proprioception 
submodalities. 

The results also gave indications for directions of future studies. Thus, it 
might be investigated whether prothetic continuum underlies perception in tests 
involving an active location-searching task during target presentation. To do this, 
movements to several target positions may be performed within each of the 
movement extent ranges used in Study II. In this way, several VE values may be 
obtained within movement ranges corresponding to the location-based and velocity 
based perception. If there would be an increase of VE with movement extent within 
each movement range, it would indicate that the prothetic continuum underlies both 
velocity-based and location-based perception in the audio and haptic guidance 
tests. Also, such test design with multiple target positions may allow detecting 
more precisely the extent of movement where a switch between the two perception 
mechanisms occurs. 

Previous research has shown that muscle tendon vibration affects 
perception of limb position and movement (reviewed in Jones 1988). Thus, it 
would be useful to investigate whether application of muscle tendon vibration 
would affect the correlations of outcomes of position-matching and velocity-
discrimination tests. Such study might provide further insights into the mechanisms 
underlying perception of limb position and movement and possibly offer new 
methods for testing proprioception for both clinical practice and applied research. 

On the basis of the present findings, tests with better ability for assessment 
of proprioceptive acuity in specific proprioception submodality may be selected. 
This would imply a reduction of the number of needed tests, which would be of 
advantage for clinical testing. Assessment of specific proprioception submodalities 
in patients with various disorders of musculoskeletal apparatus may show whether 
certain pathologies predominantly affect position or movement sense. 

 35



Motor variability in bimanual pointing 
The overall goal of Study III and IV was to investigate motor control strategies 
during bimanual pointing tasks. To do this, the structure of joint angle variability 
during 2D and 3D bimanual pointing and its changes with practice were analyzed 
with the Uncontrolled Manifold (UCM) computational method. 

Structure of joint angle variance 
In both Study III and IV, the compensated variance (VCOMP) within the UCM sub-
space was larger than uncompensated variance (VUN) within the ORT sub-space 
(Figures 8 and 9). Consequently, the ratio of the variance components 
(RV=VCOMP/VUN) was greater than unity (Fig. 10). This was true for the pre-test as 
well as the post-test and for both control hypotheses: the bimanual and unimanual. 
The UCM hypothesis predicts RV to be greater than unity for task variables that are 
selectively stabilized (controlled) by the CNS (Scholz and Schoner 1999; Latash et 
al. 2002b). In the UCM analysis, the vectorial distance between the pointer and 
target (bimanual hypothesis) and the trajectory of the endpoint of each arm 
separately (unimanual hypothesis) were selected. Thus, the results in both studies 
indicated that the CNS controlled both these task variables. 

According to the UCM hypothesis, structuring of the elements of a 
redundant motor system in task-specific way indicates that the elements are likely 
organized into one synergy or several synergies (Latash et al. 2002b). In relation to 
the structure of joint angle variance found for the bimanual and unimanual control 
hypotheses in Study III and IV, this implies that two synergies, one bimanual and 
one unimanual, acted during the bimanual pointing tasks. Thus, the joint rotations 
of the two-arms joint system covaried to stabilize the vectorial distance between 
the pointer and target (bimanual synergy) and the joint rotations within each 
separate arm covaried to stabilize the trajectory of the arm endpoint (unimanual 
synergies). 

There were however differences in the degree of stabilization between the 
synergies since the ratio values (RV) (Fig. 10) show that, in both Study III and IV, 
the vectorial distance between the pointer and target (bimanual hypothesis) was 
stabilized to a larger degree than trajectories of the endpoints of either left or right 
arm (unimanual hypothesis). This implies that the CNS primarily controlled the 
bimanual synergy. Thus, the results of the UCM analysis in both studies supported 
the bimanual hypothesis. In general, the presence (RV BIMANUAL > 1) and priority of 
bimanual control (RV BIMANUAL > RV UNIMANUAL) could be expected from the nature 
of the task because the proper relative position of the arm endpoints determined the 
task success. Theoretically, separate unimanual synergies might also have lead to 
successful pointing if the subjects selected an imaginary fixed point in space and 
moved the arm endpoints to it. 

The fact that no particular meeting point was specified in the instructions 
implied a possibility of large variation in movement trajectories between the arms. 
However, the nature of the task may have imposed a limitation on the variation 
pattern of endpoint trajectories such that the trajectories covaried in their spatial 
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paths to allow a desired relative position of the arm endpoints. This could be 
achieved, in theory, solely by covariation of joint rotations within the joint space of 
two arms, without stabilization of each of the single-arm synergies. However, the 
ratio values greater than unity for the unimanual hypothesis indicated, in light of 
the UCM hypothesis, that the CNS might have also controlled the unimanual 
synergies, although to a lesser degree than the bimanual synergy. This finding thus 
provided some support for the unimanual hypothesis. 

Another explanation of the unimanual ratios being greater than unity might 
be that the subjects, regardless of the instructions that did not indicate any specific 
meeting point in space, still might have used an imaginary meeting point and 
moved both arms to its location. 

Given the above reasoning, the test design of the present bimanual pointing 
tasks cannot with certainty distinguish between real unimanual synergies and a 
“synergetic” joint angle variance structure that might emerge due to other reasons. 
A hypothetical study with unimanual pointing in dyads (i.e., involving two 
persons), with the same selected task variables as in Study III and IV, may shed 
some light on this issue. Pointing movements in dyads proved to have the same 
relations between kinematic variables in terms of the speed-accuracy trade-off as 
unimanual or bimanual pointing in single persons (Mottet et al. 2001). In the 
proposed dyad task, two persons may perform a unimanual 3D pointing trying to 
match together the endpoints of their arms. The task would be very similar to the 
bimanual pointing of Study IV, except that two different controllers, instead of one, 
would participate in stabilization of the task variables. The nature of the dyad task 
would require a synergetic control of the arms of two persons (i.e., covariation of 
joint rotations within two arms). The same control hypotheses may be formulated 
as in Study III and IV. Previous studies with unimanual pointing in a single person 
(Tseng et al. 2002; Tseng et al. 2003) showed that the variance ratio computed with 
respect to the arm endpoint coordinates was greater than unity, that is, joint 
rotations within one arm were organized into a synergy for stabilization of the arm 
endpoint trajectory. Thus, in the proposed dyad pointing, two real unimanual 
synergies would need to be united into one bimanual synergy to allow successful 
task performance. If the relations between the variance ratio values for the control 
hypotheses in the dyad pointing would be similar to those in Study IV, it may 
indicate the presence of real unimanual synergies in Study IV. 

In general, in order to allow more definite conclusions on the presence or 
emergence of the unimanual synergies during the employed bimanual motor tasks, 
behavioral approaches, like those applied in Study III and IV, should be combined 
with physiological studies for finding correlates of subjects’ performance among 
changes in brain and muscle activity during motor performance. 

If the unimanual synergies detected by the UCM method were really 
present during the bimanual pointing tasks, the difference in the degree of control 
between the bimanual synergy and unimanual synergies might be explained in 
terms of hierarchical organization of synergies proposed in the works by Gelfand 
and Tsetlin (1966). Thus, a study by Baud-Bovy and Soechting (2001) provided 
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indications for a hierarchical type of control of a tripod grasp. On one (higher) 
hierarchical level of control, the production of forces of three fingers was 
organized similar to a pinch grasp between the thumb and one virtual finger. The 
virtual finger consisted of the index and middle finger, which together produced a 
force opposing the thumb. Then, on a subordinate (lower) hierarchical level of 
control, the forces of the index and middle finger were organized, within the virtual 
finger, according to another criterion (surface friction) that was likely less 
important for the task success than production of the force opposing the thumb. 

Thus, in line with the conclusions of the study of tripod grasp and in line 
with the ideas of Gelfand and Tsetlin (1966) about hierarchical control of 
synergies, it may be concluded that joint rotations within the two-arms joint system 
might have been united into one synergy on a higher hierarchical level of control, 
in terms of importance for the task of matching pointer and target. Joint rotations 
within each single arm might have been united into synergies on a lower 
hierarchical level of control with respect to their importance for the task. The CNS 
might have controlled the unimanual synergies in order to stabilize the trajectories 
of the arm endpoints that were less crucial per se for the performance of the task, 
but might have been important for stabilization of other variables, not analyzed in 
Study III and IV. 

In general, the results of the UCM analysis of Study III and IV showed that 
joint angle variance during bimanual pointing tasks was structured in accordance 
with the predictions of the UCM hypothesis. This corroborates the results of 
previous studies that applied the UCM method for analysis of the structure of 
kinematic variability in unimanual pointing tasks (Tseng et al. 2002; Tseng et al. 
2003), in pistol-shooting task (Scholz et al. 2000), in sit-to-stand actions (Scholz 
and Schoner 1999; Scholz et al. 2001) and also in studies of force variability 
structure during multi-finger force production tasks (Latash et al. 2001; Kang et al. 
2004). 

Practice-related changes in the structure of joint angle variance 
For the interpretation of practice-related changes in the structure of joint angle 
variability from the pre-test to post-test, it is important to establish whether motor 
learning really took place during practice of the bimanual pointing tasks in Study 
III and IV. For this purpose, changes in kinematic performance variables between 
the tests can serve as indicators of motor learning. Rapid pointing movements 
(given a constant distance to target) are characterized by the well-known 
relationship between movement time and target size. This relationship is described 
by Fitts’ law (the speed-accuracy trade-off) (Kyoung-nae et al. 1996) that predicts 
a logarithmic increase in movement time (i.e., decrease of movement velocity) for 
a decrease of the target size. The decrease of the target size is equivalent to 
increase of precision of pointing. Fitts’ law has proved its robustness in a number 
of studies (reviewed in Schmidt and Lee 1999), including bimanual pointing 
(Mottet et al. 2001). In Study III and IV, the increase of precision of pointing was 
associated with decrease of movement time (Study III) and with increase of peak 
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velocity (Study IV). These changes in relationship between the precision of 
pointing and movement time do not conform to the predictions of Fitt’s law and 
thus, strongly indicate that learning took place. 

An important implication of the UCM hypothesis for motor learning is that 
improvement of precision of pointing during motor learning should be due only to 
decrease of VUN, with unchanged or, at least, not decreased VCOMP. Such changes in 
the structure of joint angle variance, associated with motor learning, would 
inevitably lead to an increase of the variance ratio RV after practice. 

However, the results of the UCM analysis of Study III and IV showed that 
the variance ratios for the bimanual as well as the unimanual control hypotheses 
either decreased (Study III) or remained unchanged (Study IV) from the pre-test to 
post-test. In Study III, VCOMP decreased more than VUN and in Study IV, both 
variance components decreased in a similar way, so that the ratio did not change 
significantly. The decrease of VUN was in line with the predictions of the UCM 
hypothesis, but the decrease of VCOMP was not. Thus, the UCM hypothesis was not 
supported with regard to practice-associated changes in the structure of joint angle 
variance. 

Several explanations might be suggested for these counter-predictive 
findings. First, the presented studies analyzed only movement kinematics. The 
selected task variables did not reflect movement dynamics. It is conceivable that 
the CNS actually structured the variance of the upper limb motor system in line 
with the UCM hypothesis, but did it with respect to some other variable that was 
not explicitly addressed in Study III and IV. 

Another explanation of the lack of increase of RV with practice in Study III 
and IV may be connected with the possible existence of different stages in practice 
of a motor task. Such stages might be related to the changes in the structure of 
motor variability and might not be extrapolated to changes in conventional 
performance measures. In general, dissociation between the applied motor control 
strategy and motor performance has indeed been reported in a study by Tseng et al. 
(2002). The results showed that a higher precision in unimanual pointing with the 
dominant arm in a test condition with vision, in comparison to a condition without 
visual control, was not associated with significant differences in joint angle 
variance structure between the testing conditions. Thus, the control strategies were 
the same in spite of the different motor performance. This finding may also 
indicate that motor control processes reflected in Cartesian space might not be 
directly comparable to motor control processes in joint space. 

A hypothetical staged process of changes in the structure of joint angle 
variance during practice of the bimanual pointing tasks may be illustrated by the 
results of a study by Latash et al. (2003), who investigated changes of force 
variability structure during practice of a multi-finger force production task. In that 
study, subjects performed three consecutive tests. The variance of the total force 
and moment (analogies of VUN) produced by the fingers decreased in the second 
test after 100 trials of practice, while the variance component not affecting the total 
force or moment output (analogy of VCOMP), remained unaffected by practice. 
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These changes in the variance structure were in line with the predictions of the 
UCM hypothesis for motor learning. However, in a third test, after an additional 
100 trials of practice, the variance of the total force and moment did not show any 
significant changes, while there was a significant decrease of the variance 
component not affecting the force or moment output. Thus, the result of the 
additional practice contradicted the UCM hypothesis in its part related to motor 
learning. 

On the basis of these findings it may be hypothesized that there can be 
several stages in motor adaptation affecting the structure of motor variability. Thus, 
if a motor task is sufficiently novel and difficult, a motor synergy is not yet 
established and starts to emerge with practice. The CNS “strengthens” the synergy 
by minimizing VUN, while leaving VCOMP unaffected, as found after the first 100 
trials in the study by Latash et al. (2003). The UCM hypothesis holds for this first 
stage of practice. Then, a next stage of practice begins, when the CNS starts 
restructuring the motor variance, not only by minimizing VUN, but also by 
minimizing VCOMP. 

There can be two alternative suggestions regarding these staged changes in 
the variance structure. First, it may be that the UCM hypothesis holds only for the 
initial stage of motor learning. Second, the CNS might shift its priority of control 
to some other variables that were not explicitly addressed in the study. The 
observed decrease of VCOMP with respect to the selected task variable may be a side 
effect of new control strategies with respect to other variables that were not 
selected for analysis. Regarding the hypothesized shifts in priorities of control, it 
can be noted that in each of the UCM studies that addressed issues of practice, only 
one type of task variables – either kinematic or dynamic – was selected. In relation 
to the results of Study III and IV, it might be that the CNS first stabilized synergies 
primarily in terms of kinematics. It seems reasonable because it was shown that 
goal directed movements are controlled in terms of kinematic path of the hand 
(Desmurget et al. 1998). Then the priority of control might have been shifted 
towards other, for example, dynamic, variables, which became important after 
kinematic variables were stabilized. 

A comparison of the variance ratio values between the pre-test and post-
test in Study III and IV indicated that the kinematic synergies in these studies 
might have been in different stages of motor adaptation. The results showed that 
the ratios in Study III decreased and in Study IV remained unchanged. This may be 
connected with different levels of difficulty of the tasks in the studies. Pointing 
movements may be generally assumed well practiced in everyday life. In Study III, 
pointing was performed under control of vision and thus was likely a simple and 
familiar task for the subjects. It may be suggested that kinematic synergies 
necessary for the performance of the task were already established and the CNS 
might have started to optimize movements according to other, possibly dynamic, 
criteria. This might have caused the observed counter-intuitive drop in VCOMP as a 
side effect. In Study IV, the task was more difficult since pointing was performed 
in blind and to three different targets. Pointing skills obtained in everyday life 
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under control of vision might not be directly transferable to this new task. 
Therefore, motor adaptation in terms of the structuring of kinematic variance might 
have been still needed. Those factors may explain the smaller decrease of VCOMP in 
Study IV in relation to Study III. 

Kinematic variability in Cartesian and joint space 
The task in both Study III and IV was to match pointer and target in any point in 
space in front of the subject. The Variable Error (VE) of pointing, measured in 
Cartesian space, was used to assess the degree of success. Accordingly, the 
location of the meeting point (MP) did not influence the task performance. Thus, 
VE had to be controlled (minimized) by the CNS, while the MP variability did not 
require any control. Thus, one may expect MP variability to be larger than VE. In 
Study III, the relation between the VE and MP was in line with this assumption. In 
Study IV, however, VE was larger than MP variability. In general, VE seems to be 
a Cartesian space analogy of joint space variance VUN and MP variability seems to 
correspond to VCOMP. Drawing on this parallel, the CNS seemed to apply different 
control strategies in Cartesian and joint space with respect to the task variables 
crucially important for the task success. 

However, a UCM study with unimanual pointing by Tseng et al. (2002) 
showed that the changes of pointing acuity, reflecting changes in control in 
Cartesian space, must not necessarily be accompanied by changes in joint angle 
variance structure. Hence, control strategies in Cartesian and joint space might not 
be directly comparable. 

However, a finding in Study IV may shed some light on this contradiction. 
The study showed that the VE was significantly smaller along the Y-axis, while the 
MP variability was significantly smaller along the X-axis. Thus, this difference 
between the VE and MP variability concerned different orthogonal dimensions in 
space. This might imply that control of VE and control of MP variability might 
have different underlying mechanisms. A study by van Beers et al. (1998) showed 
that the precision of matching of targets located in the horizontal plane with the 
upper limb, and in the absence of vision, was higher in the radial direction with 
respect to the shoulder (corresponds to the Y-axis in Study IV). This is in line with 
the results of Study IV, showing a higher precision of pointing along the Y-axis. 
This indicates that in Study IV, the subjects relied on proprioception for error 
corrections during pointing without visual control. The conclusion from these 
findings can be that the VE value along the Y-axis in Study IV reflected 
proprioceptive acuity, while the MP variability might reflect some other entity. 

Conclusions, practical implications and future research 
The results of Study III and IV showed that the variance of joint angle 
configuration during the bimanual pointing tasks was structured in accordance with 
the predictions of the UCM hypothesis. The bimanual and unimanual control 
hypotheses in each of the studies were supported, although it was shown that the 
CNS stabilized (controlled) the bimanual synergy to a larger extent than the single-
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arm synergies. The results concerning practice-associated changes in the structure 
of joint angle variance did not support the UCM hypothesis in its part that relates to 
motor learning. In general, it may be concluded that the UCM method is applicable 
for analysis of motor control strategies in redundant biological motor systems, for 
example, the upper limb. However, no definite conclusions can be currently drawn 
about applicability of the UCM method for analysis of motor learning. 

Previous research provided evidence that patients with chronic muscle pain 
may have changed patterns of motor control (Graven-Nielsen et al. 2000; Sterling 
et al. 2001; Madeleine et al. 2003). It may be hypothesized that during chronic 
muscle pain the CNS may avoid joint angle configurations that cause pain 
(Heiderscheit 2000). Such behavior would imply a change in priorities of control in 
comparison to healthy persons: control may shift from one task variable to another 
variable that may be more important in terms of minimization of pain. This may 
lead to changes in relation between the VUN and VCOMP components of joint angle 
variance. Such change in priority of control may not necessarily be reflected in 
conventional performance variables, like precision of pointing (c.f. Tseng et al. 
2002). Thus, in perspective, the UCM method may be used in clinical as well as in 
experimental studies on motor control in muscle pain conditions. 
 In ergonomics, it is generally agreed that motor variability is favorable for 
avoiding musculoskeletal problems. In contrast to this stands the requirement for 
high productivity and quality, which is associated with demands on precision. High 
demands on precision imply low variability. Thus, the contradictive nature of 
motor variability in ergonomics is obvious. 

However, for working tasks of repetitive nature, the UCM approach 
provides a promising tool for discerning and quantifying different components of 
motor variation: one that affects and another that does not affect the task 
performance. 
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