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ABSTRACT

Many people use walking as a form of exercise to maintain or improve their health.
Main gait types of walking are normal walking, power Walking and race walking.
Although race walking has a potential to contribute significantly to healthcare due
to its high exercise load, it is difficult for athletes to judge gait themselves due to the
nature of the competition, in which the gait is judged visually by a judge. Therefore,
this study focuses on race walking and elucidates mechanism of race walking in
order to examine whether race walking can be used for healthcare. Previously, this
research group has considered walking as a periodic motion and proposed a method
to quantitatively represent normal walking by analyzing the frequency components
of vertical acceleration that occur in body parts during walking. By applying this
method to race walking, it is considered that frequency components can be used as a
quantitative indicator of characteristics in race walking, and can help to evaluate and
improve their own movement. On the other hand, power Walking, which is a walking
movement with a stronger exercise load than normal walking, is more similar to race
walking than normal walking. So, we believe that the characteristics of race walking
can be further clarified by comparing the characteristics of power Walking with those
of race walking. Therefore, the purpose of this report is to clarify the characteristics
of walking movement in race walking based on the frequency components of vertical
accelerations occurring at body parts in race walking and power Walking. In this report,
pace is used as one of parameters to represent the movement, and changes in the
characteristics of movement when pace is varied are focused on.
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INTRODUCTION

Walking is a simple health care activity that many people consciously take
part in. Among walking activities, race walking (hereinafter referred to as
RW) is a particularly demanding activity because of its fast pitch and large
arm and hip movements compared to normal walking (Hanley et al., 2008).
Therefore, RW has the potential to contribute to health care. However, due
to the nature of RW in which the judges visually judge the gait, it is difficult
for athletes themselves to know whether they are moving in accordance
with the rules, and it is also difficult to standardize the criteria for visual
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judging. To improve these problems, Suzuki et al. (2022) studied detection of
movement rule violations from smartphone videos. Although such research
has been conducted, a method to quantitatively represent RW has not yet
been established. We believe that this is one of the factors that make it difficult
to adopt RW as a means of health care.

Our research group has focused on frequency analysis as a means
of quantifying movement. Frequency analysis can quantitatively express
compound waves in terms of amplitude and phase for each wave. Viewing
gait as a periodic motion,, our research group has proposed a method
to quantitatively represent features in the frequency domain by frequency
analysis of normal walking of healthy subjects, taking advantage of this
property (Inoue et al., 2023). In this study, we used the frequency analysis
for acceleration of each body segment, considering that the characteristics of
movement are expressed in acceleration of each body segment. Other than
our research group, several studies have applied the frequency analysis to
gait, and Mostayed (2008) investigated a method to detect gait abnormalities
in normal walking using the discrete Fourier transform. Ochoa-Diaz et al.,
(2020) examined symmetry of gait in people with lower limb defects by
using the discrete Fourier transform for trajectory of body center of gravity.
However, no study has examined the use of frequency analysis in RW
to quantitatively represent the motion of each body segment. Therefore,
our research group is considering the application of the frequency analysis
performed on healthy natural walking as a method for quantitatively
expressing RW. By using this method, we can quantitatively represent RW
movement, clarify the characteristics of RW according to the rules and the
characteristics of lean movements, and enable the athletes themselves to
improve their own movements.

On the other hand, power walking (hereinafter referred to as PW) is a
walking motion similar to RW. PW is a large swinging motion with arms
bent at 90[deg], and is incorporated into health care as an exercise with
a greater load than normal walking (Li et al., 2022). So, the frequency
analysis proposed in this paper compares RW and PW to further elucidate
the characteristics of RW.

Therefore, as a first step in application of RW to health care, this
paper aims to clarify the characteristics of RW by the frequency analysis to
acceleration of body segments during RW and comparing the results with
those of PW. This study examines changes in movement characteristics due to
changes in gait and differences in body part movement characteristics among
volunteers. The variation in movement between trials within same volunteer
will not be examined.

PROCEDURES

This chapter describes experimental method used to measure acceleration
data for the frequency analysis. The experiment was conducted after
obtaining approval from the Ethics Review Committee of Kochi University of
Technology and after explaining the experiment to volunteers and obtaining
their consent in advance.
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The volunteers were three healthy male volunteers (age 2241, height
1.734+0.01[m], weight 63.5+5[kg], volunteers A and B: 8 years of athletic
experience, volunteer C: 3 years of athletic experience) with RW experience.
Walking paths were designed to allow for 10 steps of RW and PW,
respectively. Acceleration is measured using MVN Link (Martin et al., 2018),
a high-precision inertial sensor motion capture system manufactured by
Movella. A metronome is used for pacing.

In this experiment, we consider the body as a set of 15 rigid bodies
consisting of the head, upper trunk, lower trunk, right and left upper arms,
right and left forearms, right and left hands, right and left thighs, right and
left lower legs, and left and right feet (Ae et al., 1992), and attach MVN
Link to each body segment to measure acceleration. The gait was increased
by 10 BPM from 120 BPM to 200 BPM for both movements, and 5 trials
were measured for each gait. The measurement range for both movements
was two steps from the fifth step to the seventh step, which is number of
steps required for a steady gait in a normal walking. In this study, in order
to match the period of central parts such as torso with that of left and right
parts such as arms, the acceleration of the left and right parts is averaged
in the time domain, and one step of the walking motion is defined as basic
period. In this paper, only vertical acceleration is measured. The sampling
frequency is 240 Hz, and cutoff frequency of low-pass filter is 25 Hz.

As a procedure for the frequency analysis is to transform one cycle
of acceleration in walking measured in the experiment into frequency
components using the discrete Fourier transform, and express the frequency
components in terms of orders. Fundamental frequency of walking is
considered to be a wave that occurs once in a cycle, and the fundamental
frequency and its integer multiple components are focused on, with the
fundamental frequency expressed as first-order component and the frequency
component that is twice the fundamental frequency as quadratic component.
The higher-order frequency components in the fast paces are blocked by low-
pass processing. Since the first-order component is 3.33 Hz at 200 BPM, the
fastest pace, and low-pass processing at 25 Hz does not remove up to seventh-
order component, this paper examines the first to seventh-order components.
In this report, only amplitude is analyzed.

The zeroth-order components of the frequency components are not
considered in this paper because they represent constant terms, and the
intermediate components between integers, such as the 0.5th-order and
1.5th-order components, represent left-right differences, respectively.

RESULTS

There were no significant differences among volunteers except for the foot,
and the results were generally similar. Thus, only the results of Volunteer A
are shown except for the foot, and only the results of all Volunteers A, B, and
C are shown for the foot. The results for the arm part, consisting of upper
arms, forearms, and hands, were almost same except for the amplitude of
the first-order component. Thus, only the upper arm figure is shown in the
arm part, and the amplitude and standard deviation of only the first-order
components with characteristics of forearm and hand are shown in Table 1.
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Figure 1: (RW), Amplitude of head acceleration; (PW), Amplitude of head acceleration.
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Figure 2: (RW), Amplitude of upper trunk acceleration; (PW), Amplitude of upper trunk
acceleration.
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Figure 3: (RW) Amplitude of lower trunk acceleration; (PW), Amplitude of lower trunk
acceleration.

The results of the analysis of volunteer A’s race walking (RW) and power
walking (PW) are shown in Figures 1 through 7, and the results of the
frequency analysis of feet of volunteers B and C are shown in Figures 8 and 9.
In these figures, the horizontal axis is order and the vertical axis is the
amplitude. Area marked by symbols represents mean value of five trials, and
error bars represent the standard deviation.

The analysis of acceleration at 15 segments showed that the characteristics
of the frequency components of each site could be divided into three parts:
central part consisting of the trunk and head, arm part consisting of the upper
arm, forearm, and hand, and leg part consisting of the thigh, lower leg, and
foot. The differences in characteristics between the PW and RW are described
below. The characteristics of RW and PW are omitted due to number of pages.



1376

Inoue and Shibata

12080
1308PM
15 140BPM
1508PM
1608PM

T 17osem
E 1soaem
F1908PM
& 2008M

Magnitude

6 7

10
£ 1208PM T 17o8eM
1308PM £ 1so8PM
140BPM & 1908pM
8 s T 2008eM
I
)
3 6
S
§ 4
2 g g i
0 g

Order

Figure 4: (RW), Amplitude of upper arm acceleration; (PW), Amplitude of upper arm

acceleration.
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Figure 5: (RW), Amplitude of thigh acceleration;
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Figure 6: (RW), Amplitude of
acceleration.
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(PW), Amplitude of thigh acceleration.
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lower leg acceleration; (PW), Amplitude of lower leg
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Figure 7: (RW, volunteer A),
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Amplitude of foot acceleration; (PW, volunteer A),

Amplitude of foot acceleration.
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Figure 8: (RW, volunteer B), Amplitude of foot acceleration; (PW, volunteer B),

Amplitude of foot acceleration.
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Figure 9: (RW, volunteer C), Amplitude of foot acceleration; (PW, volunteer C),
Amplitude of foot acceleration.

Table 1. Amplitudes and standard deviations of the first components at the arm part.

Pace[BPM] Forearm(RW) Forearm(PW) Hand(RW) Hand(PW)
120 18.18+1.79 5.75+1.42 32.55+2.19 11.50+1.95
130 19.7440.54 5.21+1.42 33.66+0.65 11.54+1.99
140 23.13£1.13 4.76+0.67 38.35+1.52 12.1340.97
150 26.8842.22 8.90+1.79 42.5343.53 19.2942.26
160 28.834+0.10 12.28+1.95 45.58+1.64 24.754+3.24
170 29.28+1.46 13.67+2.95 45.48+1.95 28.20+4.14
180 31.02+0.77 11.39+6.58 48.60+2.27 24.12+13.29
190 32.41+£1.65 21.1742.47 51.3942.74 40.434:2.69
200 36.20+2.50 22.86+4.06 57.66+4.05 43.4246.47

In the central parts, the quadratic component is large in the lower trunk for
both movements. Comparing Figure 3 (RW) and Figure 3 (PW), the quadratic
component was larger in RW, and the quadratic component was dominant
in all paces in RW.

Figure 4 and Table 1 show that the amplitude of the first-order component
in the arm part increased at a constant rate with increasing pace in RW, while
the amplitude of the first-order component in PW began to increase more
rapidly around 180 BPM. In addition, the amplitude of RW was larger than
that of PW for the arm part.
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In the leg part, the difference between RW and PW was particularly large.
Figures 7 to 9 show that the quadratic component decreased with gait in the
RW for volunteers A and B in the foot, whereas the quadratic component
increased with gait in the PW. In addition, Figures 5 and 6 show that the
quadratic component of PW increased with pace in volunteers A and B.
Figures 5 and 6 show that relationship between the quadratic component
of the lower leg and the thigh was smaller in the PW, but the thigh was larger
in the RW. Finally, Figures 6 and 7 show that the amplitude of the lower leg
and foot was larger in the RW.

DISCUSSION

In the leg part, where many RW-specific characteristics were observed, many
characteristics were found especially in the quadratic component. In the leg
part, the quadratic component is a waveform consisting of two motions:
an increase/decrease in acceleration at the time of ground contact and an
increase/decrease in acceleration at the time of kick-start, so it can be said that
this component includes impact at the time of ground contact. Based on this,
we will discuss each result. First, the decrease in the quadratic component
with increasing pace in volunteers A and B for RW only is thought to be due to
the decrease in shock with increasing pace. Since there is a trade-off between
pace and stride length in the walking, the stride length becomes smaller as the
pace increases. The change from heel-strike grounding to midfoot grounding,
in which the entire sole of the foot is grounded, is thought to have resulted
in a smaller angle between the ground and the foot at the time of ground
contact, and thus a smaller impact on the heel. It should be noted that the
midfoot grounding in RW is reported to cause hyperextension of knee joint,
and therefore, a low impact does not necessarily mean a low load movement
(Di Gironimo et al., 2016). The fact that the quadratic component tended to
increase in the foot region only in Volunteer C is due to the fact that Volunteer
C was the athlete with the shortest competition history, which suggests that
there were differences in the trend due to differences in the level of proficiency
in RW.

Second, in PW, the quadratic component of the lower leg was larger than
that of the thigh except for paces above 190 BPM, but in RW, the quadratic
component of the thigh was larger than that of the lower leg, and the reason
why the quadratic component of the lower leg was larger than that of the
thigh in PW may be due to the shock absorption effect of the knee joint
(Tagawa et al.,2001). On the other hand, in RW, the Bent Knee rule states that
the knee must not be bent until the leg is perpendicular to the ground from the
time of ground contact. Therefore, the knee joint cannot be bent at the time
of ground contact, and it is thought that shock absorption at the knee joint
did not take place. Another reason why the quadratic component of the thigh
was larger than the quadratic component of the lower leg in the RW is related
to the movement of the lower trunk. The quadratic component of the lower
body is large, just like that of the leg part, suggesting that because the legs
cannot absorb the shock during RW, the pelvic rotation movement specific to
RW mitigates the propagation of the shock. Therefore, the rotational motion
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in the lower trunk was transmitted to the thighs, resulting in a larger second-
order component in the thighs than in the lower legs.

Next, the amplitude was larger in the RW than in the foot and lower leg.
This is thought to correspond to the RW rule of Loss Of Contact, in which
one of the foot must always be on the ground, so that the area below the
knee moved faster than the PW in the period from ground release to before
ground contact.

Finally, in the arm part, the increase in amplitude with pace was almost
proportional for the RW movements, but the increase in amplitude increased
for the PW movements above around 180 BPM. This suggests that the PW
movements cannot adjust to the increase in step speed after 180 BPM, but the
RW movements are able to respond to the increase in gait because of the large
rotational movement of the hips and the shoulder movements. In addition,
the amplitude of RW was larger than that of PW in all segments of the arm
part. This indicates greater acceleration in the arm part, which may assist the
response to Loss Of Contact in the feet and lower legs.

CONCLUSION

In this paper, as a basic study for applying RW to healthcare, the
characteristics of body part acceleration in the frequency domain during RW
operation are clarified by comparing them with those of PW. The results of the
frequency analysis showed that RW-specific movements appeared especially
in the leg part, while the movements of other body parts had characteristics
similar to those of PW, but some body parts, such as the arms, had larger
movements, and some body parts, such as the lower trunk, were affected by
the movements of the leg part. The above results indicate that the frequency
analysis can be used to quantitatively describe the motion in RW.

The results of this study only analyzed the acceleration in the vertical
direction, but acceleration in front-back direction also plays a significant role
in the walking motion, and new knowledge may be obtained by analyzing the
acceleration in the front-back direction, such as the fact that the decrease
in impact with the increase in pace that appeared in the results of this
study is converted into motion in the forward direction. Therefore, we will
analyze the motion of RW in the front-back direction to further elucidate the
characteristics of RW and examine whether it can be applied to health care.
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