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The study investigates the effect of task uncertainty on motor synergies and movement time for a whole-
body pointing task employing a Fitts’ like paradigm. Thirty-three healthy, young adults were asked to
hold a 1.5-m long stick and point it as quickly and accurately as possible to the unmarked center of fixed
targets on the ceiling at 150% of the subject’s height from the ground. Each subject performed fifteen
continuous repetitions for each target size (1 cm, 2cm, 3cm, 5cm, 8cm, 13 cm and 21 cm diameters of
circles). It was assumed that the task uncertainty increased as the target size increased. Motion capture
was used to collect the data for joint angles in the sagittal plane and uncontrolled manifold (UCM) analysis
was used in order to investigate synergistic actions of joints. Results from the study revealed that the
movement time decreased as task uncertainty increased. The variability within the uncontrolled manifold
(Vuem) systematically increased with task uncertainty, resulting in an increase in the index of inter-joint
synergies (AV), although the pointing task errors (Vorr) were consistent across different target sizes. The
results suggest that the central nervous system systematically modulates the inter-joint synergies with
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task uncertainty in the whole-body pointing task without affecting motor performance.
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The human body is a redundant system and the framework within
which the central nervous system (CNS) manages this redundancy
is a major topic of scientific investigation in human motor control
[3]. The motor redundancy problem has also been called the degrees
of freedom problem in the motor control literature. Although many
previous studies have assumed that the redundant degrees of free-
dom pose a computational problem for the CNS, recent studies
have suggested that this redundancy might provide a larger solu-
tion space for synergistic actions of motor effectors [11,14,17,18].
In these studies, the motor synergies have been considered task-
specific neural organizations of individual effectors such as joints
that stabilize the performance variables of multi-dimensional sys-
tems. It has been suggested that while performing a motor task
such as reaching, pointing or sit-to-stand, the CNS increases syn-
ergistic actions of kinematically redundant joints when the task
became more difficult so that the performance of the task can be
accomplished successfully [17,18].
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Many previous studies have employed the uncontrolled mani-
fold (UCM) analysis as a method to investigate the redundancy in a
motor system [11,16-18]. This method quantifies the total amounts
of trial-to-trial variability in two components by projecting the total
variability into independent vector sub-spaces [17]. The central
tenet of the UCM hypothesis is that the multi degrees of freedom
design of biological motor systems is not “redundant” (i.e., a source
of computational problems) but “abundant” such that it provides
flexible solutions [11,12,17,18]. The method involves taking two
components of variability obtained from a motor task performed
with several repetitions for a given condition. The component of
variability (Vycm ), that does not affect the motor task performance
is referred to as the variability within the null-space of the motor
task, while the other component (Vggr), that does affect the task
performance is called the variability in the space orthogonal to the
UCM space. A larger Vycp may be interpreted as greater synergistic
actions of motor elements (e.g., muscles, joint angles, finger forces)
used by the CNS to successfully perform a specific motor task with
redundancy/abundance while a larger Vorr may be interpreted as
increased errors while performing the motor task. For this reason,
Vucem and Vgt have often been referred to as the “good variance”
and “bad variance”, respectively [13]. AV is calculated as the dif-
ference between Vycy and Vorr and has been used as an index of
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synergistic actions of motor elements in a redundant/abundant sys-
tem. It is to be noted that the index of synergy increases with both,
an increase in “good variance” and a decrease in “bad variance”.

This methodological approach has provided insights into the
control strategies used by the CNS during motor tasks involv-
ing mathematically redundant motor systems [2,9,13,17,19,20].
Whole body motor tasks such as standing or sit-to-stand have been
adopted to investigate inter-joint synergies in the motor tasks and
these studies have shown that synergistic actions are constrained
by neural and biomechanical factors [1,9,16,17].

Several previous studies have adopted Fitts’ Law paradigm (i.e.,
speed-accuracy trade off) to investigate the relationship between
the variability and the movement time (MT) using the index of dif-
ficulty [5,7,9,10]. Fitts’ Law refers to a linear relationship between
the movement time (MT) and the index of difficulty (ID), where
the ID incorporates the target size and the target distance from a
start position. Many human movement tasks involving reaching to
atarget with a certain size at a certain distance are known to follow
the Fitts’ Law [8]. The ID has been shown to be proportional to the
target distance and inversely proportional to the target size [8,15].
Previous studies have shown that when ID increase, MT increases
not only in simple and classical motor tasks such as reaching, but
also in more complex motor tasks involving a whole body [4-7,9].

This study investigated how the inter-joint synergies in the UCM
framework changed with IDs in Fitts’ paradigm, where the task
difficulty was manipulated by changing the target size. We hypoth-
esized that the MT would decrease with the target size as shown
in previous motor tasks similar to the Fitts’ paradigm (Hypothe-
sis 1), and inter-joint synergies would increase with the target size
because it was assumed that the uncertainty of the task increased
with the target size (Hypothesis 2).

Thirty-three healthy adults (28.3 +£ 6.5 years old, 179.2 + 9.0 cm,
87.6+21.6kg), without any history of neurological disorders or
musculoskeletal injuries participated in this study. All subjects
signed the informed consent approved by the Institutional Review
Board (IRB) at the University of Maryland before participating in the
experiments. Seven reflective markers, 1cm diameter each, were
attached on the right side of each subject’s body (toe, ankle, knee,
hip, shoulder, elbow, and wrist) and one marker was attached at the
distal end of a wooden stick (150 cm in length and 1 cm in diame-
ter) (Fig. 1). Each subject was instructed to stand on the rigid plate
with their feet, shoulder-width apart and hold the stick with two
hands. Awooden panel (100 cm x 100 cm) was installed on the ceil-
ing. The distance of the target from the ground was adjusted at
150% of subject’s height. The target size was systematically var-
ied for each of seven different target conditions: 1cm, 2 cm, 3 cm,
5cm, 8 cm, 13 cm and 21 cm diameters of circle. The center position
of the target remained unchanged and unmarked. Since the circle
center remained at the same position and only the diameter of the
circle systematically changed for different target size conditions, it
was assumed that the uncertainty of the task to identify the circle
center increased with the circle size. For each target size condition,
subjects were asked to point at the unmarked center of the circles
with the distal end of the stick as quickly and accurately as possible.
Subjects were instructed to perform fifteen continuous repetitions
of squatting at a comfortable level and pointing to the target with
the stick. Subjects were given five minutes of rest between target
conditions to reduce fatigue. The order of the target conditions was
balanced across subjects. The positions of the reflective markers
were recorded and digitized using the Kwon3D system (VISOL Inc,
Seoul, Korea). Joint angles in the sagittal plane were identified at
the time instant when the end point marker of the stick contacted
the wooden panel.

It is to be noted that the motor task occurred in three-
dimensional space while our analysis was limited to two-
dimensional space in the sagittal plane. The position of the tip of the

Fig. 1. Schematic diagram of the experimental setup: reflective markers (white cir-
cles) were attached at the toe, major joints, and distal tip of the stick, P(x, y), held
by subjects. Two markers were attached on the ceiling to define the diameter of the
targets.

stick P(x, y), when it was in contact with the target, was measured
in the sagittal plane. The two-dimensional coordinates of the stick
tip position had the following relationship with the angular posi-
tions of each joint (Eq. (1)). This geometric model was constructed
from the positions of the markers attached to the sagittal plane of
the subjects (Fig. 1).

x] >l cos(6n) 1)
M - {Zlnsinwn)}

where n represents different joints and varies from 1 to 6. 6 and [
represent joint angles and body segment lengths, respectively.

The relation between inter-joint variability and the variability
of the end point of the stick was established using the framework
of UCM [17]. A Jacobian matrix, connecting the changes in joint
angles and changes in stick tip position was formed (Eq. (2)). The
joint angle variance (Vror) from the mean angles across the trials for
each target size was calculated. Vgt was then partitioned into two
components: the component of variance within the null space of
the Jacobian (Vycm) (Eq. (3)) and the component of variance orthog-
onal to the null space (Vogr) (Eq. (4)). The index of synergy (AV) was
calculated as the difference between Vycy and Vogrr, normalized by
the total variability per total degrees of freedom (Eq. (5)). Details
of this computational approach have been described in previous
studies [13,17].

P=J.6 (2)
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Fig. 2. Relationships between target size and (a) movement time, (b) Vycwm, (¢) Vogrr, and (d) AV during the whole body pointing task. Circles represent average values
calculated across participants with standard deviation bars. Note that the slopes of the regression lines for AV and (a) movement time, (b) Vycm, and (d) AV are statistically

significant (p <.05).
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where Nqs is the total number of trials per subject, n is the total
number of degree-of-freedom of the system, and DoF,, is the
degrees-of-freedom of the task.

Linear regression analysis was performed to investigate the rela-
tionship of the target size to the MT, Vycm, Vort, and AV. The level
of significance for all statistical tests was set at p <.05.

The results of the study showed that the MT decreased with
increase in the target size (r=0.78, p=.04) (Fig. 2a) and Vycy also
increased with increase in the target size (r=0.94, p=.002) (Fig. 2b).
However, Vogrr was consistent regardless of the target size (r=0.53,
p>.05) (Fig. 2c). The increase in Vycyp and the consistent Vogr with
the target size resulted in an increase in AV with the target size
(r=0.94, p=.002) (Fig. 2d).

In agreement with the Fitts’ paradigm, MT decreased with an
increase in the target size, thus confirming the first hypothesis. This
result was in line with previous studies that used similar motor task
paradigms [6,10,13]. The UCM analysis revealed that inter-joint
synergies became greater when task uncertainty increased, thus
confirming the second hypothesis. The components of variability
under the UCM framework showed that the variability within the
UCM (Vycm) increased with the increase in task uncertainty. This
result is consistent with the previous study that showed an increase
in Vycm with decrease in ID in another whole body movement task
[9]. However, a few previous studies showed that the CNS produces

enhanced synergistic actions between the joints when task diffi-
culty increased [16-18]. If it is assumed that the task difficulty
increases with the task uncertainty, the current study is not consis-
tent with those studies in this regard. The present study demanded
touching at the center of the circle regardless of the size of the
target, which is different from the Fitts’ paradigm. Also, the Fitts’
paradigm is based on the successful trials achieved by pointing any-
where in the target range while the current study does not have a
range and demands motor performance as accurate as possible by
pointing as close to the circle center as possible. An increase in the
size of the target makes a motor task easier with respect to Fitts’ Law
paradigm. However, the motor task used in this study could become
more challenging with the increase in the target size because the
uncertainty of the task could increase with the target size. In this
context, the present study was in line with previous studies that
used similar motor paradigms [5,7].

These results suggest that increases in task uncertainty cause
systematic changes in the synergistic control of multiple joints
employed by the CNS. While the whole-body pointing system
follows the Fitts’ paradigm, increases in Vycy and AV values
also suggest that the CNS utilizes systematically changing solu-
tions in the abundant multi-joint system in order to complete
the motor task. Since multiple muscle groups are involved in
the production of the whole-body movement employed in this
study, one may interpret the results as an indirect indication
of synergistic actions of those muscles although the mapping
between the muscular activities and joint angles are currently
unknown.
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