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Abstract: Despite copious research, the methods for assessing upper- and lower-limb motor
coordination are limited. We devised a simplified evaluation method based on upper- and lower-
limb motor coordination jumping and conducted a practical examination of the characteristics of
the motion and applicability of the evaluation method. Overall, 88 high-school athletes with
comparable competitive abilities were included in this study. The participants were divided into
two groups based on their prior experience with motor coordination training (24 in the experienced
group; 64 in the inexperienced group). First, a population proportion test was employed to assess
the success rate of the four upper- and lower-limb motions in each task. This revealed significant
difference between all tasks, except for the fourth motion, indicating that different motions have
varying degrees of difficulty and that the combination of motions with differing difficulty
coefficients can result in the creation of entirely new tasks with varying degrees of difficulty. Second,
the experienced group demonstrated significantly superior performance compared to the
inexperienced group by a t-test. These results confirmed that athletes (with the same level of
competitive ability) trained in upper and lower limb motor coordination were able to excel in this
evaluation method, confirming its validity.

Keywords: motor coordination of the upper and lower limbs; motor coordination training; simple
evaluation method

1. Introduction

1.1. Motor Coordination

Motor coordination is a fundamental component of human motor skills as demonstrated by
Vandorpe et al. [1], Jaworski et al. [2], and Iorga et al. [3]. Motor coordination is achieved by
coordinating the movements of each body part involved in an intended movement. In biomechanics,
motor coordination is defined as the coordinated movement of multiple body parts to achieve an
intended movement, such as walking [4]. In neurophysiology, stimulation of proprioceptors has been
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demonstrated to regulate cortical motor excitability and provide valuable insights into enhancing
motor function and performance [5,6]. Additionally, Lopes et al. [7] indicated that motor coordination
is a significant predictor of physical performance in childhood, as evidenced by data obtained from
a longitudinal study of children in the Azores. Moreover, Krasovsky et al. [8] contended that motor
coordination is of paramount importance not only as a general human system but also as a complex
and sophisticated human system. In other words, the ability to coordinate movements is a
prerequisite for athletes to use their bodies in complex and sophisticated ways.

Motor coordination has been the subject of extensive research, with studies examining the
coordination between the right and left hands [9,10], as well that between the eyes and hands [11-
14]. Moreover, studies have been conducted on the coordination between the upper and lower limbs
[15,16]. The aforementioned motor coordination is not exclusive to general human movements such
as walking and jumping; it is also commonly observed in sports such as volleyball, gymnastics, dance,
and martial arts. Thus, research on motor coordination is expected to enhance athletic performance.

1.2. Motor Coordination Training

In recent years, there has been growing interest in motor coordination training as a means of
improving motor skills and performance. Enhancing motor coordination is expected to have a
favorable impact on the acquisition of motor skills, performance in competitive settings, and
prevention of injuries [17,18]. In particular, it has attracted attention in fields targeting athletes and
children. Trecroci et al. [19] reported that the introduction of “jump rope” training to enhance the
motor skills of prepubertal soccer players yielded positive outcomes in terms of overall athletic
competence as soccer players and positive growth in motor coordination. Furthermore, Boichuk et
al. [20] observed that 15-17-year-old males who engaged in regular motor coordination training
demonstrated enhanced performance in competitive sports. Therefore, effective motor coordination
training is expected to contribute to the development of competitive athletes.

Conversely, the training methods that are becoming more prevalent exhibit shortcomings in
terms of quality and efficacy. Watanabe [21] notes that proficiency in riding a bicycle does not
necessarily translate into proficiency in riding a unicycle. In other words, although both require
balance skills, a higher level of balance ability is required to be able to ride a unicycle. Consequently,
although training on bicycles is effective in improving balance, it is not possible to determine whether
general or advanced balance skills are acquired. Furthermore, regarding strength training for high-
school athletes, it has been argued that a consistent standard evaluation method is necessary to
evaluate training effectiveness. This is because the same training methods do not necessarily lead to
the expected growth in ability, depending on the experience of the instructor [22,23]. We
hypothesized that by conducting regular assessments of motor coordination in athletes undergoing
training, it will be possible to adjust their training plans and future strategies. Consequently, this
study focused on the assessment of motor coordination. In particular, few methods are available for
assessing the motor coordination of the upper and lower limbs. Therefore, this study initially focused
on the upper and lower limbs.

1.3. Evaluation Methods

Although numerous studies have been conducted on motor coordination training [24], there is
a paucity of research on evaluation methods. For instance, Kochanowicz et al. [25] employed a force
plate to assess motor coordination in children engaged in gymnastics. However, these measurements
require advanced expertise and specialized equipment. The advantage of evaluation methods that
employ specialized equipment is their precision. However, when evaluating training outcomes, it is
more appropriate to rapidly grasp the results of everyday training than to employ precise but time-
consuming evaluation methods. Therefore, the development of straightforward evaluation
techniques is imperative. In recent years, advancements in straightforward evaluation techniques
have been made in many fields. Narita et al. [26] employed tasks such as hopscotch, walking in a line
with alternating steps, and standing on one leg to assess motor coordination in children during their
developmental period. Similarly, Shimura et al. [27] employed a 20-meter mini-hurdle run to assess
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motor coordination in children during their developmental period. Szabo et al. [28] also evaluated
motor coordination in children between the ages of 9 and 10 years.

Conversely, although the methodologies employed in these studies are straightforward
evaluation techniques, the criteria for evaluation are constrained to children within the
developmental stage. Wulf et al. [29] observed that the same task may be perceived as more or less
challenging by groups with varying skill levels. In other words, evaluation tasks for children in the
developmental stage are not sufficiently challenging for healthy individuals or athletes, and are thus
inadequate as general evaluation methods. Moreover, although methodologies for evaluating motor
coordination, such as eye-hand, upper limbs only, and lower limbs only, have been proposed, all of
these require the utilization of specialized equipment. Consequently, there is a paucity of methods
for evaluating upper and lower limb motor coordination in a straightforward manner without the
use of specialized equipment. Accordingly, the objective of this study was to develop a method for
evaluating upper and lower limb motor coordination that does not require specialized equipment
and can accommodate varying levels of difficulty.

In developing the methodology for evaluating upper- and lower-limb coordination, the “rhythm
jump” [30], as described by the Rhythm Training Association, was utilized as a point of reference.
The rhythm jump is a four-beat jumping exercise wherein participants move their upper and lower
limbs in time at a set tempo. This exercise requires motor coordination skills for the upper and lower
limbs, as the upper and lower limbs move independently yet simultaneously. In addition, modifying
the motion patterns of the upper and lower limbs allows for alterations in the level of difficulty. This
approach is regarded as an efficacious training methodology that encompasses motor coordination
of both the upper and lower limbs. Moreover, the rhythm jump can be executed without the need for
any specialized equipment and can be performed simultaneously by a large number of individuals.
Thus, the rhythm jump allows for a wide variety of movements with a wide range of difficulty levels
achievable through the combination of motions, rendering it an appropriate choice for evaluation
methods. Accordingly, in the present study, we concentrated on the four types of lower-limb motions
utilized in previous investigations. This resulted in the formulation of 16 distinct motion patterns,
comprising combinations of motions where the feet are apart and those where the feet are apposed
upon landing. Subsequently, these were examined to ascertain their suitability for evaluating the
motor coordination of the upper and lower limbs.

1.4. Purpose of This Study

n this study, preliminary experiments were conducted using 16 different types of motion tasks
created as combinations of feet-apart or feet-together jump patterns according to the same upper-
limb pattern. To facilitate evaluation, evaluations can be performed according to the motor
coordination ability of an individual’s upper and lower limbs by conducting different difficulty levels
of motion tasks. Accordingly, six tasks were selected based on the results of the pilot experiment and
the difficulty level of each task was clarified. In this study, only six of the 16 tasks were implemented.
However, if the motion characteristics of the tasks developed in this study are clarified, it will be
possible to adjust their difficulty and customize them as a test to evaluate the motor coordination
abilities of various participants. In addition, this study aimed to examine the motions of a subset of
athletes with a low assumed skill level and clarify their characteristics. The rationale for selecting this
group was to allow for a comparison with the general population in terms of motor coordination of
the upper and lower limbs. Furthermore, the motion characteristics reflected in the results would
provide more accurate suggestions.

Furthermore, the validity of the assessment test can be enhanced by accurately reflecting the
strengths and weaknesses of the motor coordination skills. Therefore, this study aimed to confirm
the validity of the test by selecting groups with varying assumed skill levels and examining whether
higher and lower skill levels yielded higher and lower scores, respectively, as anticipated.
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2. Materials and Methods
2.1. Participants

This study included 88 high-school athletes. The group of experienced participants consisted of
24 players from a high-school girls” volleyball team who engaged in routine motor coordination
training, which entailed coordinated motion of the upper and lower limbs in rhythm as a team. The
group of inexperienced participants consisted of 64 players from a high-school boys’ baseball team
who had not previously engaged in this training regimen (33 first-year and 31 second-year students).
The training program was conducted on two occasions per week.

With regard to other factors, the two groups of participants in this study differed in terms of sex
and type of sport. Notably, both baseball and volleyball are ball games that require the ability to use
both the upper and lower limbs. However, in contrast to activities such as dance and gymnastics,
which demand a high degree of motor coordination between the upper and lower limbs, they are
also distinct from activities such as weightlifting, which require almost no motor coordination
between the upper and lower limbs. In other words, the requisite motor coordination of the upper
and lower limbs is identical in both sports.

The participants were selected from among high-school athletes with the same level of
competition and fitness, with the exception of the motor coordination ability. The experienced
participants constituted a team that had attained the second position in the Shiga Prefecture Girls’
Volleyball High School Ranking (2021, 2022). The inexperienced participants had previously attained
a fourth-place ranking in the Kyoto High School Baseball Tournament (2021, 2022). Both teams had
previously achieved rankings of four or higher in the Kinki region. We took great care to ensure that
apart from their training experience, there were no other significant differences between the two
groups.

2.2. Explanation of the Motions and Tasks

In this study, the task employed a series of light jumps in time, in accordance with the beat of a
metronome. The postures assumed at the onset of each metronome sound were designated as the
“postures,” and the motions of the upper and lower limbs were executed in time with the transitions
between metronome sounds. In this study, a series of four motions was defined as a single series, and
a task was defined as four consecutive series of the same series.

The upper-limb motions are shown in Figure 1A. The first motion was defined as the
simultaneous upward movement of both hands above the head. In this instance, the typical first
motion was to simultaneously raise the hands from the shoulders on the same side to the top of the
head. In addition, the first motion, performed only at the beginning of the task, involved raising the
hands from the sides of the body to the top of the head. In the second motion, both hands were
simultaneously moved from the head to the shoulder on the same side. During the third motion, the
hands were in a stationary position and remained on the same side as the shoulder. In the fourth
motion, the hands were moved from the same shoulder to the opposite shoulder, subsequently
making contact with the opposite shoulder before returning to the original shoulder.

Figure 1B depicts a representative image of the lower body. Two distinct categories of lower-
body postures were identified: the feet were either positioned apart or together. Two distinct types
of motions were identified. The feet were kept either apart or together, and the aforementioned
motions were performed with the feet either apart or together. The term “keeping the feet together”
refers to maintaining the feet in the aforementioned “feet together” posture. Conversely, “keeping
the feet apart” denotes the act of keeping the feet in the “feet apart” posture. The motion involving
both feet apart and together was defined as the motion from the feet together position to the feet
apart position (“feet apart” motion) and from the feet apart position to the feet together position (“feet
together” motion).

The upper-limb motion patterns used in this study were all the same. The same upper-limb
pattern and different lower-limb patterns were used to make up one task. Figure 1B shows the six
lower-limb motion patterns. These six tasks were used in this study. These six lower limb patterns
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were selected from 16 lower limb patterns. Regarding the reasons for the selection, through pilot
experiments, it was found that using all 16 types of lower-limb patterns placed a burden on the
participants. Next, it was found that there were four very easy patterns in which all participants
succeeded after a few practice sessions. These four patterns were deemed unsuitable for the test tasks
in terms of difficulty, so they could not be used in the test but were used as introductory tasks. It was
possible to classify the remaining 12 lower limb patterns into six types of patterns that corresponded
to each other in pairs. Therefore, one task was selected from each of the six types from among the 12
patterns.

The metronome tempo was set to 120 beats per minute (BPM), and the interval between motions
was set to 500 ms. The rationale behind the selection of 120 BPM was informed by preliminary trials,
which demonstrated that 120 BPM was the optimal tempo for a typical participant. This was neither
excessively fast nor slow. As shown in Figure 1A,B, the first series began with preparatory posture,
landing, and posturing at 500 ms. Subsequently, the transition to the second motion occurred without
stopping. The second motion required landing and posturing at 1000 ms and transitioning to the
third motion simultaneously. The third motion required landing and posturing at 1500 ms and
transitioning to the fourth motion simultaneously. The fourth motion required landing and posturing
at 2000 ms; these four consecutive motions, which landed at 2000 ms, were treated as the first series.
The second series was then performed without stopping, and this process was repeated four times,
with the same series of four motions performed each time. Figure 1B shows the timing of each of the
lower limbs’ postures in one series of each task as well as the feet apart or together motion.

A
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Figure 1. Images of jump motion of the upper and lower limbs and six types of tasks. (A) Jump motion
of the upper limbs (B) Jump motion of the lower limbs.

2.3. Implementation Procedure

The implementation procedure commenced with an explanation of the assignment. Following
the introduction to the postures of the upper and lower limbs, the motions of the upper and lower
limbs, and the meaning of the series, the motions of the upper and lower limbs were practiced
separately to ascertain the level of understanding of these motions. Subsequently, a metronomic
sound of 120 BPM was played, and the two introductory assignments, namely, keeping the feet
together and keeping the feet apart, were introduced. Participants were then instructed to perform
four consecutive series of jumps. The objective was to ascertain whether the participants had retained
the requisite understanding of how to jump, with both the upper and lower limbs working together.

Subsequently, the participants were permitted to engage in unstructured practice. The
participants were presented with six tasks for the actual test and allotted 5 minutes for free practice.
Regarding the time of free practice, the findings of the pilot experiment indicated that free practice
periods of 5-10 minutes had a negligible impact on the outcomes. It can thus be posited that setting
the duration of free practice to 5 minutes represents a reasonable approach. Furthermore, it can be
proposed that extending the practice time within a specific range has no effect on the results. During
the free practice, the participants were permitted to repeat the tasks as often as they wished within
the allotted time, regardless of whether they achieved success or failure. Additionally, the
participants were permitted to visualize the movements without physical movement, irrespective of
the practice method.

Following the free practice session, the six tasks were initiated. This test was conducted for each
task in the prescribed order, with the subsequent task presented for confirmation once the preceding
task was completed. A brief period of relaxation was permitted between tasks; however, practice
during the session and stopping the session were not permitted. As this test was conducted only
once, the measurement was considered complete once all six tasks were completed.

2.4. Data Processing

The dataset comprised video data from the tests conducted on all participants. The researchers
employed visual inspection and motion analysis to ascertain the accuracy of each participant’s
performance. If the participants’ motions deviated from the prescribed trajectories of the upper limbs,
order of the lower limb motions, or prescribed postures at the time of landing, even if only one
movement or posture was not aligned with the standard, it was classified as a failure. In the case of
a series, even if only one motion was unsuccessful, the entire series was considered unsuccessful. It
was the responsibility of each researcher to validate all video data. To further confirm the accuracy
of the data, the records of all researchers were compared.

To facilitate analysis, the process was divided into two parts: examination of motion and
examination of the evaluation index. Initially, the number of successful attempts at the first, second,
third, and fourth motions in the first series (displayed as M1-51, M2-51, M3-51, and M4-S1,
respectively), or the first motion in the second series (displayed as M1-52), was examined for all
inexperienced participants. The initial stage of the data recording process involved ascertaining the
proportion of participants who achieved success with M1-S1 in each task. The subsequent phase of
the investigation involved ascertaining the proportion of participants who achieved success with M1-
S1 and M2-S1. The subsequent step was to ascertain the proportion of participants who achieved
success with both the M1-51, M2-S1 and then M3-51 sequences. Subsequently, the percentage of
participants who achieved success in all four motions within the first series (M1-S1 to M4-51) was
calculated. Ultimately, the percentages of participants who achieved success in all five motions (M1-
51, M2-51, M3-51, M4-S1, and M1-S2) were determined. The population proportion test was
employed with the significance level set at 5%.

Subsequently, all the participants were assessed for their ability to complete the tasks
successfully. Three principal evaluation indices were employed, and each series was evaluated
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separately. First, the index of success for the four series was defined as whether all four series in one
task were successfully completed. The percentages of individuals who achieved this level of success
were also recorded. Subsequently, the index of success in at least one series was defined as the
proportion of participants who achieved success in at least one of the four series in a single task. The
percentages of successful individuals per task were recorded. Lastly, the mean number of successful
series out of the four in a single task was established as an evaluation index, and the mean number
of successful series by task was recorded. Furthermore, comparisons were made between tasks for
each evaluation index. Cochran’s Q test was conducted with a significance probability of 5% for the
trend.

Finally, the experienced and inexperienced participants were compared. The mean number of
tasks successfully completed (index of having succeeded in four series and index of having succeeded
in at least one series) for the six tasks and the mean number of successful series out of a total of 24
series for the six tasks were recorded. A two-sample t-test was conducted with a significance level of
5% between the two groups.

3. Results
3.1. Comparison of Motions

Table 1 compares the motions across the six tasks. Consequently, the success rate for M1-51 was
100% for all six tasks (1-6), with no significant differences observed. For M2-S1, the success rates for
Tasks 1-4 were significantly higher than those for Tasks 5 and 6 (x? = 45.874, p <.001). No significant
differences were observed between Tasks 1-4 or between Tasks 5 and 6. With regard to M3-51, it was
observed that Tasks 1, 2, and 5 exhibited significantly higher success rates than Tasks 3, 4, and 6 (x?
=106.161, p <.001). No significant differences were observed between Tasks 1, 2, and 5, or between
Tasks 3, 4, and 6. With regard to M4-51, no significant differences were observed between the various
tasks (x?=2.254, p = .881). In M1-52, Tasks 14 exhibited significantly higher results than tasks 5 and
6 (x2=87.604, p <.001). No significant differences were observed between Tasks 1-4 or between Tasks

5and 6.
Table 1. Comparison of motions between six tasks.
Task 1 Task 2 Task 3 Task 4 Task 5 Task 6
% %o % %o % %o
M1-51 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a
M2-51 969 a 953 a 969 a 922 a 719 b 703 b
M3-51 984 a 96.7 a 629 b 475 b 957 a 356 b
M4-51 77.0 a 864 a 821 a 78.6 a 795 a 75.0 a
M1-52 100.0 a 882 a 90.6 a 100.0 a 314 b 333 b

Table 1 presents a comparison of the motions of the six tasks. The results of the comparison
between the tasks, as determined through the population proportion test for the difference in
population proportions, are presented as “a” or “b.” The value of “a” was found to be significantly
higher than “b” (p < .05). No significant difference was identified between the values designated as

“a” and “a” or between the values designated as “b” and “b.”

3.2. Comparison between Six Tasks

A comparison of the six tasks is presented in Figure 2A, which also shows the percentage of
participants who succeeded in each of the four series and the comparison between the tasks. The
results showed that both the inexperienced and experienced groups demonstrated significantly
higher values for Tasks 1 (45.3% and 79.2%, respectively) and 2 (39.1% and 62.5%, respectively). The
percentages of participants who succeeded in Tasks 4 (inexperienced: 4.7%; experienced: 20.8%), 5
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(inexperienced: 0.0%; experienced: 8.3%), and 6 (inexperienced: 0.0%; experienced: 8.3%) were
notably lower. For the group of inexperienced participants, only, task 3 (12.5%) exhibited a
significantly lower success rate than Tasks 1 and 2 (task 1: Q =-5.073, p <.001; task 2: Q =-4.107, p <
.001).

Figure 2B shows the percentage of participants who achieved success in at least one series as
well as a comparison between tasks. Consequently, both the inexperienced and experienced groups
demonstrated significantly better performance on Tasks 1 (inexperienced: 89.1%; experienced: 95.8%)
and 2 (inexperienced: 89.1%; experienced: 100%) than on the other tasks. The inexperienced group
demonstrated significantly better performance on Tasks 5 (56.3%) and 6 (17.2%) than the experienced
group (75% and 54.2%, respectively). In the inexperienced group, the mean scores for Tasks 1 and 2
were significantly higher than those for Tasks 3 (53.1%) and 4 (39.1%). Furthermore, for the group of
inexperienced participants, Task 6 exhibited a significantly lower performance than the other four
tasks, with the exception of Task 4 (Task 3: Q = 4.218, p < .001; Task 5: Q = 4.585, p <.001). For the
experienced participants, Tasks 3 (87.5%) and 4 (83.3%) exhibited significantly higher performance
than Tasks 5 and 6.

Figure 2C shows the mean number of successful series and a comparison between the tasks. As
a consequence, both the inexperienced and experienced groups exhibited significantly elevated
values for Task 1 (inexperienced: 2.66 + 1.44 series; experienced: 3.63 + 0.90 series). Furthermore, both
the inexperienced and experienced groups demonstrated higher success rates for Tasks 1 and 2
(Inexperienced: 0.90 + 1.42 series; Experienced: 3.42 + 0.86 series) compared to the remaining four
tasks. For the group of experienced participants, only Task 6 (1.08 + 1.26 series) exhibited a
significantly lower mean than the other five tasks (Task 3: t =4.368, p <.001; Task 4: t = 3.745, p <.001;
Task 5: t =2.996, p = .006).
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Figure 2. Comparison between six tasks. (A) Percentage of successful with four series; (B) Percentage
of success with at least one series; (C) Average number of successful series. The results of the
comparison between the tasks using the Cochran’s Q test are presented in the form of “a”, “b” and
“c.” The value indicated by “a” is significantly higher than both “b” and “c.” Similarly, the value
indicated by “b” is significantly higher than “c.” The value indicated by “a,b” indicates that no
significant difference was detected between “a” and “b.” Finally, the value indicated by “b,c”
indicates that the value was significantly lower than “a,” but no significant difference was detected
between “b” and “c” (p <.05).

3.3. Comparison of Inexperienced and Experienced Groups

Figure 2A shows the outcomes of a comparison between the groups by task, as determined using
the chi-squared test. With the exception of Task 3 (x2 = 3.429, p = .640), the group of experienced
participants exhibited significantly higher scores than the group of inexperienced participants in all
other five tasks. Figure 3A also depicts a comparison of the inexperienced and experienced groups
with respect to the evaluation index of the four successful series. The results of the comparison using
the t-test revealed that the group of experienced participants (2.08 + 1.67 tasks) exhibited significantly
higher values than the group of inexperienced participants (1.02 + 1.03 tasks) (t = 3.617, p < .001).
Furthermore, the maximum number of successful tasks for the inexperienced group was four (one
individual, 2.0%) and no participant achieved five or six successful tasks. The maximum number of
successful tasks for the experienced participants was six, with two individuals (8.3%) achieving this
level of success. None of the participants achieved a score of five.
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Figure 3. Comparison between two groups: an inexperienced group and an experienced group. (A)
The average number of successful tasks based on the evaluation index for four series of successes; (B)
The average number of successful tasks based on the evaluation index for at least one series of
successes; (C) The average number of successful series based on the evaluation index for successful
series. (*p <.05; **p <.01).

Figure 2B shows the outcomes of the comparison between groups based on task performance.
The results of the comparison using the chi-square test showed that the group of experienced
participants scored significantly higher than the group of inexperienced participants for tasks 3 (x2 =
8.80, p =.003), 4 (x2 =13.619, p <.001), and 6 (x> =12.034, p <.001). Figure 3B also depicts the mean
number of tasks successfully completed out of the six tasks, as well as the percentage of successful
participants for each number of successful tasks, based on the evaluation index of having succeeded
in at least one series. The results of the comparison using the t-test demonstrated that the group of
experienced participants exhibited a significantly higher value than the group of inexperienced
participants (4.96 + 1.34 tasks vs. 3.44 + 1.36 tasks; t = 4.648, p <.001). Furthermore, the index revealed
that the maximum number of successful tasks for the inexperienced group is six. Notably, no
participants in the experienced group achieved zero successful tasks.

Figure 3C depicts the mean number of successful series out of the 24 series, along with the
percentage of each successful series based on the evaluation index of the mean number of successful
series. The results of the comparison using the t-test demonstrated that the group of experienced
participants exhibited a significantly higher value than the group of inexperienced participants, with
an average of 14.00 + 5.42 series and 8.13 + 4.70 series, respectively (t =-5.002, p <.001). Furthermore,
the group of inexperienced participants exhibited the highest success rate in five series, with 9
individuals (14.1%) achieving this outcome. In contrast, the group of experienced participants
demonstrated the highest success rate among the 12 series, with 4 individuals (16.7%) attaining this
level of performance.

4. Discussion
4.1. Characteristics of Motions

All participants demonstrated success with the M1-51 motion. Furthermore, preparatory poses
performed before motion jumps in the first series were excluded from the evaluation because they
were unique to that series. Therefore, M1-S1 differs from the first motion of the other series, and,
owing to its lack of alignment with the characteristics of the motions within the scope of the
evaluation, it was not considered in this study.

M2-51 was the point of departure for the examination. During the second motion, the upper
limb moved laterally from the center of the head to both shoulders on the same side. In a symmetrical
human body, when moving the upper and lower limbs on the same side simultaneously, they tend
to move in the same direction, based on the body’s midline [31-34]. Furthermore, Nakagawa et al.
[35,36] demonstrated that movements on the same side of the upper and lower limbs in the horizontal
plane are more stable and can be performed with greater accuracy than movements on the opposite
side. Therefore, for the feet apart or together motion, Task 1 (feet apart motion) exhibited a high
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success rate owing to the alignment of the upper and lower limb movements in a single direction
from the center outwards to both sides. This allows for a more natural and fluid motion. In contrast,
Tasks 5 and 6 (feet together) required the lower limbs to move from both sides towards the center of
the body in a direction different from that of the upper limbs. However, with regard to the “keeping
the feet apart or together” motion, regardless of whether the feet are apart or together, the lower
limbs do not move on the same or opposite side as the upper limbs. Consequently, it is postulated
that this does not affect the directionality of motion. It is therefore surmised that the reason for Tasks
2-4 of the “keeping feet apart or together” motion also exhibited a high success rate, given that they
were maintenance motions. These tasks entailed maintaining the same posture without being affected
by directionality.

The following section examines the characteristics of M3-S1. In the third motion, the upper limbs
are positioned on both shoulders without any movement. As observed by Meesen et al. [37], when
engaging in motor coordination exercises targeting the upper and lower limbs, there is a proclivity
to move both the upper and lower limbs simultaneously. In other words, when the lower limbs are
moved in a feet-apart or together motion, the upper limbs, which are not permitted to move, are
likely to move in conjunction with the lower limbs. It can be posited that the high success rates
observed for Tasks 1, 2, and 5 may be attributed to the nature of the motion involved, namely, keeping
the feet apart or together. This is due to the fact that both the upper and lower limbs are kept
stationary (with the exception of the jump), thereby reducing the potential for interference from other
movements. Conversely, the low success rates observed for Tasks 3, 4, and 6 may be attributed to the
nature of the motion involved, namely, keeping the feet apart. This is due to the fact that the
aforementioned tasks involve a greater degree of movement, which may have resulted in a higher
level of interference from other movements.

The following section examines the characteristics of M4-5S1. In contrast to M2-S1 and M3-51, no
distinction was observed in the success rate between the tasks, irrespective of whether the motion
involved the feet being apart or together, or a combination of the two. In the fourth motion, the upper
limbs exhibited a pause in the middle of the jump, with the hands positioned on the shoulders on the
opposite side. At the time of landing, the upper limbs were required to perform two motions:
contralateral and lateral. It is essential that the motion is executed at a faster pace than that of the
lower body. Thus, it is postulated that the rhythms of the upper and lower limbs are distinct.
Kobayashi et al. [38] indicated that when a rhythm mismatch occurs, motivation tends to decline if
the rhythm and motion are not synchronized. In other words, the alteration in rhythm observed in
the fourth motion may have evoked a sense of inadequacy in the participants, potentially leading to
a disruption in the coordination between the upper and lower limbs. Therefore, the fourth motion
presents a challenge owing to the upper limb motion regardless of the combination of lower limb
motions. In other words, the fourth motion was inherently challenging. Nevertheless, it is postulated
that the complexity of the lower limb motions does not influence the overall difficulty of the task, as
each has a comparable level of difficulty.

Finally, an examination of M1-52 is warranted. M1-52 involves the movement of both hands
from the same shoulder to the center of the head in an inward direction, which is the opposite of M2-
S1. It is postulated that M1-52 has an inverse relationship in terms of difficulty to M2-51 in terms of
the direction of the upper and lower limbs. Therefore, for Tasks 1 and 3 with the feet together, the
lower limb motion involves closing the feet from a separate position towards the center of the body.
As this is in the same direction as the upper limb (towards the inside), it has an opposite relationship
to Task 1 of the second motion (the upper and lower limbs both move in an outward direction). This
finding is consistent with those of the previous studies. As demonstrated by Semjen [31], Carson et
al. [32], Byblow et al. [33], Temprado et al.[34], Nakagawa et al.[35], and Nakagawa et al. [36], the
motion is executed with greater stability and accuracy, resulting in a high success rate. In contrast,
Task 2 involved the motion of the feet apart. Although there was no significant difference in the
success rate between Tasks 1, 3, and 4, the success rates remained below 90%. This discrepancy could
be attributed to the fact that the lower limbs undergo lateral motion, whereas the upper limbs exhibit
different directional movements. However, considering the aforementioned observations regarding


https://doi.org/10.20944/preprints202407.2409.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2024 doi:10.20944/preprints202407.2409.v1

12

the motion of keeping the feet apart or together, the success rate for Task 4, which involved keeping
the feet together, was notably high, exceeding 90%. Conversely, the success rates for Tasks 5 and 6,
which entailed keeping the feet apart, were markedly low at approximately 30%. In other words, the
assumption that the direction of motion would remain unaffected due to its lack of correlation with
the direction of the upper limbs, regardless of whether the feet were kept together or apart, was
deemed erroneous.

In the case of the “keeping the feet apart” motion, the lower limbs are in fact kept apart, resulting
in a conscious difference in the directionality of the upper limbs. It has been postulated that the lower
limbs may be close together when they move inward. In contrast, keeping the feet together involves
conscious effort to maintain the lower limbs in a fixed position, allowing the upper limbs to move
inward without affecting the perception of ipsilateral movement. This explains the high success rate
observed in this study. Muraoka et al. [39] suggested that psychological factors might influence limb
movement patterns. If this new proposal is indeed more accurate, then in -M2-S1, for Task 2 of the
“keeping the feet apart” motion, the lower limbs were aware that they were in a separate position,
and because they were in the same direction as the upper limbs, they could be treated as ipsilateral
motions, which is why the success rate was high. In contrast, the success rates for Tasks 3 and 4 of —
M2-51 should have been low given that the upper and lower limbs were perceived as contralateral
movements. However, the observed success rate was high and this was regarded as an exceptional
case within the context of this study. Thus, it can be inferred that in -M2-S1 and M1-5S2, there was
also an awareness of the same-side or contralateral movements of the upper and lower limbs in the
feet apart and together. If the upper and lower limbs consciously move to the same side, the success
rate is high. Conversely, if the upper and lower limbs consciously moved to the opposite sides, the
success rate was low.

In conclusion, it can be posited that the reasons affecting the difficulty of the four motions used
in this experiment are similar to those affecting the difficulty of new motions. These reasons pertain
to the ability to maintain consistency between the upper and lower limbs, either in motion or
conscious judgment. Therefore, achieving consistency is the key to coordinating the upper and lower
limbs.

4.2. The Difficulty and Characteristics of the Six Tasks

Regarding the difficulty and characteristics of the six tasks used in this study, irrespective of
experience, the three evaluation indices for Tasks 1 and 2 exhibited higher values than those observed
for the remaining four tasks. With the exception of the fourth motion, which was not considered as a
factor influencing task difficulty owing to the aforementioned considerations, there were no motions
in Task 1 that could be classified as difficult. In Task 2, only the first motion was identified as slightly
challenging. Prior research on attention capacity has indicated that as conditions become more
complex, greater attention is required, thereby making it more challenging to automate motor control
[40—43]. In other words, as the difficulty of the motions increased, the success rate of the task
decreased and the difficulty level increased. Thus, it can be inferred that Tasks 1 and 2 are relatively
straightforward and require minimal attention, making them amenable to automation. By contrast,
Task 2 is also relatively straightforward to automate, although one moderately challenging motion
does exist, which leads to the conclusion that it can be distinguished from Task 1.

Subsequently, Tasks 3-6 were examined. A notable discrepancy was observed between Tasks 3,
4, 5, and 6 in terms of the success rate of at least one series. However, the group of inexperienced
participants who successfully completed the four series in Tasks 5 and 6 were not included in this
analysis. With regard to challenging motions (with the exception of the fourth motion), only the third
proved to be problematic in Tasks 3 and 4. However, in Task 5, two motions (first and second) were
identified as difficult, whereas in Task 6, all three motions (first, second, and third) were classified as
challenging. Therefore, Tasks 3 and 4 require a degree of attention for motor control automation.
Given the near-equivalent difficulty levels of Tasks 3 and 4, it can be inferred that the same evaluation
effect can be obtained by performing either task similarly. Nevertheless, it is recommended that this
task be performed as an alternative or a reserve task. Tasks 5 and 6 are relatively demanding in terms
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of the amount of attention required for motor control automation with two or more difficult motions.
Task 6 was assumed to require the greatest degree of attention.

Furthermore, the difficulty of the tasks was influenced by the number of challenging motions,
as evidenced by the six tasks included in this study and the observations made during the
development of other tasks. In other words, it was also inferred that the evaluation method proposed
in this study allows for the free combination and adjustment of the series composition and difficulty
levels according to the characteristics and difficulty of the motions involved.

4.3. Validity of the Test

A comparison of the results obtained from the group of inexperienced participants with those
from the group of experienced participants revealed that the latter demonstrated superior
performance across all three evaluation indices. A substantial body of research has demonstrated that
motor coordination can be enhanced through targeted training [44—47]. In other words, it can be
stated that the group of experienced participants who received motor coordination training on a
weekly basis exhibited a higher skill level than the group of inexperienced participants who did not
receive such training. It can be reasonably predicted that those with higher scores will perform better.
In other words, the results obtained in this study align with the anticipated outcomes. Accordingly,
this study proposed a task that could reflect the strength and weakness of the motor coordination
skills of the upper and lower limbs. Furthermore, it can reflect the skill level not only in terms of
experience but also within the same group. This is considered a valid evaluation method.

Furthermore, among the experienced participants, even with the stringent evaluation index of
“success for the four series”, there were participants who demonstrated success in all six tasks.
However, this was not observed in the inexperienced participants. Notably, none of the participants
in the inexperienced group succeeded in Tasks 5 and 6. With the evaluation index of “success in at
least one series”, half the experienced group succeeded in all six tasks. In contrast, the inexperienced
group demonstrated a lower success rate even when the criterion was relatively relaxed. With regard
to the number of successful series, the group of inexperienced participants exhibited the highest level
of success, with five out of the 24 series completed successfully. The group of experienced
participants exhibited the highest success rate, with 12 completed by most participants. Moreover, in
Tasks 1 and 2, the vast majority of participants in the experienced group achieved success, whereas
less than 50% of those in the inexperienced group were able to do so. Wulf et al. [29] highlighted that
the difficulty of a task is relative, with participants with relatively high skill levels tending to find
even difficult tasks to be relatively straightforward. In other words, for the inexperienced
participants, Tasks 5 and 6 were particularly challenging, and it may be preferable to exclude them
from the measurement process. In contrast, the experienced participants found Tasks 1 and 2 to be
exceedingly simple, suggesting that they may be less suitable as test tasks and that more challenging
options should be employed instead.

Furthermore, the test can be conducted with minimal effort, requiring approximately 10 minutes
from the initial explanation to the conclusion of the assessment, with no specialized equipment.
Considering these findings, the evaluation method proposed in this study is a useful and effective
approach for accurately assessing upper- and lower-limb motor coordination skills. It offers a high
degree of flexibility in terms of setting and can be easily implemented, making it a valuable addition
to existing assessment tools.

4.4. Limitations

The practicality of the devised evaluation method was verified in this study. However, some
limitations were identified. First, the sample size was relatively small, and the study included only
two categories of athletic activity. To validate this method, it is necessary to increase the number of
participants and types of athletic activity. Second, the group of experienced participants exhibited
superior performance compared with the group of inexperienced participants. However, the efficacy
of the motor coordination training received by the two groups before and after the training period
was not evaluated through objective testing. In other words, it is not possible to definitively conclude
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that the observed improvement in the experienced participants is solely attributable to motor
coordination training. Therefore, it is essential to pursue further investigation through subsequent
surveys to substantiate the validity of these findings.
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