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Abstract

It is important to select reliable tools that archers should use in archery competitions. For this reason, we focused on
the arrows among the tools and developed a shooting machine for selecting arrows. It is important to imitate the move-
ment of the right finger to release the arrow and the forward movement of the bow after the arrow is released.
Therefore, these factors were considered when designing the machine. In this study, a shooting experiment was con-
ducted in which the shooting cycle of twelve ends of six arrows was repeated five times (one end is defined as six
arrows). Next, using the data from the impact points on the target, specific arrows with a large dispersion were identi-
fied. Cluster analysis was then conducted to identify the arrows that showed a high similarity distribution. Based on the
above results, we were able to identify arrows with the most flaws and select arrows that archers should use. The
results indicate the effectiveness of the method of selecting reliable arrows by rejecting flawed arrows.
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Introduction of less than 70 m, it is not suitable as a device for the
Olympic Games, where the competition is held at a dis-
tance of 70 m. In research overseas, Park et al.'®'® used
a shooting machine to study the aerodynamic drag and
axial rotation of arrows as well as the relationship
between arrow straightness and the deviation of the
impact points on the targets. However, these studies
only considered compound bows. Lau et al." experi-
mented on variable lateral bow angles (bow cants)
using a shooting machine from a distance of 70 m, but
they did not consider the archer’s paradox. The archer’s

Archery has been adopted as an official sporting event
in the Olympics. In addition, numerous archers in Japan
have demonstrated excellent performance in champion-
ship events in recent years. They are expected to win
medals in the upcoming Olympics. In anticipation of the
next Olympic games, the All-Japan Archery Federation
has begun providing technical support to archers.

Thus, much research has been conducted on archery
equipment so that archers can participate in matches
with confidence and without anxiety regarding the paradox is a phenomenon in which an arrow vibrates
equipment they use. For example, dynamic and static iy 4 horizontal plane after it has been released owing to
analyses have been conducted for bows.!™ In addition, the release of the bowstring by a person’s fingers. This

research I}as been conduc?ed to clarify thi 1:«,12<31r0dynamic phenomenon is known to affect the impact points on
characteristics and behaviors of arrows.” = Moreover,  the target.?*?> Hirano>® studied a shooting machine

it is necessary to develop a shooting machine for evalu-

ating arrows by shooting them; this research is bein
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study the relationship between the position of the feath-

ers 0?5 an arrow a.nd its speed. M.OI”COVCI", Kormushev Masashi Ohara, Graduate School of Engineering, Osaka City University,
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Figure 2. System for drawing a bowstring: (a) limit switch used to change each mode and (b) changing points.

that reproduced the archer’s paradox. Although this
device was successful in recreating the archer’s paradox,
it only shot at a distance of 30 m. In addition, regarding
the left-hand part of the motion, the device was not
able to reproduce the forward movement of the bow
from the archer’s left hand immediately after shooting.
The aim of this study was to select the arrows to be
used by archers. To achieve this goal, we developed a
shooting machine which is capable of shooting from a
distance of 70m and included a mechanism for imitating
the fingers of a person’s right hand and the part of the left
hand that pushes the bow. The authors developed the
first shooting machine between April 2018 and January
2019.%* However, owing to insufficient stability of the first
prototype, they improved it and developed “Shooting
Machine 2.”* In the following text, we refer to “Shooting
Machine 2~ as the “Shooting Machine.” In this study, we
conducted shooting experiments to determine whether it
is possible to select the arrows that archers should use
and to confirm the effectiveness of the proposed method.

Shooting machine

Base part

An image of the developed shooting machine is shown
in Figure 1(a) and a schematic illustration is shown in

Figure 1(b). The method by which this machine shoots
an arrow is as follows: The left hand pushes the bow
and the fingers of the right hand hold the bowstring. A
trapezoidal screw is adjusted by rotating the handle.
The right-hand component then moves backward and
a bowstring is drawn. Subsequently, the arrow is shot
when the right finger is unlocked. In this study, the
dimensions of the machine used are 1872 mm X 903 mm
X 1607 mm, and the total mass is 114.4 kg. Because the
shooting machine used in this study was developed by
Ohara et al.,”® a detailed description of the machine is
omitted in this paper.

Mechanism for drawing a bowstring

The bowstring drawing mechanism is illustrated in
Figure 2. After the arrow is set to the string, the string
is pulled by a DC motor (Maxon Motor, model num-
ber: 367468). A description of the “clicker” is shown
below. Recurve bows include a device that assists the
archer to obtain a consistent draw length. This usually
takes the form of a “clicker,” which is a small blade
that sits over the arrow while it is drawn and “clicks”
against the side of the bow when full draw is reached.
In addition, when archers pull their bows, they gradu-
ally decrease the pulling speed as the timing of the
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Figure 3. Left-arm part: (a) push part and (b) push part with a bow (side view).

clicker drop approaches.?® Considering this feature, the
motor’s movements are roughly divided into three
modes. Mode 1 includes the rapid drawing of a bow-
string; Mode 2 involves deceleration owing to its close
proximity to the clicker; and Mode 3 involves further
deceleration because the arrow tip will reach the clicker
position within seconds.

The length of each mode is determined by adjusting
the position of the changing point, as shown in
Figure 2(a) and (b), and the positions of these points
can be easily changed. Therefore, it can be adjusted
and used by any archers with different pull lengths. In
this study, the duty ratio of the motor pulse width
modulation (PWM) control was set to 30% in Mode 1,
15% in Mode 2, and 10% in Mode 3. These modes are
switched by the limit switch, as shown in Figure 2(a)
and (b). The limit switch automatically switches when
the arrow is pulled.

Left-arm part to push a bow

The left arm of the machine is made of a square iron
pipe with dimensions of 2mm X 20 mm X 40 mm.
Archers in general, utilize the same method for push-
ing the bow every time. For this reason, the push part
of the left hand is designed to always grip the bow so
that the bow can be pushed at the same position
every time. In this study, we focused on the push
aspect rather than the grip aspect and designed the
bow to be pushed forward strongly at the push point.
The other part of the left hand for fixing the bow is
made of polyacetal, as shown in Figure 3(a), allowing
the bow to be grasped firmly yet as if it were softly
wrapped. If metal had been used to fix the bow, there
was a possibility of damaging the archer’s bow.
However, because polyacetal was used, the bow dam-
age was avoided. Figure 3(b) shows an image of the
left hand grasping the bow. Because this machine is
designed to be easily detachable, it can be used for all
archery bows.

In addition, the push part is connected to the left
arm part by a mechanism that is able to slide in the
shooting direction. Therefore, when the arrow is shot,

Electronic circuit

for judging the sound b‘ >

Figure 4. Sound judging system.

the push part is designed to slide forward from the arm
part while keeping the bow firmly held. This mechanism
imitates the motion of the bow being pushed forward
from the archer’s left hand immediately after shooting
the arrow.

Sound judging system

As mentioned in the previous section, when the tip of
an arrow reaches the clicker position, the clicker falls
off, and a sound is generated. Then, the human archer
would hear the sound and simultancously shoot the
arrow every time. For this reason, a clicker was also
used in this study to keep the length of the pull the
same each time. In general, clickers are made of alu-
minum, stainless steel, or carbon; in this study, a
stainless steel clicker was used. In previous studies,
Ertan et al.>’ placed a conductor metal under a clicker
to detect the timing of a clicker drop. Edelmann-
Nusser et al.>® used accelerometers to detect the drop.
In contrast, in this study, a microphone was used to
detect the timing of the clicker drop, as shown in
Figure 4, to imitate the way archers use sound to
judge timing.
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Figure 5. Release mechanism: (a) image of the right hand, (b) image of the extended right fingers, and (c) image of the bent right

fingers.

Release mechanism

The image of the right-hand part is shown in
Figure 5(a), illustrating the point at which a bowstring
can be hooked. The right-hand part of the machine was
designed to imitate the fingers of the human hand so
that the structure could reproduce the archer’s paradox
when releasing the arrow. In addition, the bending and
stretching of the fingers are performed by pulling wires
and springs to resemble the movements of human fin-
gers. Images of the fingers in the extended and bent
positions are shown in Figure 5(b) and (c), respectively.
In addition, the fingers can be locked in the bent posi-
tion and extended by applying an electric current to the
solenoid when the clicker sound is detected. When the
fingers are extended, they move spontaneously by the
force of the strings without any particular control.

Shooting experiment
Methods

The shooting machine was moved to an archery range,
and a shooting experiment was conducted with the aim
of selecting arrows. The bow was an INNO CXT made
by Win Japan (Osaka City, Japan), and the arrows were
X10 shafts made by EASTON (Salt Lake City, United
States). The bow weight is 431b and the shaft is widely
used in the Olympics and other competitions. The type
of target was the same as that used in the Olympic
Games, with a diameter of 1.22m. The machine was
placed 70 m from the target, and six arrows were used
for the experiment. The arrows were numbered from
one to six to distinguish them from each other and were
released in ascending order. In major world archery

events (the Olympics, World Championships, and
World Cup), a ranking round is first conducted. In this
round, six arrows are defined as one end, and arrows
are then shot for 12 ends. Referring to this standard, in
this experiment, we defined six shots as one end and
repeated it 12 times for a total of 12 ends. In addition,
we defined the 12 ends (72 shots) as one cycle and con-
ducted a total of five cycles in this experiment. Each
cycle was distinguished by letters A-E (e.g., Cycle A) to
avoid confusion with the numbers used to sort the
arrows. The experiment was conducted under the above
conditions, and the data on the positions of the impact
points on the target were obtained from images cap-
tured using a smartphone camera.

Results

The impact point data of the arrows for the five cycles
are shown in Figure 6. The x-axis and y-axis indicate
the horizontal and vertical distances, respectively, with
the average of the impact positions in each cycle as the
origin. The arrows were shot toward the east, and the
right and left directions in the figure indicate the south
and north of the experimental environment, respec-
tively. In addition, the black circle in the figure shows
the 10-point area in the archery competition, which has
a diameter of 122mm. This figure also shows a 95%
confidence ellipse using the Mahalanobis distance so
that the distribution of the arrows can be easily visually
understood. The number of each arrow and the color
of the corresponding ellipse are shown in the legend. In
addition, the date (MM/DD/YYYY) of the experiment
is shown next to the cycle name. Based on these results,
we consider the following information.
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Figure 6. Shooting results: (a) Cycle A (10/21/2021), (b) Cycle B (11/04/2021), (c) Cycle C (11/05/2021), (d) Cycle D (11/11/2021),

and (e) Cycle E (11/12/2021).

First, in Figure 6(c), the arrow distribution of arrow
No. 4 in Cycle C is farther from the vertical direction
than the same arrow in the other cycles. In Cycle C,
there was a problem at the beginning of the experiment
where the arrow nock unexpectedly came off. We reat-
tached the nock in place soon after the incident, but
this may have affected the impact points.

Second, Figure 6(d) shows that Cycle D exhibits a
large horizontal dispersion. The difference in the scatter
of arrows between this cycle and other cycles may be
attributed to the effect of a side wind. A specific discus-
sion on side winds is provided in the next section.

Discussion

In archery matches, two archers compete in elimina-
tion matches following the ranking round. In those
matches, archers are required to have at least nine

arrows available: three they just shot, three that are
still being returned from the target, and three for the
next end. Top quality arrows, as used by almost all
competitors in an event such as the Olympic Games,
usually come as matched sets of 12 arrows. Therefore,
in this case, if we can find three arrows with the most
faults, we can select 9 out of the 12 arrows that should
be used by the archers. In this study, we made an
attempt to select three arrows with the most flaws out
of six arrows instead of twelve. First, for each arrow,
we identified the arrow with the largest dispersion
according to the coordinates of the impact points.
Next, we analyzed the relationship between the clus-
ters of impact points for each arrow and identified
which arrows showed high similarity in terms of distri-
bution. Finally, based on this information, three
arrows with the most flaws were identified to confirm
the effectiveness of the proposed method.
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Table |. Value of corrected o’ for each cycle and each arrow (mm).

Cycle A Cycle B Cycle C Cycle D Cycle E Mean value of ¢’ for each arrow
Arrow No. | 47.83 30.02 50.63 87.67 37.26 50.68
Arrow No. 2 44.57 23.86 42.47 40.01 5091 40.36
Arrow No. 3 57.88 34.22 45.29 44.93 59.30 48.32
Arrow No. 4 46.75 32.11 36.56 39.31 41.12 39.17
Arrow No. 5 60.95 47.15 40.73 56.61 43.57 49.80
Arrow No. 6 55.23 26.39 51.64 115.0 60.26 61.71
Mean value of ¢’ for each cycle 52.20 32.29 44.55 63.93 48.74
Table 2. Wind speed data for each experiment day.
Cycle A Cycle B Cycle C Cycle D Cycle E
Wind direction First hour Southeast West North West-southwest  West-northwest
data for each Second hour  North-northeast West-northwest North-northwest West-southwest West-northwest
hour (during 3 h) Third hour North-northeast West Northwest West-southwest  West-southwest
Average wind 1.57 1.17 1.20 4.07 3.50
speed (m/s)
The average 155 14.5 14 176 152
value of deviation (mm)
Maximum wind speed (m/s) 1.90 1.60 1.70 4.80 4.50
The maximum 199 434 136 208 195

value of deviation (mm)

Dispersion of arrows

First, we considered the dispersion of the numbered
arrows in each cycle. If the data has a normal distribu-
tion (o standard deviation; p: mean value), the 95%
confidence interval is given by (u * 1.96 ¢).?® In addi-
tion, the impact points of arrows shot by archers are
known to be normally distributed.?” Accordingly, this
formula can be applied assuming that the impact points
using this machine also have a normal distribution.
First, the standard deviation o of the distance from the
origin was calculated. Next, the standard deviation o
was multiplied by 1.96 to obtain 1.96 . In the follow-
ing text, we refer to 1.96 o as o . The value of o for
each numbered arrow’s cycle and its average values are
listed in Table 1. In addition, only a 61 mm radius of
the circle, that is, the 10-point region, was used in this
study as the evaluation criterion for o. The values in
Table 1 that exceed this criterion are indicated in red.
From this result, it could be seen that arrows No. 1 and
No. 6 in Cycle D exceeded 61 mm. Moreover, a com-
parison of the mean value of o for each arrow showed
that arrow No. 6 had the largest value, that is, above
61 mm. Therefore, this result suggested that arrow No.
6 was the most flawed among the six arrows and should
not have been used by archers. It was also evident that
if archers need the most accurate arrow (such as in the
case of a match in which the winner or loser is deter-
mined by the accuracy of a single shot), they should
choose No. 4, which had the smallest mean value of o .
Next, we considered why the mean value of o for
each cycle was different between cycles. The

experiments for each cycle were conducted for approxi-
mately 3h on different days. Table 2 shows the maxi-
mum and average wind speeds for the 3h during our
data capture on the experimental day, and the wind
direction by each hour at the point closest to the
experimental site, as obtained from the Japan
Meteorological Agency.*® According to these data, the
wind was strong on the experimental days of Cycles D
and E. It was thought that wind had a large effect on
the impact points of the arrow, especially when it blew
laterally to the arrow. Therefore, calculations were con-
ducted to examine the possible lateral displacement at
a distance of 70 m according to the side winds.

In another study, Ortiz et al.*' conducted a numeri-
cal calculation of the lateral displacement caused by a
side wind. Although it was difficult to exactly match
the conditions of this experiment because of parameters
that were difficult to measure, such as the speed of the
arrow in flight, we could use the values from their study
as an approximation. According to the data, a uniform
side-wind with a velocity of 3m/s resulted in a 340 mm
displacement from the center of the target. In addition,
the equation used in the study showed that there was a
proportional relationship between the side wind and
displacement. Table 2 shows the values of the average
lateral displacement and maximum assumed lateral dis-
placement in this experiment, which were calculated
using the data from the study mentioned above and the
wind speed data from our experiment. In this calcula-
tion, we considered the wind direction and assumed
that only the wind velocity components in the north
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and south directions affected the arrows because the
arrow was shot eastward. In addition, the deviation
was calculated as an absolute value, with no positive or
negative values defined for the north and south direc-
tions. The theoretical value of the lateral displacement
calculated from the data in this study was quite large
because it was calculated in a case where the wind was
always blowing, unlike in the actual experimental envi-
ronment. However, the results demonstrated that if a
strong wind blew at the time of shooting the arrows, a
large displacement was observed. Moreover, this result
also showed that there was a reasonable possibility of
large differences between cycles performed on strong-
wind days and light-wind days.

Cluster analysis

After focusing on dispersion, we analyzed the impact
points in each cycle separately to examine the distribu-
tion of the arrows. In this study, we applied a hierarchi-
cal clustering method that has been used in many
fields.>>3? First, the arrows marked with the same num-
ber were combined to form clusters, and then the simi-
larity between clusters was considered. In cluster
analysis, there are many ways to determine the distance
between a cluster formed by combining two clusters
with other clusters. In this study, we applied the Ward
method, which is known to be more robust to outliers
than other methods.*** Incidentally, the Ward method
combines two clusters to maximize the ratio of the var-
iance within the group to that between the groups.
Additionally, the distance between each impact point
was calculated using the Euclidean square distance.
Dendrograms created based on the analysis results are
shown in Figure 7. In the dendrogram, the horizontal
axis shows the number marked on the arrow in each
cycle, and the vertical axis shows the distance between
the clusters, as obtained by the calculation. In the fig-
ure, the square root of the calculated value is shown
because the Euclidean square distance is used for the
distance calculation. Moreover, this distance represents
the dissimilarity between clusters. This means that the
clusters joined at a lower position in the dendrogram
have a higher similarity, indicating that they are clus-
ters of arrows with similar characteristics. Then, red
lines are marked on the branches at the points where a
cluster containing three or more arrows has been com-
bined. The branches are the lines connecting each ele-
ment in the dendrogram.

From this result, it could be concluded that, with
the exception of Cycle C, the clusters could be classi-
fied into those containing arrows No. 1, 3, and 4 and
those containing arrows No. 2, 5, and 6. As for arrow
No. 4 of Cycle C, the impact points were distributed
vertically upward owing to an accident in which the
nock unexpectedly missed once, as noted in the results
section. Thus, it was thought that the classification
result of Cycle C was different from those of the other
cycles because of this effect, as shown in the dendro-
gram. However, the average value of the dispersion of
arrow No. 4 was small, as shown in Table 1.
Moreover, because this was the only day in which the
arrows dispersed in significantly deviated positions,
we considered it unlikely that there was any flaw in
this arrow. Furthermore, it could be considered that
arrows No. 1 and 3 were the two most similar arrows
among the six arrows because these two arrows form
the cluster initially in three cycles (Cycle A, D, and E).
In addition, arrow No. 6 had the highest dispersion
degree among the six arrows shown in Table 1, indi-
cating that this arrow had the most flaws. Based on
the above considerations, it was concluded that
among these six arrows, arrows No. 2, 5, and 6 should
not have been used, whereas arrows No. 1, 3, and 4
should be used by archers. In this experiment, three
arrows with most flaws were rejected from six arrows.
Then, even with 12 arrows in the actual case, using the
same method, it would be possible to reject the three
arrows with most flaws and select nine arrows that
should be used.

Next, in order to consider the effect of wind, we per-
formed cluster analyses using the dispersions in each
direction separately. The dendrograms obtained using
only the horizontal dispersion are shown in Figure 8§,
and those obtained using only the vertical dispersion
are shown in Figure 9. In these analyses, we also
applied the Ward method for each cycle.

We discuss Figure 8, in which only horizontal dis-
persion is considered. These results had no similarities
between each cycle, and we cannot select the arrows.
Then, we discuss Figure 9, in which only vertical dis-
persion is considered. These results suggested that, with
the exception of Cycle B, the clusters could be classified
into those containing arrows No. 1, 3, and 4 and those
containing arrows No. 2, 5, and 6. In addition, Table 1
showed that arrow No. 6 had the highest dispersion
degree among the six arrows. Therefore, it was con-
cluded that arrows No. 2, 5, and 6 were the arrows that
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Table 3. Horizontal and vertical wind speeds relative to the
ground at archery range.

The distance from the target (m) 30 50 70
Horizontal wind speed (m/s) 22 27 2.1
Vertical wind speed (m/s) 0.0 0.6 0.0

archers should not use, and arrows No. 1, 3, and 4 are
the arrows that archers should use. By comparing the
dendrograms using only vertical dispersion with those
in Figure 7, it was shown that the classification results
for Cycle B in Figure 9 and Cycle C in Figure 7 are dif-
ferent. However, the selection results obtained consid-
ering all five cycles were the same for No. 1, 3, and 4.

Next, we describe the wind speeds measured with the
anemometer at the archery range where the experiment
was conducted. As shown in Figure 10, wind speeds in
the horizontal and vertical directions relative to the
ground were measured. These values, measured at dis-
tances of 30, 50, and 70 m from the target, are shown in
Table 3. This table indicated that the wind blew mostly
horizontally, and the vertical wind blew very little and
influenced arrows little.

From these results, the reason for the inability to
select arrows from the results using only the horizontal

dispersion was the effect of the crosswind. It was then
clarified that the results using only vertical dispersion,
which were less influenced by wind, provide the same
conclusion as those obtained by considering both hori-
zontal and vertical dispersion. This indicated that it
was possible to select arrows even with the current
equipment. However, to conduct more accurate analy-
sis regarding the horizontal direction, it is necessary to
conduct the experiment where the wind has less
influence.

Conclusion

In this study, a shooting machine was developed to
select the arrows that should be used by the archer, and
shooting experiments were conducted using the six
arrows actually used by archers. Archers participating
in the Olympics need to identify 3 arrows from 12 with
most flaws and reject them to select nine arrows to be
used in a match. Therefore, in this study, we identified
three flawed arrows out of six to verify the effectiveness
of this method. In the arrow shooting experiment, six
arrows were shot as one end according to the rules of
the ranking round, and 12 ends (72 shots) were shot in
total, which were repeated for five cycles.

Subsequently, we first identified the specific arrows
likely to have most flaws by using the standard devia-
tions calculated from the impact points of the arrows.
Second, cluster analysis was conducted separately for
each cycle, and arrows showing a high similarity distri-
bution were identified. Based on the information pro-
vided above, we were able to identify three arrows out
of six that had significant flaws and should not be used
by the archer. These results indicated that even with 12
arrows, as in the competition setting, using the same
method it would be possible to select nine arrows that
should be used, rejecting the three arrows with high
degree of flaws.
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As future problems, the effects of side winds on the
arrows are significant, and it is difficult to accurately
detect the unique dispersion of arrows on a windy day.
Therefore, we will conduct further experiments in an
environment where there is no external influence, such
as wind.
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