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Abstract
We sought to understand differences in joint coordination between the dominant and nondominant
arms when performing repetitive tasks. The uncontrolled manifold approach was used to
decompose the variability of joint motions into components that reflect the use of motor
redundancy or movement error. First, we hypothesized that coordination of the dominant arm
would demonstrate greater use of motor redundancy to compensate for interaction forces than
would coordination of the nondominant arm. Secondly, we hypothesized that when interjoint
dynamics were more complex, control of the interlimb relationship would remain stable despite
differences in control of individual hand paths. Healthy adults performed bimanual tracing of two
orientations of ellipses that resulted in different magnitudes of elbow interaction forces. For the
dominant arm, joint variance leading to hand path error was the same for both ellipsis orientations,
whereas joint variance reflecting the use of motor redundancy increased when interaction moment
was highest. For the nondominant arm, more joint error variance was found when interaction
moment was highest, whereas motor redundancy did not differ across orientations. There was no
apparent difference in interjoint dynamics between the two arms. Thus, greater skill exhibited by
the dominant arm may be related to its ability to utilize motor redundancy to compensate for the
effect of interaction forces. However, despite the greater error associated with control of the
nondominant hand, control of the interlimb relationship remained stable when the interaction
moment increased. This suggests separate levels of control for inter- versus intra-limb
coordination in this bimanual task.
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Introduction
In everyday tasks, many different combinations of muscles and joint angles can be used to
achieve a given movement pattern. Bernstein (1967) has characterized this fact as the
problem of mastering the “redundant” degrees of freedom (DOFs). The concept of motor
redundancy has motivated significant experimental and theoretical interest in recent years
(e.g., Cole and Abbs 1986; McDonald et al. 1989; Cruse et al. 1990; Vereijken et al. 1992;
Desmurget and Prablanc 1997; Scholz and Schöner 1999; Schwartz and Moran 2000; Latash
et al. 2003). If one considers motor redundancy to be more problematic than beneficial, then
performing a task with more DOFs, such as bimanual versus unimanual tasks, compounds
the problem. This is because the nervous system needs to consider not only control of DOFs
within an arm but also coordination of DOFs across two arms to maintain a stable interlimb
relationship. An alternative view is that the nervous system takes advantage of the available
redundancy or motor abundance (Latash 2000) to allow for more flexible task performance
(Gelfand and Tsetlin 1969; Schöner 1995).

Recent work has demonstrated the use of motor abundance as one important feature of
motor coordination (Scholz et al. 2001; Domkin et al. 2002; Latash et al. 2002; Tseng et al.
2003; Krishnamoorthy et al. 2005; Yang and Scholz 2005). For unimanual movements, both
dominant and nondominant arms generally demonstrate a similar use of motor redundancy,
although coordination of the nondominant arm typically is associated with higher overall
variability (Tseng et al. 2002, 2003). In tasks that require simultaneous actions of both arms,
however, the use of motor redundancy differs between the two arms (Domkin et al. 2005;
Tseng et al. 2006). This difference is most dramatic when the bimanual pattern becomes
more difficult (i.e. moving in asymmetry at faster speeds) and the nondominant arm
demonstrates inefficient joint coordination patterns that lead to greater performance error in
this arm.

Being able to coordinate intersegmental forces is another important feature controlling
multijoint movements (Ghez et al. 1995; Sainburg et al. 1995; Bastian et al. 1996; Beer et al.
2000). Sainburg and coworkers have proposed a dynamic-dominance hypothesis (Sainburg
2002) stating that the ability to govern limb dynamics is the key factor to distinguish motor
skills between the dominant and nondominant arms. Namely, the dominant arm is better at
hand path control, presumably because of the dominant hemisphere’s ability to predict the
effect of interaction moments (Sainburg and Kalakanis 2000; Bagesteiro and Sainburg 2002;
Sainburg 2002). On the other hand, the nondominant arm is purported to be better at steady-
state control, like stabilizing the final reach position (Wang and Sainburg 2007). Because of
the ability to anticipate and capitalize on the effect of interaction moments, movements of
the dominant arm are produced with less muscle force in comparison to the nondominant
arm, and they are associated with straighter hand path (Bagesteiro and Sainburg 2002).
Given these observations, one could predict that when moving bimanually, differences
between each arm’s ability to coordinate limb dynamics would affect the stability of
interlimb coupling especially when intersegmental dynamics becomes more complex.

Because interaction force is a mechanical effect, incomplete compensation or poor
anticipation of this effect will disturb the on-going movement. This is especially the case
when there is minimal or no redundancy. Having motor redundancy allows the possibility of
error compensation by other joints in the event that one joint deviates from its planned path,
maintaining stability of the hand path (Latash et al. 2002, 2003). The poorer control
exhibited by the nondominant arm in dealing with interaction forces may stem partly from a
poorer ability to take advantage of available motor redundancy for error compensation. We
previously showed that the nondominant arm exhibited decreased use of motor redundancy
when moving very fast (>2 Hz), and this was related to less ability to counteract the effect of
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interaction forces (Tseng et al. 2006), resulting in a breakdown of movement coordination.
In contrast, the dominant arm was able to maintain a stable use of motor redundancy across
different speed levels. However, the observed differences could arise, because interaction
forces are high when moving fast and the nondominant hand has less force-generating
capacity compared to the dominant arm (Crosby et al. 1994).

The first goal of this study was to further investigate how the magnitude of interaction forces
affected each arm’s use of motor redundancy to control its hand path. We manipulated the
magnitude of interaction moments by changing movement direction to understand the effect
of interaction force magnitude when it is independent of movement speed. We selected a
bimanual tracing task that required subjects to monitor the hand trajectories continuously to
pose a greater challenge to control of the nondominant arm than would a target reaching
task. Subjects were asked to trace accurately two ellipses simultaneously when the long axes
of both ellipses were oriented either ipsilaterally or contralaterally (see Fig. 1b). The
different orientations required different magnitudes of individual joint motions as well as
interaction moments (Dounskaia et al. 2002). Tracing the contralaterally orientated ellipses
resulted in greater shoulder motion and larger interaction moments at the elbow compared to
tracing the ipsilaterally oriented ellipse. We predicted that contralateral tracing would cause
more disturbances to control of the nondominant arm compared to tracing the ipsilateral
pattern. We also hypothesized that control of the dominant arm would take greater
advantage of the available, “abundant” DOFs to compensate for the higher elbow interaction
moment when tracing the contralateral pattern.

The second goal of this work was to understand how the ability to deal with interaction
forces within a limb affected interlimb coordination, which requires the management of a
greater number of DOFs compared to controlling the individual hand paths. Stable interlimb
coupling is important for successful performance of the bimanual task. The mode of
interlimb coordination (in-phase or antiphase) has been shown to affect the stability of
intralimb coordination, whereas the opposite is not necessarily true (Li et al. 2005),
indicating that maintaining stable interlimb coupling has a stronger impact on the overall
coordination. Trade-offs between controlling an individual hand versus control of the
between-hand relationship can also occur in a bimanual task. For example, Ryu and
Buchanan showed that when variability of the individual hand paths increased due to
changes in movement amplitude or pacing frequency, variability of the relative phasing
between the two hands actually decreased (Ryu and Buchanan 2004; Buchanan and Ryu
2005). One advantage of motor redundancy is the possibility to maintain the overall goal
when errors in individual components occur by adjusting the output of “redundant” DOFs
(Latash et al. 2003). In a bimanual task, it is possible to recruit more joint motions to
achieve stable interlimb coupling compared to achieving stable intralimb coordination,
because both arms’ joint motions contribute to interlimb coupling. Based on this argument,
we hypothesized that there would be greater use of motor redundancy to control the
interlimb coupling compared to the control of the individual hand paths.

Materials and methods
Subjects

Ten healthy young subjects (three females and seven males, mean age 23 ± 3.71 years old)
volunteered for this study. Subjects were paid for their participation and signed a consent
form approved by the University of Delaware’s Human Subjects Review Board. All
participants’ were self-identified as right-handers and their hand-dominance was confirmed
using the ten-item Edinburgh Handedness Inventory (Oldfield 1971). All subjects were
naïve about the purpose of the study. During the experiment, one male subject had difficulty
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performing the task with his nondominant arm, exhibiting very unstable performance
compared to all other subjects. Therefore, we excluded his data from further analyses.

Experimental setup
We used a six-camera VICON motion measurement system (Oxford Metrics Ltd, UK) to
record horizontal plane motion of the two arms. Individual reflective markers were attached
to the following bony landmarks: (1) sternal notch; (2) just inferior to the lateral edge of
acromion process (shoulder); (3) lateral epicondyle of the humerus (elbow); (4) radial
styloid process (wrist); (5) distal end of the second metacarpal bone. The marker data was
sampled at 120 Hz and the 3D coordinates were reconstructed offline using the VICON
software. Reconstructed marker coordinates were filtered at 5 Hz with a bidirectional,
second-order Butterworth low-pass filter in MATLAB® (The MathWorks, MA, USA).

Subjects sat on a high-back chair at a rectangular table (122 cm × 91 cm) (Fig. 1a). Chair
height was adjusted so that the upper arm and forearm were horizontal and parallel to the
tabletop when holding the tool used to trace an elliptical template, using a power grip. The
elliptical template to be traced was drawn with chalk on the tabletop. Subjects used a (4 cm
diameter, 11 cm height) cylindrical bottle with a low friction roller to trace each template.
The side of the bottle was attached to the subject’s hand with Velcro to prevent movements
between the hand and the bottle. The position and size of the elliptical templates ensured
that subjects used their scapulae as well as the shoulder, elbow and wrist joints to move the
hand. A wide strap that encompassed the subject’s upper trunk and the chair back prevented
trunk motion. No significant trunk movement was observed, and further analyses of the
sternal marker confirmed this observation (<1 cm in both lateral and forward–backward
directions).

The size of each template was scaled to the subject’s arm length. The length of the major
axis of the elliptical template was set to 50% of each subject’s arm length (acromion to
index finger). The X coordinate of the proximal end of the elliptical template was aligned
with the subject’s shoulder (right or left, respectively). The Y coordinate of the proximal end
was positioned at a distance equivalent to 50% of the subject’s upper arm length from the
edge of the table in the forward direction. Ellipses were oriented at 45° angles to the
horizontal. In the starting position, which had the tracing implements positioned at the
proximal end of each ellipse, the experimenter measured the elbow and wrist angles of both
arms with a goniometer before each trial to ensure a constant initial arm configuration.

Procedures
The task was to trace an elliptical template with both hands simultaneously. A metronome
pulse paced the tracing movements at 2.0 Hz. Subjects were instructed to trace the template
smoothly and continuously using a symmetrical pattern of hand coordination (demonstrated
to the subject), while at the same time following a metronome beat for each 8-s trial. The
major axis of the elliptical templates had a tilt angle of either 45° toward the same side of
the body (ipsilateral) or 45° toward the opposite side of the body (contralateral) (Fig. 1b).
The elliptical template had a ratio of minor to major axis (i.e. aspect ratio) of 0.54.
Movement direction was outward (i.e. moving the dominant hand counterclockwise and
nondominant hand clockwise), which resulted in an “in-phase” or a mirror-symmetry
bimanual pattern. A dot placed midway between the two templates served as a gaze point.
Ten randomized trials of tracing each of the elliptical orientations were performed.

Data analysis
Calculation of joint angles—The 2D angle between adjacent limb segments was
calculated using a link-segment model. For example, the vector connecting the shoulder and
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the sternum markers defines the orientation of the clavicle (V1), while the vector connecting
the shoulder and elbow markers (V2) defines the orientation of the upper arm segment. The
angle between these two vectors, after normalization, defines the shoulder angle (Θsho), e.g.

(1)

Four angles in each arm were computed: scapular (clavicular) abduction–adduction,
shoulder horizontal abduction–adduction, elbow flexion–extension and wrist flexion–
extension (Fig. 2). For scapular angle, the line extending to the right side and parallel to the
frontal plane was used as the reference axis. Segment lengths were determined by
computing the vector length between each adjacent pair of joint markers.

Components of joint configuration variance—uncontrolled manifold approach
—We used the uncontrolled manifold (UCM) approach to quantify the extent to which the
nervous system uses redundant combinations of joint motions to control two different task
variables. These variables were chosen because of their importance to successful
performance of this tracing task: the movement path of each hand and the vectorial
difference (i.e. position and orientation) between the two hands. Implementation of the
UCM approach has been described in detail elsewhere (Scholz and Schöner 1999; Tseng and
Scholz 2005). The method is used to provide an operational definition of synergy in the
current context: the use of motor redundancy to achieve flexible joint coordination that
stabilizes important task-relevant parameters while, at the same time, minimizing joint
variance leading to unwanted variations of task-relevant parameters. Another feature of
synergies, the average sharing pattern among the motor elements (Latash et al. 2007), is less
characteristic and is not addressed here.

Because of motor redundancy, it is possible that subjects use different joint angle
combinations to achieve the same hand path when performing the tracing task multiple
times. At any given point during the movement, there are likely combinations of joint angles
that would result in an identical hand position while others could result in errors in hand
position. We used the UCM approach to decompose the cycle-to-cycle variation of joint
angle combinations into two components, one leading to the same hand position across
cycles at specific points of the movement and the other leading to different hand positions
across cycles. This decomposition reveals the extent to which joint variance adversely
affects each hand’s path or in the bimanual case, how it affects the relative motion (i.e.
vectorial difference) between the hands.

The first step to implement the UCM method was to define a geometric model linking the
hand’s path to joint angles. For control of each individual hand path, the geometric model
expressed the relationship between four joint angles and the X and Y coordinates of each
hand. For example, the geometric model that linked the right hand’s medial–lateral position
(XR) was expressed as a function of segmental length and joint angles on the right arm (l1
length of clavicle, l2 length of upper arm, l3 length of forearm, l4 length of hand, θ1 scapula,
θ2 shoulder, θ3 elbow, θ4 wrist).

(2)

The left hand’s medial–lateral position (XL) can be similarly expressed:
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(3)

For control of the vectorial difference (i.e., combined vector length and orientation) between
two hands, the geometric model for the left hand was subtracted from the geometric model
for the right hand, resulting in a difference in the X and Y coordinates between the two
hands.

(4)

The same computation was performed for the Y dimension, yielding a vector subtraction of
{XR, YR} − {XL, YL}. This vectorial difference represented the geometric model linking the
relative position between two hands with eight joint angles (four from each arm). We then
computed the Jacobian matrix based on the geometric model, which represents the partial
derivatives of a given task variable (e.g., XR) with respect to the joint angles. We used the
mean vector of joint angles across cycles to estimate the planned value of the task variable
for computing the Jacobian. One could assume that the hand position on the tracing template
at each time point represents the planned value of the task variable. However, determining a
joint angle combination that corresponds to a given hand position is an ill-posed problem
given motor redundancy. The null space of the Jacobian matrix provides a linear estimate of
a subspace, or the UCM, within which all joint angle combinations yield the mean value of
the task variable to which the joint angles were related by the geometric model.

For each cycle of tracing, we projected experimentally observed joint angle combinations of
each cycle at each sampled interval onto the UCM. We then computed the variance of the
projection lengths, normalizing this value to the appropriate DOFs. This measure is a
reflection of the amount of motor redundancy, i.e. reflecting the use of equivalent joint angle
combinations to achieve an identical hand path. We refer to this component as goal-
equivalent variance (GEV). Note that GEV would be zero if a system were truly
nonredundant. The variance of joint angle combinations projected onto the orthogonal
subspace that represents different values of the task variable is referred to as nongoal-
equivalent variance (NGEV).

Because GEV is a reflection of the amount of motor redundancy used, GEV ≫ NGEV was
expected with respect to control of the hand path or the vectorial difference between two
hands, presuming that these variables are important for success of this bimanual tracing task.
In contrast, if the nervous system solved the problem of coordinating multiple DOFs by
invoking additional constraints to achieve a unique solution to joint coordination, then GEV
is expected to be less than or approximately equal to NGEV, while the size of NGEV will
reflect the error in tracing the template. A large value of NGEV compared to GEV despite
successful task performance will indicate that the hypothesized variable is less crucial for
this task, although it may be important for another task.
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We also computed the relative difference, DVAR = (GEV − NGEV)/(total joint configuration
variance per DOF) to further quantify the selective use of motor redundancy, i.e. higher
GEV than NGEV (Scholz et al. 2003). Total joint configuration variance was the
experimentally observed variance of the joint angle vector across cycles at a given
normalized time point, and this value was further normalized to the number of joints (n = 4
for control of the individual hand’s position; n = 8 for control of the vectorial difference).
DVAR is the appropriate measure for statistical comparisons between control of the
individual hand paths and control of the vectorial difference between the hands, because
these hypotheses were associated with different numbers of DOFs. In this case, control of
each hand’s path was associated with only four joint motions, whereas control of the
vectorial distance between the two hands involved all eight joint motions. A high positive
DVAR indicates a more selective use of motor redundancy, i.e., higher GEV and lower
NGEV, compared to a low positive or negative value. Selective use of motor redundancy
indicates that variations of joint combinations that contribute to error compensation, i.e.
reflect motor redundancy, are allowed, whereas variations of joint combinations tending to
cause errors in the task-relevant variables, such as the hand’s path, are suppressed. To allow
such selective variation in joint space requires joint coordination.

Kinetic analyses—The moment of force acting at each joint in the horizontal plane was
determined using a dynamic link-segment model. Segmental masses, segmental center of
mass locations and moments of inertia about the vertical axes passing through the joint
centers were estimated using anthropometric data (Hanavan 1964; Winter 1979). The
dynamics equations for the four-joint manipulator were derived from the Lagrange’s
equation within the screw theory framework (Murray et al. 1994). These equations allowed
for partitioning of net joint moments (NM) into an interaction moment (IM) and a muscle
moment (MM) (see Appendix for details). The gravitational moment was zero because the
movement was restricted to the horizontal plane.

After qualitative examination of the continuous moment profiles to identify the general
organization of each component of joint moments, analyses of the sign of the moment and
the moment impulse were conducted (Sainburg and Kalakanis 2000). Intervals during which
the sign of the interaction or muscle moments were the same or opposite to that of the NM
were considered to make a positive (assisting) or negative (resisting) contributions,
respectively, to NM. The percentage of these intervals relative to total cycle time was
computed; positive or negative moment impulse (moment × time) was computed during
intervals where the IM or MM acted in the same or opposite direction compared to NM. All
positive and negative impulses were summed for each moment component within each cycle
to yield a measure of total moment impulse. We conducted the kinetic analysis for all joint
angles, but will only focus on results of the shoulder and elbow due to their primary
contribution to the task.

Other kinematic measures
Aspect ratio and tilt angle: Measures that determined the features of each hand’s tracing
path were computed following Walters and Carson (1997). An aspect ratio of 1 indicates a
perfect circle, while an aspect ratio of 0 indicates a straight line. A vertical ellipse has tilt
angle = 90°, while a horizontal ellipse would have tilt angle = 0°.

Cycle period: The time between two successive crossings of the minima in forward–
backward dimension of the hand movement determined cycle period.

Constant error: The 2D template path is reconstructed based on the center, length of major
axis and the eccentricity of the ellipse. The absolute difference between the template and the
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2D resultant  hand path is computed at each point in time. The subtraction is then
summed across time and averaged over trials to represent constant error.

Hand path variability: The standard deviation of the 2D hand path across cycles was
computed at each point in time. This measure was then averaged over time to represent the
path variability over the entire cycle for each condition.

Vector distance variability: The vectorial distance was first computed by subtracting the
two hands’ {X, Y} position, resulting in a 2D vector of relative position. The length of this
vector at each point in time could then be computed as the vector norm. The coefficient of
variation of this norm over cycles and averaged over time provided the measure of vector
length variability. We chose coefficient of variation instead of standard deviation, because
the distance between two hands varied between the two elliptical conditions.

Vector direction variability: The cosine angle of the vectorial difference represents vector
orientation. The standard deviation of this angle (in degrees) over cycles at each point in
time was calculated and then averaged over time to represent the consistency of vector
orientation relative to the horizontal line.

Angular excursion: Angular excursion of joint motions was measured as the per-cycle
difference between the maximal and minimal positions of each joint.

Statistical analyses
Repeated measures ANOVAs were performed using the SPSS software. For hypotheses
about controlling each hand’s path, a 2 × 2 × 2 design was used (arm × elliptical orientation
× variance component). For the test of the vector distance between the two hands, we used a
2 × 2 design for analysis (elliptical orientation × variance component). To determine
whether DVAR differed between interlimb and intralimb coordination, we used a 3 × 2
design (vectorial distance, nondominant hand’s path, dominant hand’s path × elliptical
orientation). Statistical tests of other kinematic and kinetic variables related to individual
hand’s motion used a 2 × 2 design (arm × elliptical orientation). To analyze variations in the
length and orientation of the vectorial distance between two hands, we used a single factor
ANOVA (elliptical orientation). Planned comparisons based on the experimental hypotheses
were also performed using the matrix structure in SPSS. Significance level was set at P <
0.05. To better understand the relationship between the selective use of motor redundancy
(DVAR) and movement performance (constant error), a Pearson correlation was conducted in
SPSS. The analysis was performed separately for each arm and elliptical orientation
combination, because we hypothesized that the arm might utilize motor redundancy
differently when encountering different magnitude of interaction moments.

Results
Task performance

The hand paths of a representative subject are shown in Fig. 3a, b. The average tilt angle of
the movement trajectory was 42.7° (±0.31°) across all subjects. There was a significant main
effect of ellipse orientation on aspect ratio (F1,8 = 19.0, P < 0.01). The aspect ratio of the
ellipse was higher (more circular) for ipsilateral tracing (0.62 ± 0.02) compared to
contralateral tracing (0.50 ± 0.03). Cycle period for contralateral tracing (580 ± 21 ms) was
slower than that for ipsilateral tracing (500 ± 17 ms) (F1,8 = 20.0, P < 0.01). There was no
difference in tilt angle, aspect ratio and cycle period between the two arms (all P > 0.1).
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To further quantify the tracing performance, constant error (Fig. 3c) of tracing was
computed based on the required hand path defined by the template. The nondominant arm
showed higher constant error than did the dominant arm (F1,8 = 20.8, P < 0.005). Constant
error was also higher when tracing the ipsilateral compared to the contralateral orientation
(F1,8 = 19.1, P < 0.005). However, these effects were primarily due to differences in
performance of the dominant arm when tracing the contralateral ellipse; constant error was
smallest when the dominant (right) arm performed the contralateral tracing compared to all
other conditions (constant error: F1,8 = 8.5, P < 0.05).

Variability of each hand’s path
We found a significant main effect of arm (F1,8 = 17.0, P < 0.005), indicating that the
nondominant hand’s path was more variable than that of the dominant hand regardless of the
ellipsis orientation (Fig. 3d). Both hands’ paths were more variable when tracing the
contralaterally compared to the ipsilaterally oriented ellipse, supported by a significant main
effect of elliptical orientation (F1,8 = 13.1, P < 0.01). The interaction of arm by elliptical
orientation was not significant (P > 0.5).

Variability of relative motion between the hands
Stability of the vectorial distance between the two hands was characterized by the
coefficient of variation of vector length and SD of vector orientation. There was a main
effect of elliptical orientation when considering both vector length (F1,8 = 31.5, P = 0.001)
and vector orientation (F1,8 = 49.6, P < 0.001). Both vector length (coefficient of variation
31 ± 1.4% vs. 22 ± 1.9%) and vector orientation (SD 10.6° ± 0.9° vs. 5.9° ± 0.9°) varied
more when tracing the ipsilaterally compared to the contralaterally oriented ellipse.

Kinetic analysis
The kinetic analysis was performed to corroborate previously described differences in joint
dynamics when tracing a contralateral versus an ipsilateral elliptical pattern (Dounskaia et
al. 2002). For all of the variables we examined, there were no effects associated with the arm
(P > 0.1). Figure 4 illustrates that the IM was larger and less smooth at the elbow when
tracing the contralateral compared to the ipsilateral elliptical template, whereas the opposite
appeared to be true for the shoulder joint. The primary contribution to NM was from MM
(≥80% cycle period) (Fig. 5a). The exception was for the elbow joint, which, when
considering the percentage of the cycle during which IM contributed to NM, had a larger
positive IM interval during contralateral tracing compared to ipsilateral tracing (F1,8 = 63.7,
P < 0.001) (Fig. 5b). In contrast, the interval during which IM assisted the shoulder joint did
not depend on the orientation of the ellipse (P > 0.1). The analysis of moment impulse
showed that higher MM at the shoulder (F1,8 = 77.5, P < 0.001, Fig. 6a) was accompanied
by higher IM impulse at the elbow (F1,8 = 75.0, P < 0.001, Fig. 6b) during tracing in the
contralateral direction. In contrast, MM impulse was higher at the elbow during ipsilateral
compared to contralateral elliptical tracing (F1,8 = 87.6, P < 0.001, Fig. 6a).

Joint excursion
Shoulder excursion was significantly larger when tracing the contralaterally (38.2° ± 2.2°)
compared to the ipsilaterally oriented ellipse (21.3° ± 0.8°) (F1,8 = 81.3, P < 0.001). In
contrast, elbow excursion was significantly larger when tracing the ipsilaterally (54.1° ±
2.6°) compared to the contralaterally (45.1° ± 2.5°) oriented ellipse (F1,8 = 24.0, P = 0.001).
Compared to the shoulder and elbow excursions, excursions of scapula (9.4° ± 0.7°) and
wrist (8.9° ± 0.6°) were smaller. However, there was a significant main effect of orientation,
indicating that scapular excursion was larger during contralateral compared to ipsilateral
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tracing (F1,8 = 108.2, P < 0.001). Angular excursions did not differ between the arms (P >
0.1).

Use of motor redundancy
Control of the individual hand path—There was a significant effect of variance
component (F1,8 = 48.5, P < 0.001), indicating that GEV was larger than NGEV overall,
reflecting the use of motor redundancy to control the individual hand paths (Fig. 7).
Although a number of effects were interesting, including more overall joint variance (F1,8 =
7.3, P < 0.05) and larger NGEV (F1,8 = 7.5, P < 0.05) for the nondominant compared to the
dominant arm, and a trend toward higher overall joint variance when tracing the
contralateral pattern (P = 0.06), the effect of primary relevance to our hypothesis was in the
interaction between arm, orientation and variance component.

This interaction was significant (F1,8 = 5.3, P = 0.05), leading us to make additional
comparisons. They revealed that control of the dominant hand’s path was associated with
higher GEV when tracing the contralateral compared to the ipsilateral pattern (F1,8 = 5.4, P
< 0.05, Fig. 7, Dominant). NGEV underlying control of the dominant hand’s movement path
did not differ between elliptical orientations (P > 0.5). These results suggest that the
dominant hemisphere was able to take greater advantage of available motor redundancy in
the face of higher elbow interaction moment when tracing the contralateral pattern. For
control of the nondominant hand’s path, GEV did not differ between elliptical orientations
(P > 0.5), whereas NGEV was higher when tracing the contralateral compared to the
ipsilateral pattern (Fig. 7, Nondominant) (F1,8 = 8.1, P < 0.05). These results suggest that the
nondominant arm did not fully compensate for the higher interaction moment associated
with tracing the contralateral ellipse, which adversely affected task-relevant coordination
(i.e., higher NGEV).

Control of relative motion between the hands—There was a significant main effect
of variance component (F1,8 = 44.3, P < 0.001) reflecting higher GEV than NGEV related to
control of the vectorial distance between the hands (Fig. 7). A significant interaction
between ellipse orientation and variance component was also found (F1,8 = 5.7, P < 0.05).
This effect indicated a small increase of NGEV related to control of vectorial difference
when tracing ipsilaterally oriented ellipses (F1,8 = 7.3, P < 0.05). GEV did not differ
between orientations (P > 0.2). Thus, control of the vectorial distance between the two arms
took advantage of the available of joint motions, although this difference was less stable
when tracing ipsilaterally oriented ellipses.

Comparison between intralimb and interlimb coordination (DVAR)—Higher
DVAR indicates more selective use of motor redundancy, i.e., higher GEV relative to NGEV.
A significant interaction between the level of coordination (i.e., control of the vectorial
difference or the individual hand paths) and ellipse orientation was found (F2,16 = 5.7, P <
0.05). Post-hoc contrasts revealed that DVAR related to control of the vectorial difference
(interlimb coordination) was higher when tracing the contralateral (0.95 ± 0.04) versus
ipsilateral (0.82 ± 0.05) elliptical pattern (F1,8 = 13.4, P < 0.01). During contralateral
tracing, DVAR related to control of the vectorial difference (0.95 ± 0.04) was higher than that
related to control of the nondominant hand’s path (0.59 ± 0.13; F1,8 = 10.4, P < 0.05), but
not for control of the dominant hand’s path (0.77 ± 0.12; P > 0.1). In contrast, there were no
significant differences in DVAR between the different levels of coordination when
examining ipsilateral elliptical tracing (interlimb 0.82 ± 0.05, nondominant 0.90 ± 0.07, P >
0.4; dominant 0.66 ± 0.09, P > 0.1). These results indicate that control of the relative motion
between the two hands was more stable compared to control of the nondominant hand’s path
when movements involved higher interaction moments. Interlimb and intralimb control did
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not differ when movements involved smaller interaction moments, as observed during
ipsilateral tracing.

Correlation analysis—A correlation analysis was conducted to better understand whether
selectively utilizing motor redundancy would affect the tracing performance. We chose
constant error as an objective measure of performance, because it represented the average
deviation of hand path from the template. We found significant correlation between DVAR
and constant error only for the dominant arm’s contralateral tracing (r = −0.9, P = 0.001).
This analysis was not significant for other conditions (P > 0.5).

Discussion
We investigated the effect of interaction forces on the arm’s use of motor redundancy to
control individual hand paths and to control the relative motion between the hands when
participants performed a bimanual tracing task. The use of motor redundancy was found to
be a feature of control (i.e. GEV ≫ NGEV). However, the extent of this usage differed
depending on the arm and tracing condition. For control of individual hand paths, the
dominant arm demonstrated greater use of motor redundancy when interaction forces were
high, whereas the magnitude of interaction forces had no effect on the component of joint
variance associated with hand path error. These results support the hypothesis that motor
redundancy may be used to compensate for the effect of interaction forces on the hand’s
path. In contrast, the magnitude of the interaction force had no effect on the use of motor
redundancy in the nondominant arm. Instead, higher interaction forces led to a greater
amount of joint variance associated with hand path error. Thus, the nondominant hemisphere
exhibited poorer decoupling of joint space (see below) needed to take advantage of the
available motor redundancy when there were higher interaction forces compared to the
dominant arm. Despite these arm differences, however, the vectorial distance between the
hands was still stabilized, indicating that the synergy organizing interlimb coordination had
precedence over the intralimb synergies in this task. We will discuss the details of these
findings below.

Intralimb synergy
Our results indicate that tracing a contralaterally oriented ellipse resulted in greater hand
path variability compared to ipsilaterally oriented tracing, suggesting that higher interaction
forces posed a greater challenge to control of the hand’s movements. Nonetheless, as
summarized above, the greater challenge posed by higher interaction forces during
contralateral tracing was associated with differences in each arm’s joint coordination and
tracing performance; the dominant arm exhibited a more selective use of motor redundancy
and lower constant error than did the nondominant arm. These results provide preliminary
evidence that the use of “redundant” joint motions, or motor redundancy, may help
compensate for the potentially adverse effect of interaction forces on performance. In
contrast, the increase in the component of joint variance associated with hand path error in
the nondominant arm when encountering higher interaction forces was associated with
higher constant error compared to the dominant arm. The results suggest that this synergy
was stronger in the dominant arm, even though both arms exhibited flexibility in joint
coordination associated with the intralimb synergy. This arm difference was likely due to
more effective joint space decoupling by the dominant hemisphere (see below, Martin et al.
2008; Scholz and Kubo 2008), resulting in better error compensation (Latash et al. 2003).

Intralimb versus interlimb synergy
In this bimanual task, control of the relative motion between the two hands was an important
task requirement in addition to control of individual hand motion. It is perhaps surprising
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that the variability of the vectorial distance between the two hands was lower during
contralateral tracing, even though the individual hand paths were more variable, compared
to ipsilateral tracing. Consistent with this finding was that the interlimb synergy during
contralateral tracing exhibited more selective use of motor redundancy (i.e. higher DVAR)
compared to ipsilateral tracing. This finding suggests that the joint variance within
individual limbs is related, in part, to an effort to maintain a more stable interlimb coupling
(Kazennikov et al. 1994; Wiesendanger et al. 1994; Wiesendanger and Serrien 2001;
Kazennikov et al. 2002). Neurophysiologic studies have suggested that producing bimanual
movements requires additional neural resources compared to producing single arm actions
(Kermadi et al. 1998; Donchin et al. 2001). Thus, it is possible that the bimanual synergy
represents a higher level control that involves neural activations across two hemispheres
compared to the unimanual synergy where neural control may be limited within one
hemisphere. Interactions between the cerebral hemispheres through the corpus callosum
provide a possible link of movement planning and/or movement organization for the two
intralimb synergies (Franz et al. 1996; Diedrichsen et al. 2003). Therefore, stable bimanual
coordination may be achieved by a higher order synergy by which the nervous system links
joint movements of the two limbs together to achieve a stable relationship between the two
hands. Such interlimb synergies should be considered as separate from the two intralimb
synergies that underlie the control of the individual hand’s movement. This conclusion is
consistent with recent investigations of multijoint, multihand force control synergies. Those
authors showed that there was a strong synergy uniting the fingers to stabilize the total force
output during one-hand tasks. However, during a two-hand force production task, the
intralimb synergies were weak, while the interlimb synergy was strong (Gorniak et al.
2007b). When subjects were instructed to switch from a one-hand task to a two-hand task,
the interlimb synergy emerged while the previously strong intralimb synergy disappeared
(Gorniak et al. 2007a).

We do not mean to imply that the stability of an interlimb synergy always takes precedence
over intralimb synergies, however. The nature of synergies ought to be flexible and context-
dependent to deal with the complexities of environmental interactions and limb dynamics.
One study provides one example where maintaining a stable interlimb synergy is not
possible due to task difficulty, in which case the intralimb synergy apparently takes
precedence (Buchanan and Ryu 2006). They demonstrated that spontaneous polyrhythmic
coordination emerged when the two arms were put in quite disparate tracing conditions,
leading to better control of individual limb motions. On the other hand, results from the
same laboratory under a different context reported the opposite trade-off in favor of the
interlimb synergy (Ryu and Buchanan 2004; Buchanan and Ryu 2005). The elliptical tracing
task studied here involved a relatively stable bimanual pattern in the absence of pattern
switching and results indicate that the interlimb synergy took precedence over individual
intralimb synergies.

When considering differences between intralimb and interlimb coordination, recruiting more
joint motions might have advantages. For contralateral tracing, control of the relative
movement between the two hands was associated with a stronger synergy (i.e. increased use
of motor redundancy as evidenced by higher DVAR) compared to control of the
nondominant hand’s path. This was true even though the interlimb coordination involved
more joint motions (eight vs. four). Therefore, having to coordinate a larger number of joints
does not necessarily pose a greater challenge to the nervous system if the additional DOFs
can be used to provide greater flexibility of task control. How well additional DOFs can be
used to enhance control likely depends on the nature of the task, and there may be a limit
beyond which the disadvantage of coordinating multiple DOFs outweighs its advantages, an
issue requiring further study.
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Dominant versus nondominant arm differences
A difference in skill between the dominant and nondominant arms is a classically described
motor asymmetry (Hildreth 1949; Flowers 1975). Consistent with previous studies on
bimanual rhythmic tasks, we found that tracing movements produced by the nondominant
arm were more variable (Franz et al. 2002; Ryu and Buchanan 2004) and showed more
deviations in shape (Semjen et al. 1995; Franz et al. 2002) compared to movements
produced by the dominant arm. Unlike previous reports (Wuyts et al. 1996; Carson et al.
1997), we did not find speed-related differences between the arms in this experiment,
indicating that the observed differences in kinematics could not be explained by slowing
down of the nondominant arm. A recent imaging study provided neurophysiological
evidence that the performance asymmetry may be associated with different sensorimotor
processing ability between the two hemispheres when the task involves constant visual
monitoring of movement trajectories (Lavrysen et al. 2008). Coordinated eye–hand
movements of the nondominant arm were associated in that study with higher activations in
the sensorimotor and frontal areas as well as the cerebellum when compared with neural
activations associated with generating eye or hand movements alone. On the other hand,
coordinated movements of the dominant arm only involved stronger activations in the
occipital cortex (Lavrysen et al. 2008). This finding is consistent with the idea that dominant
arm movements require less attention. When participants were asked to selectively attend to
one arm’s movement during a bimanual drawing task, the dominant arm’s movements
remained similar, whereas the nondominant arm’s drawing performance largely depended
on the shift of visual attention, showing less shape deviations when attention was directed to
this arm (Wuyts et al. 1996). Similar findings of shifting visual attention have also been
reported in a rhythmic task that did not involve the formation of a drawing trajectory
(Amazeen et al. 1997). Therefore, perceptual factors, such as shift of visual attention, may
enhance the arm-related differences in bimanual tasks because of inherent differences in the
ability to process visuomotor information associated with each arm.

Wang and Sainburg proposed that the two arms and their controllers are functionally
different (Wang and Sainburg 2007). Presumably, the dominant controller can more
efficiently coordinate muscle activity with interaction forces to generate the planned hand
path (Sainburg and Kalakanis 2000; Bagesteiro and Sainburg 2002; Sainburg 2002). On the
other hand, the nondominant controller appears to be more accurate at controlling final
reaching positions (Wang and Sainburg, 2007) by generating effective terminal corrections
(Duff and Sainburg 2007). Unlike their results, however, we did not find differences in the
amount of muscle and interaction moments between the dominant and nondominant arms in
the current study. The discrepancy in findings may be accounted for by several factors. First,
Sainburg and coworkers studied discrete reaching movements, while we studied a rhythmic
tracing task. Rhythmic movements are not a series of linked discrete movements (Teeken et
al. 1996; Wei et al. 2003; Sternad 2007), and the two types of movements appear to involve
different neural circuits (Schaal et al. 2004). Many features of manual asymmetries based on
aiming movements (Elliott et al. 2001) cannot be readily applied to rhythmic movements,
because such tasks do not involve planning of distinctive onset and termination. Secondly,
moving bimanually may also assimilate some kinematic features of the two hands (Kelso et
al. 1979). This “assimilation” could lead to similarities in joint dynamics, which is
consistent with the current finding. Thirdly, a tracking task does not require stabilization of a
single “terminal position,” different from aimed reaching where end-point accuracy is
crucial to achieving task success. Instead, constant monitoring to ensure that each hand stays
on the required template is important for these tracing movements. Because we do not yet
fully understand how these candidate factors contribute to arm-related differences in joint
dynamics, we cannot conclude whether or not our results support the dynamic dominance
hypothesis (Sainburg 2002). Nonetheless, we found that the dominant arm showed a better
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ability to perform the task when the two arms encountered the same interaction moments,
which is consistent with this hypothesis.

Timing versus spatial control
Alternatively, the measured UCM differences related to intralimb versus interlimb
coordination could reflect previously proposed differences between spatial and temporal
levels of control (Schöner 1995). The intralimb synergy in the current task had both a spatial
and temporal component; the hand was required to trace a specified template while at the
same time maintaining temporal coordination with the metronome. Coordination between
the hands, however, largely required a temporal constraint: to maintain a consistent relative
timing between the two hands’ motions regardless of each hand’s path. The higher
interaction moment may affect primarily the spatial aspect of intralimb synergy, which was
reflected by the analysis related to control of each hand’s path, with minimal effect on the
temporal aspect. This would be consistent with the finding of stronger interlimb synergy
compared to the nondominant arm’s intralimb synergy during contralateral tracing, although
the current analysis did not directly address movement timing. Future efforts should explore
UCM-related methods that examine temporal structure more thoroughly.

Unresolved Issues
In this study, the correspondence between the magnitudes of NGEV and actual hand path
variability provided some unexpected results and call for further study into the joint variance
—hand path variance relationship. In general, higher NGEV is expected to be associated
with higher hand path variability. Such a correspondence has been supported in previous
studies of neurologically normal and patient populations (e.g., Reisman and Scholz 2003;
Tseng et al. 2003). When comparing the two arms, both NGEV and hand path variability
were higher for the nondominant arm. However, the relationship was more complicated
when comparing across ellipse orientations for a given arm. For the left, nondominant arm,
both NGEV and hand path variability were higher when the elbow interaction moment was
high. In contrast, the increase in right hand path variability when tracing the contralateral
pattern was associated with a smaller and nonsignificant increase in NGEV. This finding
highlights the inherently nonlinear nature of the relationship between joint variance and
hand path variability and its known dependence on limb geometry (Scholz and Schöner
1999). Thus, future studies will need to minimize differences in arm geometry between
conditions designed to examine different effects of interaction moments.

We predicted that subjects would use motor redundancy to compensate for errors due to
high elbow interaction moment, which can lead to unwanted hand path deviations unless
compensated by changes at other joints (i.e. error compensation). Interestingly, GEV in the
nondominant arm was always higher than that in the dominant arm, even though it did not
change between directions of tracing. Greater nondominant arm GEV, however, does not
necessarily imply better use of redundancy. Specifically, improved task performance occurs
only when GEV is accompanied by relatively low NGEV, as observed for control of the
dominant arm. That is, skilled action that takes advantage of the flexibility requires a
decoupling of joint space to ensure that joint variations that would lead to error in the
performance-related parameters are resisted while at the same time allowing for variations
that provide for error compensation (Martin et al. 2008; Scholz and Kubo 2008). This
mechanism requires a significant degree of joint coordination. The failure to restrict the
amount of NGEV while at the same time allowing for higher GEV reflects poorer joint
space decoupling in the nondominant arm.

We noted that the amount of motor redundancy in the dominant arm during contralateral
tracing was greater than that for ipsilateral tracing. Two factors may explain this difference.
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First, the elbow interaction moment was lower during ipsilateral tracing (Dounskaia et al.
2002). Thus, there simply may be less need for error compensation. Second, ipsilateral
tracing appears to be kinematically more complex than contralateral tracing. During
contralateral tracing, the relative motion of the shoulder and elbow joints exhibits an
elliptical pattern, being coupled in a near-linear fashion throughout most of the motion. That
is, shoulder abduction is primarily coupled with elbow flexion and shoulder adduction with
elbow extension (Fig. 8, top panels). Exceptions occur near the motion reversals. In contrast,
the shoulder–elbow motion trajectory for ipsilateral tracing (Fig. 8, bottom panels) is more
circular with more frequent reversals between shoulder abduction–elbow extension and vice
versa. This fact is also illustrated by principal component (PC) analysis performed on the
joint data. For contralateral tracing, two PCs explained over 90% of the joint variance with
the first PC accounting for at least 75% of the variance. In contrast, for ipsilateral tracing,
three PCs were required to explain over 90% of the variance and the first PCs accounted for
<65% of the variance. Thus, the component of the arm synergy reflecting the general
“sharing” of motion among the joints (Latash et al. 2003) appears to be more complicated
for ipsilateral tracing. This may have posed more challenges to control and coordination
during ipsilateral tracing, which is independent of the interaction moment magnitude. Future
work will require a different design to change the contribution of muscle versus interaction
moments within the context of a more identical movement pattern.

Appendix
To compute the equations of motion, the Lagrangian of the arm was formulated in terms of
joint angles and joint velocities, and then solved analytically using Mathematica® 5.0
(Wolfram Research, Inc.). The general formulation of equations of motion can be
represented as

(5)

where H(θ, θ ̇) is a combination of Coriolis and centrifugal forces acting at each joint and its
magnitude depends on the motion and position of other joints. τmuscle is the generalized
muscle moment (MM) that includes active muscle activity and passive forces arising from
the viscoelastic properties of muscles, tendons, ligaments and periarticular soft tissues.
There is no gravitational moment, since movement is constrained in a horizontal plane. M(θ)
is a 4 × 4, configuration-dependent inertial matrix; θ ̈, θ ̇ and θ are the vectors of joint
acceleration, velocity and angle, respectively. The inertial matrix M(θ) has diagonal entries
corresponding to the inertia of a given segment of interest and off-diagonal entries capturing
the effect on each joint based on the acceleration of the other joints. By separating out the
two components of the inertial matrix, Md(θ) and Mnd(θ), Eq. 5 can be written as:

(6)

Equation 6 can be further represented as the following, by grouping the appropriate terms
for interaction moments

(7)

The net moment (NM) is proportional to joint acceleration and is directly responsible for
motion of this joint. IM is the interaction moment that depends on mutual interactions with
the other joints. MM represents the generalized muscle moment.
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The individual terms of the M and H matrices are listed below. Note that the diagonal terms
are M1,1, M2,2, M3,3, M4,4, while the off diagonal terms are Mi,j, where i ≠ j; i and j = 1, 2, 3,
4. The same arrangement applies to the H matrix. Notation: θi angle of the ith joint; li length
of the ith segment; ri position of the center of mass of the ith joint from the proximal end of
that segment; mi mass of the ith segment; Ii moment of inertia of the ith segment. The
number representing each arm segment and joint angle (in parentheses): 1 clavicle (scapula);
2 upper arm (shoulder); 3 forearm (elbow); 4 hand (wrist).

Tseng et al. Page 16

Exp Brain Res. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tseng et al. Page 17

Exp Brain Res. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
The project was supported by grant number NS050880 from the National Institute of Neurological Disorders and
Stroke. We also thank Valere Martin for his help on deriving the dynamics equations.

References
Amazeen EL, Amazeen PG, Treffner PJ, Turvey MT. Attention and handedness in bimanual

coordination dynamics. J Exp Psychol Hum Percept Perform. 1997; 23:1552–1560.

Tseng et al. Page 18

Exp Brain Res. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bagesteiro LB, Sainburg RL. Handedness: dominant arm advantages in control of limb dynamics. J
Neurophysiol. 2002; 88:2408–2421. [PubMed: 12424282]

Bastian AJ, Martin TA, Keating JG, Thach WT. Cerebellar ataxia: abnormal control of interaction
torques across multiple joints. J Neurophysiol. 1996; 76:492–509. [PubMed: 8836239]

Beer RF, Dewald JPA, Rymer WZ. Deficits in the coordination of multijoint arm movements in
patients with hemiparesis: evidence for disturbed control of limb dynamics. Exp Brain Res. 2000;
131:305–319. [PubMed: 10789946]

Bernstein, NA. The coordination and regulation of movements. Pergamon Press; London: 1967.
Buchanan JJ, Ryu YU. The interaction of tactile information and movement amplitude in a multijoint

bimanual circle-tracing task: phase transitions and loss of stability. Q J Exp Psychol A. 2005;
58:769–787. [PubMed: 16194935]

Buchanan JJ, Ryu YU. One-to-one and polyrhythmic temporal coordination in bimanual circle tracing.
J Mot Behav. 2006; 38:163–184. [PubMed: 16709558]

Carson RG, Thomas J, Summers JJ, Walters MR, Semjen A. The dynamics of bimanual circle
drawing. Q J Exp Psychol A. 1997; 50:664–683. [PubMed: 9314729]

Cole KJ, Abbs JH. Coordination of three-joint digit movements for rapid finger-thumb grasp. J
Neurophysiol. 1986; 55:1407–1423. [PubMed: 3734863]

Crosby CA, Wehbe MA, Mawr B. Hand strength: normative values. J Hand Surg [Am]. 1994; 19:665–
670.

Cruse H, Wischmeyer E, Bruwer M, Brockfeld P, Dress A. On the cost functions for the control of the
human arm movement. Biol Cybern. 1990; 62:519–528. [PubMed: 2357475]

Desmurget M, Prablanc C. Postural control of three-dimensional prehension movements. J
Neurophysiol. 1997; 77:452–464. [PubMed: 9120586]

Diedrichsen J, Hazeltine E, Nurss WK, Ivry RB. The role of the corpus callosum in the coupling of
bimanual isometric force pulses. J Neurophysiol. 2003; 90:2409–2418. [PubMed: 14534269]

Domkin D, Laczko J, Jaric S, Johansson H, Latash ML. Structure of joint variability in bimanual
pointing tasks. Exp Brain Res. 2002; 143:11–23. [PubMed: 11907686]

Domkin D, Laczko J, Djupsjobacka M, Jaric S, Latash ML. Joint angle variability in 3D bimanual
pointing: uncontrolled manifold analysis. Exp Brain Res. 2005; 163:44–57. [PubMed: 15668794]

Donchin O, Gribova A, Steinberg O, Bergman H, Cardoso de Oliveira S, Vaadia E. Local field
potentials related to bimanual movements in the primary and supplementary motor cortices. Exp
Brain Res. 2001; 140:46–55. [PubMed: 11500797]

Dounskaia N, Ketcham CJ, Stelmach GE. Commonalities and differences in control of various
drawing movements. Exp Brain Res. 2002; 146:11–25. [PubMed: 12192573]

Duff SV, Sainburg RL. Lateralization of motor adaptation reveals independence in control of
trajectory and steady-state position. Exp Brain Res. 2007; 179:551–561. [PubMed: 17171336]

Elliott D, Helsen WF, Chua R. A century later: Woodworth’s (1899) two-component model of goal-
directed aiming. Psychol Bull. 2001; 127:342–357. [PubMed: 11393300]

Flowers K. Handedness and controlled movement. Br J Psychol. 1975; 66:39–52. [PubMed: 1131479]
Franz EA, Eliassen JC, Ivry RB, Gazzaniga MS. Dissociation of spatial and temporal coupling in the

bimanual movements of callosotomy patients. Psychol Sci. 1996; 7:306–310.
Franz EA, Rowse A, Ballantine B. Does handedness determine which hand leads in a bimanual task? J

Mot Behav. 2002; 34:402–412. [PubMed: 12446253]
Gelfand, IM.; Tsetlin, ML. On mathematical modeling of the mechanisms of the central nervous

system. Nauka; Moscow: 1969.
Ghez C, Gordon J, Ghilardi MF. Impairments of reaching movements in patients without

proprioception. II. Effects of visual information on accuracy. J Neurophysiol. 1995; 73:361–372.
[PubMed: 7714578]

Gorniak S, Zatsiorsky VM, Latash ML. Emerging and disappearing synergies in a hierarchically
controlled system. Exp Brain Res. 2007a; 183:259–270. [PubMed: 17703288]

Gorniak S, Zatsiorsky VM, Latash ML. Hierarchies of synergies: an example of two-hand, multi-
finger tasks. Exp Brain Res. 2007b; 179:167–180. [PubMed: 17103206]

Tseng et al. Page 19

Exp Brain Res. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hanavan, EP. A mathematical model of the human body. AMRL-TR–102. Aerospace Medical
Research Laboratory, Wright–Patterson Air Force Base; Ohio: 1964. Inertial properties of a 50th
percentile male.

Hildreth G. The development and training of hand dominance; developmental tendencies in
handedness. J Genet Psychol. 1949; 75:221–275. [PubMed: 15403675]

Kazennikov O, Wicki U, Corboz M, Hyland B, Palmeri A, Rouiller EM, Wiesendanger M. Temporal
structure of a bimanual goal-directed movement sequence in monkeys. Eur J Neurosci. 1994;
6:203–210. [PubMed: 8167842]

Kazennikov O, Perrig S, Wiesendanger M. Kinematics of a coordinated goal-directed bimanual task.
Behav Brain Res. 2002; 134:83–91. [PubMed: 12191795]

Kelso JAS, Southard DL, Goodman D. On the coordination of two-handed movements. J Exp Psychol
Hum Percept Perform. 1979; 2:229–238. [PubMed: 528935]

Kermadi I, Liu Y, Tempini A, Calciati E, Rouiller EM. Neuronal activity in the primate supplementary
motor area and the primary motor cortex in relation to spatio-temporal bimanual coordination.
Somatosens Mot Res. 1998; 15:287–308. [PubMed: 9875547]

Krishnamoorthy V, Yang JF, Scholz JP. Joint coordination during quiet stance: effects of vision. Exp
Brain Res. 2005; 164:1–17. [PubMed: 15841397]

Latash M. There is no motor redundancy in human movements. There is motor abundance. Mot
Control. 2000; 4:259–260.

Latash ML, Scholz JF, Danion F, Schöner G. Finger coordination during discrete and oscillatory force
production tasks. Exp Brain Res. 2002; 146:419–432. [PubMed: 12355270]

Latash ML, Danion F, Scholz JP, Zatsiorsky VM, Schöner G. Approaches to analysis of handwriting
as a task of coordinating a redundant motor system. Hum Mov Sci. 2003; 22:153–171. [PubMed:
12667747]

Latash ML, Scholz JP, Schöner G. Toward a new theory of motor synergies. Mot Control. 2007;
11:276–308.

Lavrysen A, Heremans E, Peeters R, Wenderoth N, Helsen WF, Feys P, Swinnen SP. Hemispheric
asymmetries in eye-hand coordination. Neuroimage. 2008; 39:1938–1949. [PubMed: 18053745]

Li Y, Levin O, Forner-Cordero A, Swinnen SP. Interactions between interlimb and intralimb
coordination during the performance of bimanual multijoint movements. Exp Brain Res. 2005;
163:515–526. [PubMed: 15657696]

Martin V, Scholz JP, Schöner G. Redundancy, self-motion and motor control. Neural Comput. 2008 in
press.

McDonald PV, van Emmerik RE, Newell KM. The effects of practice on limb kinematics in a
throwing task. J Mot Behav. 1989; 21:245–264. [PubMed: 15136263]

Murray, R.; Li, Z.; Sastry, SS. A mathematical introduction to robotic manipulation. CRC Press; Boca
Raton: 1994.

Oldfield RC. The assessment and analysis of handedness: the Edinburgh Inventory. Neuropsychologia.
1971; 9:97–113. [PubMed: 5146491]

Reisman DS, Scholz JP. Aspects of joint coordination are preserved during pointing in persons with
post-stroke hemiparesis. Brain. 2003; 126:2510–2527. [PubMed: 12958080]

Ryu YU, Buchanan JJ. Amplitude scaling in a bimanual circle-drawing task: pattern switching and
end-effector variability. J Mot Behav. 2004; 36:265–279. [PubMed: 15262623]

Sainburg RL. Evidence for a dynamic-dominance hypothesis of handedness. Exp Brain Res. 2002;
142:241–258. [PubMed: 11807578]

Sainburg RL, Kalakanis D. Differences in control of limb dynamics during dominant and nondominant
arm reaching. J Neurophysiol. 2000; 83:2661–2675. [PubMed: 10805666]

Sainburg RL, Ghilardi MF, Poizner H, Ghez C. Control of limb dynamics in normal subjects and
patients without proprioception. J Neurophysiol. 1995; 73:820–835. [PubMed: 7760137]

Schaal S, Sternad D, Osu R, Kawato M. Rhythmic arm movement is not discrete. Nat Neurosci. 2004;
7:1136–1143. [PubMed: 15452580]

Scholz JP, Kubo M. Implications of research on motor redundancy for rehabilitation of neurological
patients. Jpn Phys Ther J. 2008 in press.

Tseng et al. Page 20

Exp Brain Res. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scholz JP, Schöner G. The uncontrolled manifold concept: identifying control variables for a
functional task. Exp Brain Res. 1999; 126:289–306. [PubMed: 10382616]

Scholz JP, Reisman D, Schöner G. Effects of varying task constraints on solutions to joint coordination
in a sit-to-stand task. Exp Brain Res. 2001; 141:485–500. [PubMed: 11810142]

Scholz JP, Kang N, Patterson D, Latash ML. Uncontrolled manifold analysis of single trials during
multi-finger force production by persons with and without Down syndrome. Exp Brain Res. 2003;
153:45–58. [PubMed: 12928761]

Schöner G. Recent developments and problems in human movement science and their conceptual
implications. Ecol Psychol. 1995; 7:291–314.

Schwartz AB, Moran DW. Arm trajectory and representation of movement processing in motor
cortical activity. Eur J Neurosci. 2000; 12:1851–1856. [PubMed: 10886326]

Semjen A, Summers JJ, Cattaert D. Hand coordination in bimanual circle drawing. J Exp Psychol Hum
Percept Perform. 1995; 21:1139–1157.

Sternad, D. Towards a unified theory for rhythmic and discrete movements-behavioral, modeling and
imaging results. In: Fuchs, A.; Jirsa, V., editors. Coordination: neural, behavioral and social
dynamics. Springer; New York: 2007. p. 105-136.

Teeken JC, Adam JJ, Paas FG, van Boxtel MP, Houx PJ, Jolles J. Effects of age and gender on discrete
and reciprocal aiming movements. Psychol Aging. 1996; 11:195–198. [PubMed: 8795047]

Tseng YW, Scholz JP. Unilateral vs. bilateral coordination of circle-drawing tasks. Acta Psychol
(Amst). 2005; 120:172–198. [PubMed: 15939387]

Tseng Y, Scholz JP, Schöner G. Goal-equivalent joint coordination in pointing: effect of vision and
arm dominance. Mot Control. 2002; 6:183–207.

Tseng Y, Scholz JP, Schöner G, Hotchkiss L. Effect of accuracy constraint on joint coordination
during pointing movements. Exp Brain Res. 2003; 149:276–288. [PubMed: 12632230]

Tseng Y, Scholz JP, Martin V. Effects of movement frequency and joint kinetics on the joint
coordination underlying bimanual circle drawing. J Mot Behav. 2006; 38:383–404. [PubMed:
16968684]

Vereijken B, Whiting HTA, Newell KM, van Emmerik RE. Free(z)ing degrees of freedom in skill
acquisition. J Mot Behav. 1992; 24:133–142.

Walters MR, Carson RG. A method for calculating the circularity of movement trajectories. J Mot
Behav. 1997; 29:72–84. [PubMed: 20037010]

Wang J, Sainburg RL. The dominant and nondominant arms are specialized for stabilizing different
features of task performance. Exp Brain Res. 2007; 178:565–570. [PubMed: 17380323]

Wei K, Wertman G, Sternad D. Interactions between rhythmic and discrete components in a bimanual
task. Mot Control. 2003; 7:134–154.

Wiesendanger M, Serrien DJ. Toward a physiological understanding of human dexterity. News
Physiol Sci. 2001; 16:228–233. [PubMed: 11572927]

Wiesendanger M, Kaluzny P, Kazennikov O, Palmeri A, Perrig S. Temporal coordination in bimanual
actions. Can J Physiol Pharmacol. 1994; 72:591–594. [PubMed: 7954090]

Winter, DA. Biomechanics of human movement. Wiley; New York: 1979.
Wuyts IJ, Summers JJ, Carson RG, Byblow WD, Semjen A. Attention as a mediating variable in the

dynamics of bimanual coordination. Hum Mov Sci. 1996; 15:877–897.
Yang JF, Scholz JP. Learning a throwing task is associated with differential changes in the use of

motor abundance. Exp Brain Res. 2005; 163:137–158. [PubMed: 15657698]

Tseng et al. Page 21

Exp Brain Res. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Illustration of the experimental setup: a view from the right side; b the arrangement of the
ellipse template. Arrows indicate hand movement direction. See text for details
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Fig. 2.
Illustration of joint angle calculation for the dominant arm: scapular abduction–adduction;
shoulder horizontal abduction–adduction; elbow flexion–extension; wrist flexion–extension.
The same arrangement applies to the nondominant arm
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Fig. 3.
Hand path from one representative subject during (a) contralateral and (b) ipsilateral
elliptical tracing; (c) constant error and (d) hand path standard deviation for each tracing
condition. Error bars are standard errors of the mean (SEM)
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Fig. 4.
Example components of the individual moments at the shoulder (a, b) and elbow (c, d)
during contralateral and ipsilateral tracing. Data from a representative subject is shown.
Positive values indicate joint abduction or extension; negative values indicate joint
adduction or flexion
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Fig. 5.
Mean percent of movement cycle during which (a) muscle and (b) interaction moments
assisted NM at the shoulder and elbow joints. Interval is expressed as a percentage of the
cycle period. Error bars are SEM
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Fig. 6.
Mean (a) muscle and (b) interaction moment impulses at the shoulder and elbow joints.
Error bars are SEM
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Fig. 7.
Mean components of joint configuration variance related to control of the vectorial distance
between the hands, the nondominant and dominant hands’ paths. GEV is represented by
open (contralateral) or black (ipsilateral) bars; NGEV for all control hypotheses is indicated
by the light gray bar immediately to the right of the bars representing GEV. Error bars are
SEM. *P < 0.05
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Fig. 8.
Shoulder–elbow angle–angle plots to illustrate coordination differences when tracing the
contralaterally versus ipsilaterally oriented ellipses. Arrows next to the joint paths indicate
the direction of joint movements
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