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Abstract

We investigated the effect of task constraints on movement patterns and sought to confirm the
finding that the combined movement involved in the transition between catching and throwing
emerges through self-organization. We conducted two experiments. In Experiment 1, four partic-
ipants were required to perform two tasks: catch a launched baseball (catching task) and catch the
launched baseball and immediately throw it to a target (catching and throwing task). The balls
were launched from five spatial positions, and the participants were instructed to catch the balls
with their left hand using a baseball glove. We found that the catching movement differed accord-
ing to the task and spatial constraints. When the ball was launched close to the body in the catch-
ing and throwing task, the shoulder and hip segment angles rotated in the direction of the throw,
which resulted in combining the terminal phase of catching with the preparatory phase of throw-
ing. In Experiment 2, two participants were asked to complete the catching and throwing task us-
ing the same procedure as in Experiment 1, to investigate the sequence effect. Our findings showed
that the spatial position at which the trunk rotation switched direction, that is, hysteresis, differed
according to the sequence of positions, suggesting that the combination of two movement patterns,
such as catching and throwing, emerged through self-organization.
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1. Introduction
Human movements vary according to organismic, environmental, and task constraints (Newell, 1986). For in-
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stance, it takes longer to grasp a disk to place it in a well than to grasp the same disk to throw it into a large box
(Marteniuk, MacKenzie, Jeannerod, Athenes, & Dugas, 1987). This phenomenon is an example of a task con-
straint, which may influence human movement. In this example, the temporal difference is not the result of
combining the grasping and throwing movements; rather, it emerges through self-organization based on the task
goals. We investigated the various movement patterns corresponding to task constraints during a sporting activity.

In a number of sports, each movement can be divided into three phases: preparatory, main, and terminal
(Meinel, 1960). In tennis, for example, the back-swing, forward-swing, and follow-through strokes correspond
to the preparatory, main, and terminal phases, respectively. The consecutive execution of two different move-
ments in succession involves transitioning from the terminal phase of the current movement into the preparatory
phase of the next movement, which is the result of self-organization (Suzuki & Yamamoto, 2015; Yamamoto &
Gohara, 2000). Although previous studies have investigated the patterns of two consecutive movements, we
examined the effect of task constraints on successive movements. In other words, we were interested in whether
the task constraints would influence the transition from the current movement into the next movement. To this
end, we assessed two tasks: catching a baseball and catching and throwing a baseball.

Furthermore, we examined the effect of spatial constraints on combined movement in the catching-throwing
task. A previous study showed that when subjects were instructed to grasp a stationary bar and move it from one
position to another, they grasped the bar based on the comfort of the final hand and arm positions (Kelso, Bu-
chanan, & Murata, 1994; Rosenbaum & Jorgensen, 1992). Switching between overhand and underhand grips is
influenced by spatial constraints and has been shown to have a sequence effect (Remington, 1969; Soetens,
1998) and hysteresis in relation to multifunctionality (Kelso, Buchanan, & Murata, 1994). Hysteresis is a feature
of self-organization in which bifurcation points differ depending on the direction of changes in control parame-
ters such as sequence effects. In an example of semantic ambiguity, the transition from the face of a man to a
girl is observed at different points depending on the direction of view (Ditzinger & Haken, 1989; Haken, 2006).
Such hysteresis can be observed in human movement. Switching between a forehand and backhand drive in ta-
ble tennis occurs at different spatial positions, depending on the sequence order; that is, from forehand to back-
hand or from backhand to forehand (Sgrensen, Ingvaldsen, & Whiting, 2001).

We investigated the catching movement under two task constraints: a catching task alone and a catching and
throwing task. Furthermore, we examined the combined movement of the terminal phase of catching and the
preparatory phase of throwing in the catching and throwing task. Finally, we examined the effect of the se-
quence of various spatial positions on hysteresis in the direction of the trunk rotation. Our aims were to identify
the different movement patterns associated with the task constraints and to confirm that the combined movement
from catching to throwing emerges through self-organization.

2. Experiment 1

This experiment aimed to clarify whether differences in movement patterns depend on the task constraints.

2.1. Method

2.1.1. Participants

The participants were four males who each had more than six years experience playing baseball. They had many
experiences like an experimental task as an infielder, so they were familiar with this task. All participants were right-
handed and their mean age (xstandard deviation) was 23.8 + 3.03. They participated in this experiment in October,
2015. The study protocol was approved by the Internal Review Board of the Research Center of Health, Fitness,
and Sports at Nagoya University and conformed to the principles expressed in the Declaration of Helsinki.

2.1.2. Task and Apparatus
The participants were required to perform two tasks: catch a launched ball (catching task) and catch the
launched ball and throw it to a target (catching and throwing task). In both tasks, participants were asked to
stand in a relaxed position with their feet parallel, arms beside their body, and their head upright gazing straight
ahead. A hand-made ball-pitching machine was placed 2.7 m from the participants’ frontal plane. After a signal
from the experimenter, baseballs were launched from five positions: 0, 0.3, 0.6, 0.9, and 1.2 m ranging from the
center of the body to the right side of the participants (Figure 1).

The initial height of the ball machine and launch angle were adjusted so that the balls reached the participants
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Figure 1. Experimental setup.

at a height of 1.2 m. The accuracy of the ball projection was tested by projecting 240 balls in a previous pilot
study. The standard deviation of the projection from a distance of 2.7 m was 0.026 m in the horizontal and 0.049
m in the vertical direction.

In the catching task, the participants were instructed to catch the launched ball with their left hand using a
baseball glove. In the catching and throwing task, the participants were instructed to catch the launched ball with
their left hand using a baseball glove then immediately throw the ball as accurately as possible to an experimen-
ter with a baseball glove standing 20 m behind them. The five spatial positions were randomized for all partici-
pants in both tasks.

Six optical motion capture cameras (OptiTrack Prime 17W, Natural Point, Inc., Corvallis, OR, USA), operat-
ed at 200 Hz, were used to record the participants’ movements. A right-handed orthogonal reference frame was
used, the Z-axis was vertical, the X-axis was parallel to the vector from the right to the left shoulder, and Y was
perpendicular to the other two axes and pointed at the target. We attached 30 mm markers to the right and left
acromions and posterior inferior iliac spine of the participants to observe trunk rotation, and a 20 mm marker
was attached to the participants' right carpus to measure the timing of the ball release. The baseballs were cov-
ered with reflective sheets to be tracked as reflective markers.

2.1.3. Procedure

All participants provided written informed consent after the purpose of the study and procedures were explained.
After a sufficient warm-up period, the markers were attached and the participants were asked to catch a total of
100 balls launched from five different positions in each task. In both tasks, balls were launched in 10 blocks of 5
trials, for each position. The order of the tasks was randomly assigned across participants. Participants were in-
structed to stand on a footprint marked on the floor before each trial.

2.1.4. Analysis

The shoulder and hip segment angles were defined as the angle between the X vector and the vector from the
right to the left shoulder and hip launched onto the X-Y plane, respectively. The zero angle was defined as the
neutral orientation of the ball pitching machine (i.e., directly facing the participant), and the clockwise and
counterclockwise rotations were defined as negative and positive, respectively. The onset of the ball launch was
defined as the peak of the resultant acceleration after the launch. The onset of catching was defined as the point
at which the resultant acceleration of a launched ball exceeded +100 ms 2. The onset of ball release was defined
as the point at which the distance between the right carpus and the ball exceeded the measured length between
the right carpus and the tip of the right middle finger. Two-way repeated measures analyses of variance (ANO-
VAs) (Task: 2 x Catch position: 5) were used to test differences in the shoulder and the hip angles at the onset of
launching and of catching the ball. The effect size was calculated as 7% (Olejnik & Algina, 2003). All statis-
tics were calculated by car package and customized program using R programming language.

2.2. Results

2.2.1. Preparatory Phase
The two-way repeated measures ANOVAs revealed no significant main effects of task and position and no inte-
raction effect for shoulder and the hip angle at the onset of the ball launch, indicating that the shoulder and hip

()



D. Murase et al.

angles did not differ according to task or spatial constraints at the onset of the ball launch (Figure 2(a) and Fig-
ure 2(b)).

2.2.2. Catching Phase
The analysis of the shoulder angle at the onset of catching the ball revealed a significant interaction effect be-
tween task and position (F = 3.60, df = 4, 12, p < 0.05, 12 = 0.0395). Analysis of the simple main effect re-
vealed that the shoulder angle was greater in the catching and throwing task than in the catching task at positions
4 (0.3 m) and 5 (0 m; position 4: F=7.23,df=1,5,p<0.05, 75 =0.3274, position 5: F = 10.79, df = 1,5, p <
0.05, 7% =0.4207). The simple main effect of position was significant for both tasks (catching task: F = 9.22,
df = 4, 14, p < 0.001, #2 = 0.6058; catching and throwing task: F = 16.54, df = 4, 14, p < 0.001, 72 =
0.7338). Tukey’s honest significant difference (HSD) post-hoc analysis revealed that in the catching task, the
shoulder angle at catching position 1 (1.2 m) was significantly smaller than those at positions 4 (q = 5.988, df =
14, p < 0.01) and position 5 (g = 7.708, df = 14, p < 0.001). The shoulder angle at position 2 (1.0 m) was signif-
icantly smaller than that at position 5 (q = 5.443, df = 14, p < 0.05). Furthermore, the post-hoc analysis revealed
that in the catching and throwing task, the shoulder angle at position 1 was significantly smaller than those at
positions 3 (0.9 m) (q = 5.827, df = 14, p < 0.01), 4 (q = 8.113, df = 14, p < 0.001), and 5 (g = 10.451, df = 14, p
< 0.001), and the angle at position 2 was smaller than those at positions 4 (q = 4.726, df = 14, p < 0.05) and 5 (q
= 7.065, df = 14, p < 0.01). The shoulder angle at position 3 was smaller than that at position 5 (q = 4.623, df =
14, p < 0.05).

The two-way ANOVA for hip angle at the onset of catching revealed a significant interaction effect between
task and position (F = 7.37, df = 4, 12, p < 0.001, 72 =0.0394). The simple main effects analysis revealed that
the hip angle was greater in the catching and throwing task than in the catching task at position 5 (F = 8.46, df =
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Figure 2. Changes in the shoulder and hip angles in the catching and throwing tasks. Means and standard deviations are
shown for the catching (blue squares) and catching and throwing (red circles) task conditions and five spatial conditions. Pa-
nels (a) and (b) show the shoulder and hip angles at the onset of the ball launch, respectively. Panels (c) and (d) show the
shoulder and hip angles at the onset of catching, respectively.
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1,4,p<0.05 7% =0.3607). The simple main effect of position was significant in both tasks (catching task: F
=3.62,df = 4,13,p <0.001, 1% =0.3763, catching and throwing task: F = 9.15, df = 4, 13, p < 0.001, 72 =
0.6040). Tukey’s post-hoc analysis revealed that in the catching task, the hip angle was significantly smaller at
position 1 (1.2 m) than at position 5 (q = 4.702, df = 14, p < 0.05). In the catching and throwing task, the hip an-
gle was significantly smaller at position 1 than at positions 4 (q = 5.397, df = 14, p < 0.05), and 5 (q = 7.488, df
=14, p < 0.01), and the angle at position 2 was smaller than that at position 5 (q = 6.191, df = 14, p < 0.01).

Our findings showed that the shoulder and hip angles differed at the onset of catching a ball when it was
launched close to the body of the participant, suggesting that the movement patterns differed depending on spa-
tial and task constraints (Figure 2(c) and Figure 2(d)).

3. Experiment 2

Experiment 2 investigated the sequence effect of the launching position on hysteresis in the catching and throw-
ing movement.

3.1. Method

3.1.1. Participants

Two of the four males who participated in Experiment 1 rotated in a counterclockwise direction in every trial in
the catching and throwing task, regardless of the spatial constraint. The two participants who turned in clock-
wise and counterclockwise directions, depending on the launching position, were included in Experiment 2. They
participated in this experiment in October, 2015.

3.1.2. Task

The participants were asked to perform a catching and throwing task similar to that in Experiment 1. The orders
of launch position were both ascending and descending series, which differed from Experiment 1. One partici-
pant had an ascending series first, while another had a descending series first.

3.1.3. Procedure
The procedure was the same as that used in Experiment 1. Baseballs were launched in 10 blocks of 5 trials in
which the series of five spatial positions was repeated in an ascending or descending order.

3.1.4. Analysis

The definitions of shoulder and hip segment angles were the same as those in Experiment 1. We plotted the an-
gle trajectories and angular velocities of the shoulder and hips in the phase plane to detect differences in the move-
ment patterns. The frequency of clockwise and counterclockwise rotations was calculated for each position.

3.2. Result

Hysteresis in the Catching and Throwing Task

Figure 3 shows the angle trajectories and angular velocities of the hips in the phase plane and the frequency of
clockwise and counterclockwise rotations under the ascending and descending conditions. Participant 1 had a
clockwise rotation in 1 of 10 trials at position 3 under the descending, but not ascending condition. Participant 2
showed a clockwise rotation in 2 of 10 trials at position 4 under the descending condition and in 1 of 10 trials
under the ascending condition. These findings show that in the catching and throwing task, the position at which
the direction of rotation was switched was affected by the sequence order.

Our findings suggest that the sequence effect was responsible for the emergence of hysteresis. Accordingly,
the combined catching and throwing movement showed multifunctionality, with two stable states consisting of
clockwise and counterclockwise trunk rotations. Because the sequence effect influenced the transition point,
these movements are considered to be self-organized.

4. Discussion

We investigated the movements involved in catching a baseball under two task constraints, catching the ball and
catching and throwing the ball, and five spatial constraints.
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Figure 3. Hysteresis during the catching and throwing movements. Panels (a) and (c) show the angle trajectory and angular
velocity of the hips in the phase plane under the ascending condition in participants 1 and 2, respectively. Panels (b) and (d)
show the angle trajectory and angular velocity of the hips in the phase plane under the descending condition in participants 1
and 2, respectively. Panels (e)-(h) show the frequencies of clockwise (CW) and counterclockwise (CCW) rotations corres-
ponding to (a)-(d).
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We found that the catching movement was affected by the task and spatial constraints. When the ball was
launched close to the body in the catching and throwing task, the shoulder and hip segment angles rotated in the
direction of the throw, in which case, the terminal phase of catching transitioned into the preparatory phase of
throwing. In contrast, the shoulder and the hip segment angles did not rotate when the ball was launched during
the catching task because it was not necessary to transition to the next movement phase. Taken together, our
findings suggest that when an individual performs several movements successively, the terminal phase of the
previous movement changes depending on the task goal, which may be considered a task constraint (Marteniuk
etal., 1987).

Our findings offer insight for learning sport-related movement patterns, particularly for ball games in which
several movement patterns are performed successively, such as in catching and throwing a baseball or touching
and kicking a football (Nakayama, 2007). When mastering these skills, it is not sufficient to learn only the
catching or touching movement. Our findings suggest that the movement patterns involved in catching or
touching a ball differ from those produced when a ball is caught then thrown or touched then kicked. Moreover,
when a temporal constraint is severe, it is necessary to transition from the current to the next movement quickly.
Thus, learning the combination phase, which involves the terminal phase of the current movement and prepara-
tory phase of the next movement, is important for the development of sporting skills.

We further investigated the combination phase by examining the sequence effect of various spatial positions

on hysteresis in the direction of trunk rotation.
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We found that the spatial position at which the trunk rotation switched direction differed according to the se-
quence of positions. Previous studies have shown that hysteresis caused by the sequence effect provided evi-
dence of self-organization in various phenomena (Ditzinger & Haken, 1989; Haken, 2006; Hristovski et al.,
2006; Sgrensen et al., 2001). Thus, our results suggest that the combination of two movement patterns, such as
catching and throwing, emerge through self-organization. However, Experiment 2 included only two partici-
pants; thus, our results have a limitation for generalization, further studies are needed to confirm our findings.
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