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1 Introduction

For golf beginners, there is often a high de-
gree of instability in the ball’s flying direction
when they strike it. This problem also hap-
pens to golfers with years of experience play-
ing the round. They often perform a strong
bias in their swing path, particularly tend to de-
flect from outward to inward, causing the ball to
veer left of the target. This outward-to-inward
path tendency often leads to a series of errors,
one of which is commonly known as a “slicing
shot”[1]. The slicing shot causes the ball to veer
sharply in the opposite direction (right side) and
is a challenge for many golfers [8]. There are
various reasons for this outward-to-inward bias,
most of which can be attributed to an erroneous
swing motion called the “over-the-top swing”.
Seeking guidance from a professional coach is
arguably the most efficacious method to rectify
these swing inaccuracies. However, the associ-
ated costs might deter beginners, particularly
those pursuing golf as a mere pastime. A com-
mon alternative, self-practice, whether indoors
or outdoors, may risk ingraining poor techniques
in the absence of proper guidance.

This work proposes a virtual reality (VR) golf
training system to help golfers correct inappro-
priate habits during a swing. We use a spatial
distortion technique of VR to change the user’s
behavior, also called redirection, while the users

Copyright is held by the author(s).
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do not perceive the change of position. In the
VR system, we dynamically move the ball po-
sition when the users are performing a down-
swing. When the ball shifts a short distance
ahead, the user promptly shifts his downswing
path forward, thus correcting his swing path to
some extent.

Based on previous research exploring the pro-
longed aftereffect of visuomotor adaptation to
gradually distorted reality in VR[7]|, we intro-
duce three modes to shift the ball during the
downswing. To evaluate the effectiveness of the
proposed system, we develop a VR golf simula-
tion system incorporating the three modes above
and conduct a user study.

2 RELATED WORK
2.1 Visual/Object redirection

Visual dominance[2][3] can be used to influ-
ence the user’s experience in the virtual envi-
ronment and thus achieve specific desired effects,
with redirection techniques being one of the most
popular. For example, in redirected walking [13],
users may perceive themselves as walking in a
straight line, although they are walking on a
curved path. A non-strict mapping between head
rotation and orientation in the real and virtual
world achieves this work.

Kasuga et al.[7] had participants wear VR head-
sets and had them perform the task of repetitive
3D arm reaching for a target on a touchpad in
front of them. The target had multiple move-
ment modes. In the abrupt condition, the im-
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Fig.1. Make the ball shift forward by tracking the golf club while downswing, avoiding “over-the—
top”-like motion that can cause outside-to-inside swing path.

ages were rotated by 20°, while in the gradual
condition, the rotation was increased stepwise
from 0° to 20°. Their results showed that the
decay of the aftereffect was slower in the case of
slow movement. This research motivated us to
design modes in which the user is unaware of the
ball’s movement. We hypothesize that this type
of mode could potentially help users to maintain
their training results effectively.

2.2 Golf training in HCI

The application of technology in golf training
mainly includes the use of AR [4], VR [9], projec-
tion systems [14][5][6], and monitors to aid users
to train through various visualizations. Other
approaches involve incorporating forms of feed-
back, such as auditory cues [14][6], haptic feed-
back achieved by modifying golf clubs [10][11], or
external haptic feedback devices [15]. Moreover,
research that helps users train by deep learning
the swings of skilled players has been actively
researched in recent years [12].

In a series of research [14][5][6] focusing on
the use of the so-called “Virtual Golf Shadow”
for golf training, a skilled golfer’s silhouette cap-
tured through motion capture technology is pro-
jected onto an indoor golf training course. Users
can learn and improve their golf swing in real-
time by consciously aligning their silhouette with
the skilled golfer’s. However, this study is only
applicable to beginners who need to start learn-

ing from posture. Moreover, habits such as “over-

the-top swing”, caused by many personal pref-
erences and details, are challenging to correct
simply by differentiating from experts. Our ap-
proach can be used not only for beginners to
practice but also for experienced users to correct
the swing path.
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Fig.2. Left: The user takes the HMD for a real
swing. Right: the user interface in VR.

3 Design and implementation

The system design is shown in Fig.1. To get
accurate motion tracking, we use a high-precision
motion capture system (OptiTrack) to track the
golf clubs and simulate the outcome of the ball
being hit in VR in real time. Finally, we de-
veloped three different golf ball shift modes for
training using the VR golf setting.

3.1 User interface in VR

The user interface in VR is shown in Fig.2.
The user must stand on the yellow line and swing,
with the red flag as a target on the user’s left
side.

According to golf rules, a golf ball’s diameter
should not be less than 42.7mm. Hence, the di-
ameter of our model ball is set to 43mm. To
make it easier for beginners to hit the ball, we
let the ball model’s collision body diameter be
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grass texture

Fig.3. Ball shift sketch for Abruptly and Grad-

ually modes.

1.6 times larger than itself, which is 68mm.

In the VR system, when the user hits the ball
with a certain force, the ball flies slightly higher
than in reality, while the speed in the x and z
directions remains the same as in reality. Our
research focuses on the swing path rather than
the angle of the golf club face, which allows the
user to observe the ball’s flight trajectory more
comprehensively. The ball’s flight trajectory dis-
appears after the ball hits the grass, while a new
ball subsequently appears on the ball spawner
for the user to continue training.

3.2 Shift of the ball

We developed three shifting modes in which
the ball shifts the same distance. The distance
of the ball movement is two times the diam-
eter of the ball model, 8 mm. The previous
study by Kasuga et al.[7] mentioned four modes:
abrupt condition, gradual condition, a mixture
of abrupt condition and baseline, and a mix-
ture of gradual condition and baseline. Among
them, gradual condition and the mixture of grad-
ual condition and baseline are the most effective,
with a slower decay of after-effects. In contrast,
the mixture of abrupt conditions and baseline
mode has the worst effect. To verify whether
abrupt and gradual conditions produced similar
results in our study, we implemented “Abruptly”,
“Gradually”, and the “Interspersedly” modes for
the user study.

Abruptly (A) In this mode, when the user is
preparing to hit the ball, the ball suddenly shifts
towards the front for a distance (Fig.3 Left).

Gradually (G) This mode makes the ball shift
slowly towards the front for a distance and tries
not to be noticed by the user. To achieve this, we
take advantage of the feature of the tile texture
of grass by having the texture move forward with
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Fig.4. The procedure of user study: Mode
1, Mode 2, and Mode 3 represent the 3
modes in a randomized order.

the ball such that the user would lose their frame
of reference and be as unaware of the ball’s shift
as possible(Fig.3 Right).

Interspersedly (I) This mode alternates be-
tween the G mode and the non-shift mode. We
aim to correct the user’s habit with the G mode
swing while preventing over-correction with the
“non-shift” mode, allowing the user to learn and
verify between the two modes.

4 User Study

To test and verify the hypothesis that shifting
the ball during the swing can improve the user’s
swing path, we conducted a user study involving
12 participants.

4.1 Design and procedure

We first give instructions to the participants
on how to swing the golf club properly by having
them practice on a real-world indoor golf course.
As done in actual training and golfing, we asked
the participants to aim at the ball and keep their
eyes on it throughout the swing. After we ensure
they are familiar with the basic swing by com-
pleting a full swing 5 times, we let them train
with VR headsets and try to hit the ball in VR.
We have all participants use a #7 Iron club, stay
in a line throughout the test, and the participant
can see the ball’s flight path. When the partici-
pants hit the ball four times continuously in VR,
and it lands in the range of -30° to 30° , we con-
sider that they are ready to train in VR. Then,
we give instructions to the user about the exper-
iment, including matters such as the purpose of
the study and the three different modes.

During the experiment, we had each partici-
pant test all three modes randomly. Before test-
ing the three modes, the user performed 12 swings
in the non-shift mode as the baseline. As shown
in Fig.4, for the three different modes, such as A
mode, we let the user perform 36 swings in the
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A mode, followed by 12 swings again in the non-
shift mode. We mainly use the last 12 swings to
evaluate the effective learning rate. Particularly,
in the I mode, participants first performed 6
swings in non-shift mode, followed by 6 swings in
the G mode. The participants repeat these two
modes until they complete 36 swings and then
perform the final 12 swings in the non-shift mode
for evaluation. The training is approximately
10 minutes for 48 swings in each condition. We
asked the participants to take a 10-minute break
between conditions while filling out a question-
naire about this part of the experiment. The
whole experiment lasts approximately one hour.

4.2 Participants

We invited a total of 12 participants (mingg. =
20, maz,ge = 31, meanyg = 24.25, sdgge
3.16). Eight of them were men, and four were
women. Three had no knowledge of golf, six had
some knowledge of golf, they may have watched
golf videos or practiced swings, and the other
three had some golf experience, they frequently
engage in indoor golf training or have practical
experience playing golf games. Four of them
used VR regularly, five of them had VR expe-
rience, and three of them had no VR experience
at all.

4.3 Questionnaire
We used a customized questionnaire to eval-
uate the participant’s subjective experiences in
each mode, which served to support the discus-
sion of the result. We presented four questions
for each mode using a 5-point Likert scale ques-
tionnaire:
e Q1l: How about your experience of this
condition?

e Q2: Can you feel the ball shifting when
you swing?

e Q3: Do you think the shift of the ball dis-
turbed you?

e Q4: Do you think your swing form changed?

5 Results
5.1 Velocity bias

In our VR environment, the —z direction rep-
resents the inward, the +xz direction represents
the outward, and the 4z direction represents the
correct direction, i.e., the center(Fig.2). If the x
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component of the club velocity is negative, the
hit will cause the ball to fly to the left and vice
versa to the right.

v, /v, represents the offset value of the velocity
acting on the ball concerning v,, which we call
the velocity bias. arctan(v,/v,) represents the
offset of the velocity in degrees. When v, /v, =
0.1, it represents an offset of 5.71°, and 0.2 rep-
resents an offset of 11.3°. If v, /v, is negative,
the swing path swings outward to inward and
vice versa. If all other factors are accurate, then
v, /v, will represent the final deflection of the
ball. We want to see a smaller absolute value
of velocity bias during training than during the
initial measurement. More importantly, we want
the absolute value of velocity bias to be as small
as possible after training, representing a signifi-
cant training effect in the normal mode even af-
ter training.

We first conducted a two-way repeated-measure
ANOVA with turn and mode as variables for the
three modes(normally distributed and satisfies
the spherical assumption). The results showed
that for the three modes, both turn(df = 47,f =
1.93,p < 0.001) and v, /v, (df = 2,f = 39.10,p <
0.001) or the interaction between turn and v, /v,
(df = 94,f = 1.40,p < 0.01) have significantly
differences. We then performed a Tukey-Kramer
posthoc test on the three models and found sig-
nificant differences between (A, I) and (G, I)
in all three models (both p < 0.05). No signifi-
cant difference occurred between A mode and G
mode(p = 0.09 > 0.05).

5.2 Average velocity bias

Using the data from the 12 times non-shift
mode swing at the beginning, we found that 9 of
the 12 participants(P1, P2, P3, P4, P5, P6, P7,
P9, P12) were habitually biased from outward
to inward, two participants(P10, P11) were be-
tween inward and outward, one participant(P8)
was habitually biased from inward to outward.
Because our ideal target is who is used to play-
ing from the outward bias toward the in-ward, we
first averaged the data of these nine participants
individually, as shown in Fig.5. From the aver-
age data, the velocity bias (v, /v,) of these nine
participants in the first 12 shots ranged between
—0.2 and —0.1, which means that on average,
each swing would have a bias of approximately
9°from outward to inward.

We analyze the distribution of velocity bias
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Fig.5. The average Velocity Bias of the 9 out of
12 participants who have a habit of swing-
ing from the outside to the inside.

for the first 36 times in all three modes. In the
A mode, the values were the largest among the
three modes most of the time, and the velocity
bias was between 0.05 and 0.15 mostly, mean-
ing that the swing path was from inward to out-
ward. In the G mode, the velocity bias fluctu-
ated around 0.05, meaning that the average bias
angle was close to 3 degrees, and the bias towards
either side was not very strong. Intriguing re-
sults exist in the I mode because it is performed
in a cycle of six times in the non-shift mode and
six times in the G mode. The results of the first
36 times are distributed in positive and negative
sides with six as the number of cycles. However,
we can observe an overall tendency to converge
to 0, and the velocity bias is already close to 0
in the 30th to 36th times in the G mode.

5.3 Questionnaire evaluation

11 out of 12 participants thought it was eas-
ier to hit a golf ball in VR than in reality, and
one thought it was about the same difficulty.
Nine people thought golf training using VR was
reliable and preferred practicing in a VR en-
vironment. The questionnaire results for each
mode are depicted in Fig. 6. In terms of the
overall experience, G (M = 4.25, sd = 0.72)
and I (M = 4, sd = 0.91) were better than A
(M = 3.42, sd = 1.03). The majority of partic-
ipants noticed the movement of the ball in the
A mode (M = 1.5, sd = 0.76), whereas in the
G (M = 3.92, sd = 1.26) and I (M = 3.58,
sd = 1.1) modes, users did not perceive the ball’s
movement frequently. Additionally, users felt
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Fig.6. Questionnaire on a 5-point Likert scale
for participants’ experiences, perception
of ball movement, discomfort, and con-
scious alteration of the downswing path
for each mode.

more disrupted and found it more challenging to
hit the ball in the A mode, requiring a conscious
effort to modify their downswing path. After
conducting all three modes and understanding
the purpose of our user study, the majority of
participants said they preferred the I mode for
training.

6 Discussion
6.1 Main findings

From the velocity bias, it can be found that all
three modes have shown positive effects during
the training. A and G modes showed the most
significant change. Due to its cyclical nature, the
I mode experiences fluctuations over time, but
gradually approaches zero. This result is fur-
ther supported by the questionnaire responses.
The questionnaire results indicate users were not
aware of the shift of the ball in the G and I
modes. Therefore, users reported slight discom-
fort only in the A mode due to the instantaneous
shift of the ball, which made it challenging to
make accurate hits.

After 36 swings of training, the velocity bias in
the A mode regressed to the baseline level. The
G mode and I mode maintained the training ef-
fects in the short term and showed similar levels.
(RQ 4 is true) The questionnaire also supported
the superior overall performance of the I mode.
We believe this is because users can make non-
deliberate swing path corrections during training
in the I mode, which allows the user to validate
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and learn.

6.2 Subjective Feedback

Some participants thought that for golf begin-
ners, training directly with a real ball is chal-
lenging to hit and not safe enough. “I like that
there was no danger of having to pick up the
ball or risk a flying ball.” (P6) Hence, golf train-
ing using VR is appropriate for beginners. VR
golf can help beginners get up to speed rapidly
and is very motivating. “It’s exciting that you
could hit the ball constantly without catching
the ball.” (P4) Furthermore, visualizing the ball’s
trajectory, where it lands, and other information
in VR can be very beneficial for regular indoor
golf training. “ it is really fun that I can hit the
ball and can see the trajectory of the ball.” (P7)
“I firstly touch the golf club, but I really enjoyed
the golf training in all section, because I can hit
the ball. It is useful to beginners to the training
to motivate them.” (P12)

For perceptions of ball shift in different modes.
P6 mentioned: “In the A mode, the ball position
changed so significantly that I felt I needed to
consciously adjust my posture. There wasn’t
much difference between the G and I modes
because I didn’t even notice the change in ball
position.” P12 commented:“I occasionally feel
a sense of space being stretched in the G and
I modes, but despite this, I don’t consciously
wonder if this is the ball shifting because the
downswing is really fast.”

Other comments were concerned with correc-
tion, i.e., what was originally an outside-in trend
but was corrected to an inside-out trend. Un-
der the distance when we set the ball to shift,
the learning result of the A mode was not ef-
fectively retained, and the over-correction phe-
nomenon occurred under the G mode. At the
same time, the I mode can be contracted to a
more reasonable interval by the user’s verifica-
tion during training. However, for user trends
that are not outside-in or more exaggerated, it
is unsuitable to train directly at this direction
and distance of ball shift.

6.3 Limitations and future work

Several participants also indicated that even
in the G and I modes, they were still distracted
by the ball’s movement. In our user study, 1
of the 12 participants had no significant swing
bias, and 2 had an inward-to-outward bias, which
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might cause poor bias guidance when using our
method.

Omnidirectional Redirection For different de-
flections, including inward-to-outward or outward-
to-inward, other users may have different deflec-
tions when hitting the ball. FEach user has a
different bias; therefore, fixed ball shift distance
and direction do not suit everyone. We plan to
develop an adaptive training system that con-
stantly adjusts to each user’s bias. This will
not only help users with a significant bias to
standardize their swing path but also help users
with a smaller bias each time to reduce their bias
trend.

Spatial Distortion of Angles Using object
position redirection to correct the downswing path
may somewhat change the overall swing plane.
Our evaluation is mainly based on velocity bias,
i.e., angles, so we plan to use spatial distortion
of angles as well to allow users to learn uncon-
sciously. We plan to use virtual arrows on the
ground to indicate the direction of the user’s
swing while gradually changing the direction of
the arrows during the swing process. This may
result in better correction with less discomfort.

7 Conclusion

In this work, we developed a VR method to
help users correct their swing path by shifting
and redirecting golf balls. We proposed three
ball-shifting modes and conducted a user study
to compare the advantages and disadvantages of
the three modes. Subsequently, we analyzed the
three modes’ learning rate by visualizing the golf
club’s speed and swing path during and after
the training sessions. Our findings revealed that
training with the I mode, involving golf ball redi-
rection, was particularly effective in helping in-
dividuals with an outward-to-inward swing bias
standardize their swing path. In the future, we
plan to enhance the system by incorporating other
feedback mechanisms and omnidirectional adap-
tive redirection and conduct further studies on
other motor skill training. These future improve-
ments aim to provide many users with further
assistance and immersive training experiences.
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TNARYAF—D F L —= V7 TlE, BATRREIC
T BHIBRRe, U 7 LR A LITEBGHEAT Z /0]
DB 5. 2o DI 2RkA IS 2T L0
REINTW3 (1,28, 14, 16, 18, 19, 21, 23, 28, 29)].
ZFOHZIE, T 2T 5 Tk o 23] M 7 4 —
PNy 7 (4] ZIEA LT, EBEoxn—7 LT
BEITHOHD0H 5. L, AFxF—DRIEMZ b
L—=V7Dkdizid, MENT 4+ — KNy 2% H
W5 DR TH 2 EREINTNS [16].

BFEORER—ZADAF— L ==V T AT A
DZLIF VR ZHWTZ—FIEREFRLTWVWS
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ZRWVWVR YR T AE, e LOME» 52 —% 0
NMEPZLZVWNIER Y I 2L —&Z EDATD
FRAICHIEE N2 DOBIFLAETH .

ARFL T, s OREILS 2720, £ 74
O—=2ZN—BD~Ny F=v v b7 4 A7 4 (HMD)
EREALT, fEN7 4 — XNy 7213 % AR
AF—PL—= VIV RTLERETS (K1), 7
RIATLDERMRIE, A7 —LAF—I1TBI
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REARERT 2RO VR AF—Y—TH 3.
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DR=NVENFIRED Z ¥ CRIEINCER 2 BIES
5bDTH5. FMEOLEY LT, fEEATfR [12],
Z—HEER [25], =V T 4 [4] 1ICBIT 2 EE D
7= M KB EENFHE ., IEED T =<
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OEF UL T 5 TR, BROHSERN - 51
it BV TEHFORIULFEZ EED , 512D
AR P —=YIHFEOAEZREL TV .

BRIZRIC, BB AT 4%2HWT, HMD %5 L
TIRRETHHEIEDE L TR —UDMTR B Z & 2 HER
55 (1% 4).
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2.1 AR ZHAWREEEEXE
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L—HDp HMD 2 HWT, a—FHH0H = %8
I 2 TES. Dorzhieva & [6] 1, AR & F
n—y, BIOEA VA2 -7 2 —2AHAGDYE
727 —F 2V — L= VAT AEBIRELT.
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B, B — VN R ZEIT 2 Z L TEED T LI
R—= NGO WHGETELAAFICBETE 5. £/, &
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HRZVEREL, 21—V D 3 XLLXBEHET 5.

3.2 REz2O0-7
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3.3 #HEMI«s—FKNvo

AF—IZBWT, ZBZEERBERD—DOTDH 5.
BES AT LT, LFD 3 OOHEN T 4 — KNy
7 EHWT -V DEEROLRALEE BT 5.

3.3.1 Follow The Pro (Cond.F)

2F—D—f2 b L—=V 7B LT, a—F
DEFE 2B LA HBHT 2D DHH 5. Follow
The Pro(Cond.F) Ti&, Wu & [29] DFiiE%Z%E
WL, FAMCiiR Lo F 28— 14 (V=LK
Ty TFL—%—) DEHELER L1 —F D 2.5m Hif
WCRRT S (K 2(k)).

3.3.2 Spine Angle Indicator (Cond.S)

A F—DFE A EXE 570120, FYEE
KR LU TEEIHEOZENEETH S, LiL,
EHFOHFOLEBEHEL, XET 2 Z L I3HETDH
%. Spine Angle Indicator(Cond.S) TiZ%, PICO4
Dayirue—=32BEOPNCEEL, 21— DEF
DEZE (ayra—7025 HMD NOXZ fL) %
A= LTAHIET 5 (K2(h)). 1>
F—21%, 2—¥ LSRR EEICRTTY
SENFHEBETH D, —EM LOMEIH L AREIZ
2T 5. FRTOMGEEBRICED, f o7 —&H
REIZHR S L EWEZ 10 ZE L.

3.3.3 Keep Horizontal Pole (Cond.K)
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4 https://qualisys.archivetips.com
® https://Itad.alpinecanada.org/coaches
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FHHFoEFOWELRT. T—FDOFONEI 2
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W, (2) EAEDOFOEEDIKED S 20 BELL FE
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DEFHAED AL, R—Ang o REIE
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BRI 2T LADFHHEB XU, 3 ODHEEM 7 4 — K
Ny 7 OFNE R T 2 -0 OFHEEREZITo 7=
ARERX, HRTEREMEEEZEROERY
T EMINT.
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AREFTIE, UITOR#Z LT, #%id 5 2 FHiits
B W TRRGEEZ 1T - 72

H1: R BZBATREICEZ L—ZV TR
a—FOEHEEBAEZDFEFHRT % Cond.F 2kt
N, T—HFOLRBZMR(IL L TH/RT 2 Cond.S &
Cond. K X X ORI TH 5.
H2: FENAZERARRICLZ FL—Z22 TR
BN EZBRAZ RS % Cond.S IR L, R
LR IERT %5 Cond. K IX X DEIRITH 3.
IbE, 3ODMEN T 4+ — Ny 71X Cond.F
< Cond.S < Cond.K DEIZRIEAE .

4.2 REBREBME

18 4D R ¥ —#EBR#E (201 5 44, B 13 %4, Fin
19~28 %, ¥4 21.7, BE¥E(RZE 2.05) BAEERICS
MUz BMEDS B, 245 2 L E 5 ERHO
A& —EBRDH D, LD D 16 £k 5 ELLEDREER
Bh otz ZMEREPEFEDRA0—T LTI L
NR—VPTEZEEFELTED, AF—HilEL
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AH7%E 5. XR AR OB, 4 %0M4E 2 1 (A
R, 1 4205 1 FIRREORERLD D, D D 13
203 a L DRRERD e o T2, BINE W E#HLE LT
2,000 F233Zthb 7z,

4.3 FHEIEIZ
MR, WERORT 3 —< Y 2AZHWTER
Az, bnoEFﬁmk X b EVERCEE L 7.

4.3.1 TEENER

Number of Passed Flags (N.P.F): 30 A®
HE1L2y LT, ELL@EBTZIENTELR
JEOAREL. EARKEFVIZE R,

Mean Spine Angle (M.S.A): ZMEOE &
(E—varFx 7FxilLoTitREI N5,
MR~ DR b)) du— LT OEE &, HITHIS
ELTADLTHOFIME. 12y b (H30 &)
R 5 ETORT L — L0EFOAEHIHHE
N5, HINZWVIFE R,

Error (E.R.R): M.S.A % fHOE#EARTH| - 7=
. HH DA LHOEERIMENT DRI
TAEGZ5Z212RkD, HXINIWIZERW.
2%, M.S.A 2310, N.P.F 28 15 084, ER.R &

0= (15/30) = 20 L7 3.

4.3.2  EMEHIFHE

TEMERTRHIIC I System Usability Scale(SUS)[4],
User Experience Questionnaire(UEQ)[24], NASA-
TLX[13| BMEZ W=, 722U, FRFIHDMHKL
D7z, Short version UEQ(UEQ-S)[25] £ RAW
NASA-TLX[12] % ] L 7=.

4.3.3 H5ESXRTE

AFEERTIE, 1ty b 30 RKDfHEA BT = 15m [HkE,
MR Im THEAREICKE L. HROESEIZE
%87 3 —< Y 2% HET 579, Easy Level (IR
H 60km, FHRE DD B RRERM 2 HF o THiZ i
TZ %#E) & Hard Level (K& 80km, & TX
WEETOREERT 2D L WVIEE) D 2250
HEZ S R ROE L.
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N.P.F
Improvement 16

M.S.A
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NB o ®

o B FSK 4 F S K o B F SK

2

1.5

1

05

0

-0.5

-1

-15

M.S.A E.R.R
Improvement 2 ERR , Improvement
. '—"“‘ [—
1 l

F S K o B F SK . F S K

Quantitative Performance at Easy Level (60[km/h])

N.P.F

. Improvement 16 M.S.A

o B F S K F S K o B

F S K
Quantitative Performance at Hard Level (80[km/h])

2

15

1

0.5

0

-0.5

-1

-1.5

M.S.A E.R.
Imprcgvement 25 \ , Improvement

F S K o B F S K 4

3. EERER (+:p < 0.05, %+ : p < 0.01, * *x : p < 0.001). N.P.F [FEBHAZTVFLRL, M.S.A XU E.R.R

IZED NS WVIFERL.

4.4 EBFIRE

ZIENDHPI D, LLNOFIETHEBEZIT- 7.

(1) ¥>Ia2r—xZENZ DD/ 15 FED Y
F—=IVITT v T RITS.

(2) HMD Z%¥5& L, ZIEMERS A 7 AI1ZER
5 ETHEI 7 4 — BNy 7 DIRnEARSA:
(Cond.B) THIHH ML —=2 7 %1T5.

(3) 3DDH|HEM T 4 —=F v 7DS5H 1DD5%

T Easy Level D% 3£ v MT5.
4) CondBDO 1ty b% (3) LR LVTITS.
5) Hard Level T (3) & (4) Z#Di&R7.
6) ZDOEMITOVWTOEMECHET 3.
7) RAK 10 DR OREZED | [ER1ICAT o 7256
DFBENR 2 BINT 5.

(8) (3)~(7) & 3 oD THEDIRT. FKMHDIH
FEIBMEZLITHT VR —NFT VTS,

(9) AT L 2Re BRFDEIIMERUE RO
WTOHEA Y X 2 —%1T5.

FlE (2) o®F‘ED 1 £y b (4) TS hi

Cond. B(fAHE 7 4 — RNy VL) DT 4 —<
2T, BEBED L —= v P RE KT 5.

4.5 R

4.5.1 TEEHER

3 DTN EBHHEIR ORISR Z R L, %2
7 ZWFERNAT o 5 e IR L 72 E AW (Im

(
(
(
(
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provement) Z/R"3. 72721, 300FKMFDS B, £
DBINE DBRYNAT o TR DGE, EERTFIE (2)
DiED 1ty +OfER (Cond.B) & T 2.

Easy Level IZB LT, One-way ANOVA I2& D,
N.P.F(Fyg = 9.220,p < 0.001), M.S.AImprov
ement(Fy5 = 6.004,p < 0.01), E.R.RImprove
ment(Fy 5, = 4.569,p < 0.05) ICSRMFMOEEAE
DRoN. MOEETEIEEEIR LD -
7z (N.P.FImprovement: I, 5; = 1.539,p = 0.266,
M.S.AIFg,Gg == 0455,p == 0715, E.R.RZFg’Gg ==
6.004, p = 0.0682).

Hard Level iIZE§ LT, M.S.A Improvement 123
WTEHRIOERENR NI (Fys = 3.801,p <
0.05). MOIEFETRAEEEZARONLr o7 (N
PF:F;6s = 1.795,p = 0.156, N.P.FImprove
ment:F55; = 1.910,p = 0.159, M.S.A:F;45 =
0.692, p = 0.560, E.R.R:Fj 65 = 0.685,p = 0.564,
E.R.RImprovement: F» 51 = 1.268, p = 0.290).

BEAHDRSNTABEICOWTIE, Tukey HSD[26]
ZHWTEDRIMICHEEED D 2 2 ifiNiz. %
DIERZX 3 1I2AFENTRT.

4.5.2 TEMAER

FHEMEOHREEE 1 1T/RT. One-wayANOV
A DGR, UEQ-S @ PragmaticQuality(Fo s =
3.815,p < 0.05) ¥ Overall(Fos = 3.663,p <
0.05) ICHEEA R 5. RawNASA-TLX (Fys; =
1.236,p = 0.299), SUS(Fy51 = 1.680,p = 0.197),
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1. EMMER (#:p<0.1, *:p <0.05).

Condition Raw NASATLX Sus Pragg:ti(g-guality Hedgnli?éiality l(J)sSrj
Mean Sb Mean SD Mean SD Mean SD Mean SD
Cond.F 57.13 13.70 63.61 17.46 0.50 1.41 1.04 1.49 0.77 1.12
Cond.S 56.48 12.01 70.00 14.88 *I: 1.65 1.16 1.81 1.10 *|:1.73 1.01
Cond K 62.92 13.65 60.00 15.88 # I: 0.64 1.40 1.26 1.28 0.95 1.16

UEQ-S @ HedonicQuality(Fy5 = 1,555,p =
0.221) WCIFAREN A S NZ D o 72, Tukey HSD
DGR E R 1 1ITHFEIN TR .

4.6 BMEHNSOIXE

A ¥ R 2= X D BRI 25 M#ED
axXy rpEoh:

Follow The Pro (Cond.F): Cond.F ®K %
BRI, a—FOBEZEET LT, K-> 0
24 32 (P1P7,P12,P17) % @ T 2 0
HY)ZAIE (P2,P3) 25EICTE2 I Thol.
Frz, a—FOROBETEENSE K T80
aXYERHoT (P4, P8).

—F, Aa—=FPY LA ZE-TWE D, T
WKHIEZ2 L —R T2 L HEZERTERVOHL
W (P4, P6, P14), a—F L EPER > TLEWVA
#E (P4, P5, P11), ¥fic Hard Level Tlda—F 0
B X 2 BT 2 /1G22 0 (P3, P5, P10) 2 \Wo iz
BRDD o7, T, BOLEBITHNT 574 — K
Ny 7 H7 L BEWEITIZEN S0 (P12, P18)
Vo axXyrbhHoi.

Spine Angle Indicator (Cond.S): Cond.S
DR E LTHRDBZEFTH5N20F, HEOF L
M ==Y TR HH DL 2 ) 7L XA
ACHERTE 3 2 £ ThH-7= (P1, P3, P6, P7, P11,
P15, P16, P18). ZO#HR, FHHOIN Z#BE T
% (PL, P4, P5, P12) 213 Tk <, OB/
BRICHIZ = > %7 b la &k — U pSAlREIC 8o 7= (P5).
F 7z, B—VDPEAIENFRMTE > TWVW5 Z & il
T&7 (P13, P15, P18) L WHax >y b bHot

72U, BRFOEBR TS 2 EDH 5 DIX
FIWDETD D, BN SO TIANCES 2 HIT %
DD EWETERIRM LD WD HERD D o
7z (P2, P8). %7z, Hard Level T, % @i 3 3
CERFICERBINT LR, 22552
EDEEL WBIE S Wiz (P13, P17).

Keep Horizontal Pole (Cond.K): Cond.K
D7 H UL, Wiz AR U 7R 2 R 3
5Zrl2&kh, FEEERREREIMROIEZERTE
3z THoi= (Pl, P2, P8, P11, P12). %7, B
Z I L KFICRO Z 2 RIS 2 X9 ICb o7k

-21-

(P5, P8, P13). & 512, HEMERKICE2LTL %
SHDENE 2 HET 2 2 LR NTH 5 (P10)
EwnwHaxXyhrbdHot.

—7, HMD TR HIR T 2720, K-
TN ANST 2 DD LWV W S HERD D 5 72
(P2, P3, P5). EHig, avitu—o%#EEFLLZ
LIZEDAF—R by IHELI Ko (PG, PT,
P13), Hit> — Y TIREZAI XS5 Ichiziik 2 72
b, ZDHD b L—= U ZIF R SRV (P3, P5,
P14) & W5 N bz,

4.7 EE

2R LT, 32000Ht7 4+ — FNw Z5&HTF
TDOML—=V7HONPFEVWIND PL—=
ZHtARE (Cond.B) Kb ML TED (K 3), —
ED ML ==Y TMRPREINT WS, KREITII,
B DR & BEE I OW TN S,

4.7.1 Follow The Pro

Cond.FlZa—FITBRET 32— L —=
THETH Y, FREICZLWED, BNE» 50
FEFHXE o7z, —J5 T, Hard Level @
N.P.Fi2oWTilE, Cond.F 23 d &<, @iy
BV HETERTWS. L L, EoEiEzEL
T2HFEHDZRBAPHENTLEY, M.S.A2ENL T
W5, B ML —= 2 7175855, ZBOEXIZ
F2EHELRETARENIEZONS.

Cond.F Ti%, L ¥HOZEBOAIEHLTWS
fhd 2 DD L TR, a—F DL HRE%
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T. Speech can be too fast 26
Reading on-screen text in time 14
The pace is too fast (or slow) 10
V. Pause frequently to see better 21
On-screen text is too small 17
Noticing small on-screen details 11
Bright colors are overwhelming 9
Distinguishing between colors 7
Unsure about attention placement 7
Unnoticeable non-central elements 5
Unreliable audio descriptions™ 2
Visual overload* 1
A. Hard to hear the video clearly 24
Unreliable or missing captions 20
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ZAHEMED D S, XHI2 QA DFERED, ZE—
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X3DEFRVWEES. a— FEBERECESSD
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Winr B o) TWeb 7 7Y THEAE T I LD
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DOEREZ L HEINAER T E 2 27 4 X DFES,
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AR N\ RZ EMS IC&PFEDERZAVWEERTOE 7 / EEIgE

AR HER =T )10 —E&?
Bz

R R DI B HEEEIC B W Tl BB E 2 HERE 3 2 720121, FEBFIZER O RS 5

EEEOHINELX R20ENDH L. 20D, BRI TORBELWURD A v F o IR0 Er Y, #E
DBEEE RS, F2, EARXATOBEBETEINTWE D, FEEZ LD ML REEOMENTE 2.
AT, METTS>HEL LR T, EEHEOFEREE L OLWV. 22T, BAlE, IWEHFEK (AR) &
SRS (EMS) 2HASOE TEIR, S ORIREB LIRS R T L2 RET 5. FEEOFOH =%
ZHLEEZED HMD B LICHKRRT 5 Z 2 I & » T, HEROTOFE ORI RIGES L NEEE DFE
Bom xS, 7, BEENRBORBRLR Y EHIZ 2 212, FEEOFICHLTEMS 25
ZBIEIEoT, FBOEEPMIMIEIIRT 2. KX T, ¥7/ OEBIREICBIIZRES AT 4
DFa bRATEFREL, ©7 7EBICBI2ERNRA VR a VHERERT

1 &I

AR, IR 5 NDOEIMIMA T, A 54
VIEEBEIMLTWS., 254 V882X, B
PRHEELTHEE T2 AT~ PRI, U7 L&A4
L CHEEHE DNERRD & EE TS T 2 bR (A A
Wb B, 1277, mIRFEHIR ORIHERIFEICB W T
M7 HBEER R T 2721213, HEEB XU
FEEDE D IEBOESD SHFOEIEE J 20
BENdDD. TDDIIIEE S X T DFKE L MGED
A4 v F Y IMRBEL Y, BENAHEY RS [6].
/2, BAXTOHATEEIN TS /2, (#HZE
RO WFEOE X AE LR L - WiEE (D
X 2T OMER ) WCHENET 3.

DX RREDOMEINT BETHEE LT,
JEERBIFER (AR) ZH W7 77V 7 — a v T
EINTWD. AR ZRWEAIE[13) T, ¥7 /i#
ZIFOIREEDF % AR 7 ANRITER L, 2EEHN
HMD @ L TFO MR TE5 L5155k
W&o T, fEEHIIFEER L TRBICEL FO
NMESEWER IR HNS. 72721, AR
NRTIX, FAROECHMEZ YR SIIERT
xR0V, T2, FOAD AR 7 AKX T, =mFE A
HToiEOSHE, REEORFEREZELOL WV
AU LT, EMS ZHWR/1E [26] TIE, BEX
BT & D 3R % HZE T 2 28 E DR = E &I 3
522X oT, BABORCHBE LY EHIMX %
FORTZZeNTES. £/, U0EZ, THKED
HEMMRN (28] 25, R EHEGHIHT2 2 2
KXo THEoMmESH ZOFREEZED NS, /-
72U, EMS ZHWi=TFiRE, f8EEEEE I
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X Z2IoRT 5. Zuc kb, EZEEXEHN
WHDOF 22 L5, ZEINCEEE? S D
BB xDfEREZ TIN5,

KX TE, 2070 b X4 T LT 7 /{#EE
2 AR NV FE2 EMS 2 F v >3] T
WIEEEITO S AT L %HEET S, /2, Ao b
RA T AWIEE T ER RS

2 EEMRSE

R ZATLE, AR 7 &2 EMS ZHW\WT, =
e & DRIHER 2 TR T 5. RKETIE, KIHZE
TR T B EFETE, BRI EMS (BT 2 B E
HRICOWTIRN 3B,

2.1 E7/ICBITZREPBPESLZIE
WIHEBELELY LT, W OohD7 T a—F2b
5. B7 ) OEIIHT 2EHRER—2AD7 Tu—
FTUIE, (1) IFXFRGEIBMNOE = & REE[H
Wxg2, (2) idlmhzmbxgs (3) #FEEDE
FR—Tarr@Ebsd (4) 7 R THERREHT 3
ZrDAONPEETH S [4]. FEROFRIEH N7
Ia—Fr LT, —HIx0LTRICE DOffiEZ 47
B ROTITTE, XL IV TDLT— %R
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1. REVZATLZTY. (a) IEEEDRRZHRAA SN SER

»y NYRESvR 2 IEREFBEMNEETS.

(b) #BEIZEMS ZiICEEL, IEEEOFZELI AR N\YFICFOBETZBRLANS, EMS ICLBHED
BETOXEERITS. (c) EEEOFOMBIREN SHMRZIET 5. (d) EEEDOFZIRLI AR NV F. B

REThOSZEREIR—UD5HEHEINS.

IREFEEWVWS72T 4 —FNw IR 5223005
% [10, 11, 25]. /2, N R T vF 2 7R HNT
BEZEDTOEE AR 7 NRICEHL, Fhesy
FHIH LT, HMDBLICERIEZZITE- T,
FORE X ZMEINUEZ 2 FEBRERIA T
% [13]. COFETE, BHEEMEOEEO FITFRR
ENTAEEEOFOHE R TS IC& - T,
EEBIIEBEROTF 2 IELLMNED Y, FOEELH
I 2HENPEE S R RBXNTNWS. AT
Liu 513, ffEH ¥ EEOFOH X2 E—2a v
Xy I FXICEoTEER L, R—YFREHWTFD
X OEVWEHENCERRT 2FELREL TV
[14]. FEFHINDOXEE LT, ©7 /-2
DIERAR FICFRREH, TR0 E I Z
T, RAI VIRV IXHZADFEDD 5 (2, 7).
FREOEFR—arie@Embd 7 7a—F TR,
AR F —3I T4 75— ayiZEonekey n—F
MHb. V7 DEBIZT— LT LA DEERBM
L72d D [17] %, EMMICY 7 / BB L TRA »
FEERT Vol ey T4 718 Ik o T
DT 2 FEND D, 7R TTHBEADLEL L
T, FOVzRF v —%H X5 [8] % EMC[12] %
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WTHH L, FOESREHZIIEU T, 522X,
FORMEPIIRL TWB. HfTgE L I1dE R D, K
92 ClE, AR 7 &% ¢ EMS ##lAE&bES 2L
T, Feo#EzoiHz ) 7124 LTIV, P8
SR RN 5.

2.2 BXRWERFRE (EMS)
EMS Z HWAHERHEY SV r—>avidah
FTIIWL OPBF N TV, Stimulated Per-
cussions[5] i, ABED L <iF, 3K HEETESH
WEGZ TR T Y X L% 2 —F ICESEDRT
%. Niijima 5%, FPLEREET VY7 ) AL
I EOFNEBIE IR L, ©7 2 BUE Dz
W XK TEENT 2 BRI AN EMS 52 % 2
LICEkoT, HILDERNLEREET S L X ITTD
BRANEBEZIH L0 5 [19]. 7272, ZOMHRT
Y7 OEZFEL LT ML EREEOAIZKRE
LCW5. PossessedHand[27] 1%, HiiiJE FH DA
CELSHEAEG 25 I & o Ta—F DiE & HlHE
T3, ZHANE 28 DBy R &AL THIERX
N, FO 16 OBFiOBZZ2HIHTE 2. 2O RT
LZEWT, BORBREBIIREZITV, 24 IV T



AR NY R ¥ EMS &2 FfEoRiE HniEEcoyy / #EigE

DLT—, BIULOMEWEZERL TWS. 272,
ZOT AT LZ, BifezbR< PIP Bf GoifsHiE
MIREET) ZHNTHNCHITET & 253, Fh Ao B
EHIECE v, AU, BB H 2165 RS
3 7= DIRIEHNEHZ L TWB 20, FiliEicER
Flig w5 2 % ¢ B2 M ANCHIES 2 Z e 3L
{Ieb»5ThHDb. #Z°T, Takahashi 51X, 5D
MCP B (FhFHEETHIBIET) Z8h 3 HARICE
SHEE 5 %2 2 FiEE L o T03 [26]. 2, i€
KOFIBERICESHIRZ 5 2 52 FiE e lbxT, MCP
RAEI 2 M INCHE S 2 Z e 3T 5. £/, EHi
IO RIS 2 51 LT, EMS 4VEREH
AEDE S ODMRETEMT WS [20]. 24U EMS
W Ko TIEZMEEI S, ShEatgx W Tz IEER
MEBETEIEXEE 7 Fo—FZ2HoTW0W3. ZHlZ
X -T, MCP, B XU PIP B#i%zHNy L ChHlfET
X 5. SATHIZETILE, fREEDEEF TN L CERR
MoV TIIVEA DHERZIT O 7 — A TR &
TWiRW., 22T, A, Takahashi & DT
72 %It12, EMS 2 HWTERIC W 2 5EE DFED
& 22t HEDIENRT 5.

3 RBEATL

BRI 27 21%, HMD 2l L7 AR 7 N&ZDFK
Re, EMS OflHloMAGHOE THEEINA TN,
FERINCIE, 8 EED2E% AR 73X & L THR
L, EHICHFOLTOE (10 F+ > %) IZEMS
PIORT B2 TFETH 2D, KigXHTlZZzn7a b
24T LT, ARNY ROPIRE 2F v 215
D EMS 2RO A[HER S AT LR EHE L 2. AET
BRI AT AIZBIF 2 INHD Y AT LFEERHK
IZDOWTIRR 3,

3.1 PRTLIEM

RES AT LOFEEMBE X 2 1TRT. HIRAD X
Z (H X Z:Sony a6300, L > X:SELP1650) % fu
THEEDOFOMBGZ T L, MediaPipe ZHW\T
NYRETZ9FRVTRITH. NV F M Tovdr 21ER
v, ©7 /#EZRICBI1T % MIDLE#R%Z, UDP@E%
W TiEEE o PC(CPU:Intel Core i7-12700H,
GPU :Intel Arc A370M, XY :32GB) 75,
EH# o PC(CPU:Intel Core i7-11800H, GPU :
GeForce RTX 3070 Laptop, XEVY :64GB) i
f§L, HMD kg7 & LT#RT5. ZLT,
A av»rs EMS ZHlEIL, FEEDOIEEHIET 5.
fEEE v 2HEX, UYL EHAVT, &
Feiad5. £/, 5EEE, FEEFEOYERN
R T 2720, FEEMDOF 2L 725 X 5 WUR
Z, TAAT VA THERR S 5. HIRA X Z DfiiEl
PR O E FICEE L. HMD i3 Hololens2([15] %,
HMD ANDOFRY 7 b7 =7 & LT Unity (N—=V =
> 2021.3.21f1) ZHW/z. ¥/, ¥7 /X Casio
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LK-520[1] % f 7.

3 I
= | opEE —
1
MIDI wu HEHAS : Hololens ART /8%
| ‘>
I
/MediaPipe 1
NYErSyRVT
1
—
OO0
PC PC EMSHI#E
. Arduino
1
I a5
I =
T : hxZ
FARTLA :
I

2. YT LIERE.

3.2 IEEEQORS=EFEORF

IBEEDHEEBEROFOEIEE, "NV R I7vF
TRHWTEEL, T#FOMX % EMS A L
THW2 78, MIDI E#R%Z ST 5.

3.2.1 PIEIROEUS

OpenCV & Mediapipe D74 77 Uy r—
JMbEhTwa CVzone[3] ZHWT, $EEFITXL
N R NZvFr 7%V, UDPEEICTEERIO
PCNEET S, NV F b7y F 2%, Mediapipe
ZAWT, TEHEAE4 KD 21 KB 2
BLE UTALRALLTOANY R Z29F 028
3% 7L —4L— NI 20FPSEETH - 7-.

3.2.2 MIDI 154k

Mediapipe Z Wy R+ Z v % 2 BT,
B ENSDOMETH 270, 808 OREERN - T
WARPEUST 2 Z e EEL <, EMS O X ZFfis
2720DATE LTHWS Z e TERN. 22T,
IBEENEET I 7 /O MIDLE#RD 5, fIitE
TATHERE L 72RO E, BXITROEX (HD
REZ)ZEISL, fIHOBZITILLTEH R % EMS
DRI ZHE T2, 2D =, FHOMXIX 128
BECHISTE 2. 2 LT, THX /2130 L 7=
DiiE, BEXWAR LR REINZET /2 AR
> N OEZERZ FHWWT, LT W 28T 2 HE
EL, EMS 252 216%38IR3 5. BRI, &
BoimoFgiER Y, IRBY Y ) ORIy — A
F 7Y 27 tEILOYFR &I R B S S R
£ Collider 2 v R—F > b 22T \W5. ik
@ Collider 2 ¥ R—> F 2K 3D X 51Tyl kic
M 2T oIk o T, xilie 28l 2K
TFH BI2BWT, BRI ER T ZI
EmREEMH T2 (K4)., 2LT, FT#, T30k
L7-8NiE Yy, Z Oy Ein - T3 RS
Mo, FHNTWBHBOIEEHEET 5.
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3. 80 Collider OAVR—F% > b.

L

4. BHRACREBEOHERL. HFRREZRENICS
MOXILLIED, BEICHLTHRELIES
CICBEHITZEITOTWVWS (e.g. EFHEE I KE).

3FAUZ—TEOLHEENIGSE, LOBBrE
BoTWBREFHEBICHLTEMS #52 3.

MIDI|&#i%, ©7 /25 USB i cHaEE Ml
D PCIZEBHN, Python 74 77V @ Pygame[22]
EROCTEREIIGT 2. 20k, UDP#EICE-
THHE[D PC AN MIDIEHRPEEI NS, 20D
v &, MIDIEHEERICEET 2 &, HROHE
Z[RIRHCTTSE, F 72 3HEE L - EimoER T 255
WH 570, HIFEEEFETIERL, 0.05 B =I13EE
5.

3.3 AR/N\YRRTE

TEEEDT L AR N> R, B OBRIK
L BffisE 74 U CRIATEMRNZ LTw2 (KM 1(d)).
AR 2 EIC3HEO Y Y 7 L OAE R FEHT % 72
DIz, BEOL 7 /7 LAES A XoREY 7 /) %
BELTWS., ZORBEY  Z2HEDOY T /ICH
BFRRLT, BADEZITS. Mediapipe THUIF
L72FD7 > F~— 7 /EBEE, Unity B2 TR
RS BERIRIC KB O PRI L TANT 3.
AR NY ROV A XZ, REE Y 7 L IR LD 5
M 1(c) D&SRIFEEEZEDOF L KX IHFELICK S
X912, x,yzHDOFTRTDORT — L% FE)CTHE
T 5.
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3.4 EMS &I

B LTAR EDMAGOEEHELTWS
EMS 734 Z Unlimitedhand 3% % [9]. Z®DF
A AT FROEEICHET 2 AHNZITZ 20, {5
DOEEDRENTH 272, ©7 7 HEEBIIHLTAR
WY THD. 22T, BEXHPNC X > THEEEDIE
% EFEHIES % EMS fil{#lZEE ¥ LT, Pfeiffer 50
Let-Your-Body-Move toolkit [21] 2 L7z (K
5). %7z, EMS4A# & LT Sanitas SEM 43[23]
PHEHALE. 2OV —Fy MBI 2HIEEEZ,
Arduino DHINITIG U T, TYRILKRT T aX—
22 X o T MOSFET Z#ilffl U CIPUEZFARE L,
EMS o i ERZ T 5. MOSFET O#HiE
1% 256 RFECTEETE 3728, EMS OH 11 256
BREOFE N TZ 5.

5. EMS FlfHEHR. (a) XE. (b) EM@.

Y7/ DEBETIE, SREZ#T 2558, MCP
RAffi2SERN L PIP BAFIHE S 2. /2, g%
1883 2354, F15, MCP Bfis ko, DIP B
(RN AGHETE HBIET) MRS % [24]. LZdioT,
R - FE OEZEED SHED MCP Bfi% JEif -
HREXE 2720, ElSy FOEEME L LTHED
MCP Béffiz a7 U CHilfE© = 2 F o HERHIC R E
L7z (K16). ity ROPA R, 1x3 cm (HE
i) £ 3x 3 cm (FH) & L. MCP B#ioFo
BzwrkFEﬁFd E2TOIETI) ERETH-
72, T 2T, BHREOEBNEL, HEGHNENT-D,
MCP%%%FE%%%%&EF%L By K&
EHE L. BHEETcoIETIE, EMS o hF %
VANAD2F X VRILDATH B0, 1EEFIET
X2HUI2AKTH B, SEOTH D S8 EMS 23
52N 2 TORMIN 02 THo7-. iz,
FEDE XD TH S RENRIEDOHICE 2 £ T, &
K04 o7z, MEENDE—Fy v T —7
EHEHALTWAERIETIE, F—FR— FOITi#» S
BR4 I 7ETORMZEDLS ,A/FF?/#/
7% MIDI 4 XY h DZAE & DENICIEH 0.2 D



AR NY F & EMS XX 2 FfoRiHrHwiERTtory / #HEEE

B 7. RELETO A TEAVISEOEANETRT. (a) $BT 1—X: BEEFSPBEAFIETT. (b)(c) 28

T7r—X:Z2HBEIEI AR NV RICERZLSHPOFEHH L THEY.

(d) 7R R 7 I—X: $BEEFALRTICE

T/BEODTRAMZITS. () 74— KNy I 71— IBEEIFEZEANT X FRICH - HEMEREICBEL T« —

FNvo%5Zx%.

ERETTWS. 72, EMS 5260 THhoHE
EINRIEDIC 2T, RAKTH 020205 2
YOBRIN0, TOBRETIE, AR~V ERE
EMS O AARFRFRICEI TSR TWS. LHL,
BERRE A Y PV — 7 BIR R CIRET 2 e E X
LNZ =0, SHOFE Y UGy E S 2
BT AREND .

X 6. EMS E&{I&. (a)EMS ZAEFAZELIED B

MICEEL. FEOBENYFIEGND & LT
BAW3. (b)EMS 25X - EDEOEAD ES.

3.5 HELALTOMZATZAVEIEEDRIN
FELT 0 b RA TEHWEIEETE, RO
kO WiEEERITS.
1. ZH 7= —X {5EHIY T ) REEL, ¥4
i L CHE 2137 L — X0 FAE R
T (K 7(a)). FEE, B8 EcRRINE
ARNY RICERZ XS5 HTOFE2HN T &
T, {HEEOFOEFEF2E T 5 (K7(b)(c)).
TDrE, FHREOIIIEEEDFH X L
@LfEMSﬁ%ieh,EMS%bUﬁ v
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RT 5. ZOIREET—HI1Z 5 FSED T & IRAEZE R
Loy, BEHEoTHRLET 2 AF v 2
H R BEE —BTEL2DO0hEBREZIToTWS. i
S [9, BREEEEZ 7L XS T NF2—TT
BV, oY —2HAAL Z 8T, HREICK-THE
DBHEESPELZER3 MM OER/FHE L. 20
FEREBAEDHDETLCD RIcEL 22T, B
E% LCD OHEHMED I L > THIHT 2 Z & X
EDTE S, HIES [14] 1%, FEHDO S FAF v o
W7 7 A N — L FRINRIC & 2 iR A &2 VT,
FIRDINF RO FTF 4 AT VLA BIRELTWVWAS.,
KT 7 4 N—DEE X TV B R D SRR S A4
MERRRGT L, AN X 2RO RGIC L o TR v
FEpEmt T3, TaYrZ—%Hn, K7
AN—DREFNZIEZ LT, HENZT 4 —F
Ny 7 %175, @S [10] 1%, 3D SV ¥ X E{HH
LTEEEREZEEL, BHD 7 A —Z[E D 7=t
RICEEHDAT Z2ICX->T, AVMDOELKER
L2 DRER LT, BIRONELSH X T Tk
L, MR X 2o 228l 5 Z 2T,
MR ED X v FRIHEZITS Ze 3 TE 5. Kiffst
TlX, BOLEES Rt IRT7 I/ Faz—&
PMDIAL Z T, FERE W ENERTER
LAY RI 7T 4 TiRET 4 R 7L A & Bl
MG THERT 2 2 HIET.

3 HITHEOBRELVIATLRE

EMEDEFICEI LT, AMFLTHHT 2 3D 7Y
VR EMRICHBATRED DD 5728, AT (8]
TRESINLFEOHELE 2T, EPREE L
T, BUsERE 73D 71 > & (Creality Ender3,
Ender3 v2) & PLA 7 4 7 X } (Voxelab PLA+)
ERHWE. 2 20U 04mm DD ORFH L. K
FICEEZIED (K1Q), ZoMEHELTHRIELT
% XDl 135 2 TEREFEL TV (K
12). Iz iR L TEBOENE X - - B
ZEHT5ZeNTES (K1B)).

FEREED 3D £ 7L Rhinoceros R # D 75 7' 4
> T® % Grasshopper D 7127~ 7L/ CAD
B (K1) ZHWT#&ENT 5. Grasshopper
TEORSPERLOBERRE, BOARKEFED N
RA=R% ULNDRZ 4 XZ28h3Z & THEL,
Rhinoceros FTil® L ZFEMED 3D 7T V%K
MxE3. MUEOETIE, TOTRTLEHWTH
FHLEE T — 2 W TEEERE EES 5.

4 RB3MEZAVICEBSEOREEL

3D SV U AT, IFXFRhEHEOME (74
AN BEHLTEET 2P TES. —i)
f12id PLA ftig=e ABS g% v 223, &S
2 BRI HRICA DY T, MEHRMECm B = o
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M 1. EBEDERDORFELVRFAS AT LA

BHig 2 ¥ 2 W1F 5. £7-, PLA BigICKH RS
M (74 7—) ZEEEDEZT7 4 X2 s 2/H
T35 22T, EMOREEEEYNCE-E2 2 )
TZ 5.

4.1 BEMTsSAVE

EEMNT 49X i, PLA BIRICRERD
MARMEIZREBE 7« XV TH B, BEN
T 47XV MERES Z e TEBYNCEER 2 S
TBRZEMWTEDL., ZDRD, ZTDT7 47X ME
AR TT 4TI T 27 b OIVERE T
HoOEMmDOIERIC X K HHENTWS [5][7]. E&E
W7 4 Z X2 NTEF LB E R R0 2L
WX o THEMEMRHMI LD, MiFErHD X513
AKY T 72 & 2 DI ZRIUED SFHI L 72D F
BIEMTE5.

HEW R OBMGELEE T 578, Protopasta
D747 X >+ (Proto-pasta CDP)! & MSNJ #
D74 F7RXAY N2 O2EDOEEFEBLEPLA 74 7 X
MLz SPoEEERTIE, AFHEOBIR
72 & Protopasta OEEMET 4+ 7 X ¥ FE2EHLT
fToTWe, ZD7 47Xy MEMERLZERICE
L7223, BERICEE»HHRITLES 2R
frie T v Vo MAEDRMEN R S iz, —7,
MSNJ #OEEMNT7 4+ 7 X > b TlE, 25 LA
HCTOMENSESI NS DD, RIS 2560
RIEWMP NI NTE S T AFESCHM R OEEED
HCHEND 2. BEMWET 4 7 A2 N &fio-EHE
ED 3D 7Y T, KATHR L AR, BOR
X, BHE, KIREDRTA—XEH/ELTET IV
ZIEEARET S 5.
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4.2 BWET1SXVF

W7 1+ 9 X > b 2id, PLA BHRICEHIRZIR
BBE7 4 29X Y THB. T 2 TIEMEE PLA
7 47 X b (Proto-pasta MIPLA)3Z#¥t & LT
EMERIER L. SMRPIEEZEFNA TSI
W& D, SEEMCEEOREE NG TS Z e T
5. ZD7 47Xy MIEBYNEEE RS
CrEHME LTESNTWS A, BIXRFZME
LT, EEHEOBIIIC X ) EECIRR % S
VoRMHT b TXS.

W7 4 2 XY ML CEMEE 3D 7Y~
FF 2702, FATIFEDER GBI LT, A
RTHWEERETIE, A4 VDOFKRET ./ ZVIERE
ZHRETH S 200°CED D 20°CRELFEL, 74
FXAVIFOMLHELEZ 110%4CT 22 THEEL
THEETER. BET74 9 XY 2o /2ED 3D
7)Y hTH, AT LRk, BORX, %E,
KEREDIRT X — R TETNZEEATHE
Thb. BELEEMEZ K2DL512, BOH
DA EFE LN REOELB R SN,
B, TNEFTOPLA BHIEEHOEME X D Bk
KThh, BHEOEMSEE FITHR - IR T OV
A5 FIT2 2 e SAlRETH 3.

X 2. BAICSITSHFESNIEHEE

4.3 ERBEBEDYV I LI IUADIEDHIAH

3D 7V ¥ b+ LAEZOBMEEDOWmE, ZEL
TIEFT 2 =D D DB X > TEOMImHAEE
INTV3 (K1B). 3D 7V Y MR, HyX—
FA 7 EROCTHAZYIDEES Z 2ok D EBfEE
SEREE S, 2D, EEEOLAELEoTWS
BRI NHOIRIC R o TE D, HiF 3 Z 2 I3 A
THho. LHEETEXDFPICLTHITS Z & 3A]
EEIcRUE, BoBZorEEl 2 X 512K D,
HHENCEG D 372D 2 2 TE B3 5.

1

> >
— -

https://www.proto-pasta.com/collections/all/
products/conductive-pla
2 https://www.amazon.co. jp/dp/B0O8Z3NZCBT
3 nhttps://www.proto-pasta.com/collections/all/
products/magnetic-iron-pla

-71-

T, BHED 3D 7Y ¥ hMRIZ, AT ERER
LEMICEEIZ 2 FEEHNT 5. BFEZ I
WEWEX B2 Z L ZAJRRICT 2720, HHEIELY
YU 7 N THEAINEY 7 LYV EMEHL
TERBEENDHEEERITS.

4.3.1 Y I7LLIIADEBDHIAHFIE

V7 LY VIEEEDIALFIEE X 3 DIEEIC
HBoTHHIT 2. £3, 3D VY FLAEEKZRDE
MHED RO B2 YIDEEL (X 3a), UV 74
FCHET2Y 7 bLYriEREICHRLTEL (K
3b). ZDtk, BOENE LY IRICHED 5 (X 3c).
ZDIREET UV HHHEZ HWT UV 74 b % a4t
L, LYYvilx{txEs (K3d). 2ok5iclL
T, B{LL72L Y v 0Bty Bl DBECH 7= B
HEEEDZeNTES (M3e). 2%, BEHD
BELERUIDBET E XML LR OEBMEERES Z &
MTE S (X 3f).

K 3. LOVICEZEETRHZE

4.3.2 YAV E-ILFDOER

V7 LY UANDEDOHDIAALIZIETHIRD >V 2
YE—NREMHTEZD, V7 LY Ui bT
ZHTDERE (X 3c) TREDHEMIALLZETHD,
UV HBEHEIC AN BB, LY VIR =EDR
MEN2 D, BEEEEIBEINRZD LeTwv. T2,
MOV ayE—)L REH A4 ADBRLNATVWSE T
», Y7 MY YTEAOEMEIENICEDE Y
A X THWET 2 Z e LWV, 22T, 250
odeERHIE Lz ) ayE— L FEERT 5.
X 3 OE/EERICBWT, K 3c DEirTHH X
TWETROS Y ayE—L FEHL RT3
VarvE— L RICEEMMZZ LT, KO EELR
HDIAADPITA S X2 5.

VERTFIEZ X 4a, b, c IZRT. V7 PLY U2
LA ZAR—=R 1 55570%, oL 3D 7V
YEERWCEE TS, 22T, YVaryE—iL
FICEDFIHD A DAL R Z & 572012, HA
DEDOABICHEDEIZEADD 2K EERT %
(Kda). COX57BRTHEEZLESZIZXoT,
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® 4. EEICELES Y AVE-LFOERFIES LT
ERRL7c> ) AV E—IL R THEEZ T 5K F

HOIADEHED Y A IcEbEREYVaryE—IL
ROERATRE T H 5. Z OV (K 4a) 2>V 2
SHERFH ORI, ) a v REBICT LiAA,
BlbxEsZ Ty aryeE—L FE2EKRT S (X
4b). ZOIRET—HIERZE, BEEo>Vardh
SRR RO NS 8T, KdcD LS54
aVE—ILRDBERTES. ZHICEBHEELRE T
Y, M4d D k512, BOIEwmAT Y avyE—IL
RIZES N7 U A D AR, BBEFIZILD
D, Bl WIREEICTE 3. ZoEICED, K
SOTREZXDEELTITD T HAJEEICR .

4.3.3 FHHVLETOEDENS

V7 MUY UANHEEL-EBMEIC K- T, THEH
DERENTFS 2 TEMIAL BAL2EHERLTEE
NLEZLICE2EENTES X515 (K5).
F72, UV 54 FTL YV RB{LXE3RTOERMT,
X 6®D&HICELE —HEICETIRME DAL Z & T,
EMEOFR LT BT FH Lz v 77 7
Fax—TaVHPAREL S, BIEL L THDIIAA
72Tt o9 (SEN-10264) D X 57, < FEt:
DH 5 EFERHDEDIAAICHL TWE EEZS.

5. taZzdifce E0EE
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E 6. EFHMDEDAH LHITE P2 BAWEHAIE

5 FEBIEDHRDENR T
5.1 HH

IRT R—RPIEIg 2 B R BRI S 8T
ZFNENDOEDMBICOWVTHISE i 2175, Zh
W& D, ZREREMEDMEDEVRHELEIZO W
THHEL, ERMEFHMGZS. /2, ARTERR
T 2EEN RO EREE R o HEDSEICT
578, NI R —=RIEEETITEBMHEIZ T2 E
21258 DR DL BT 5.

5.2 Fix

HAEfF e LT, 5D (I X—XEEHL
TEELEME) » FEEE W7 4 7 X2 b
PR U-EBE 2HELE. Znson
FIRA—REMEHZOWTE DB DEER1LITRT.
LG BRI OMERE RO Z v 2 EE L, 2
H72,85 X — 2T L7-BME A 2ilh-F%%
NR—RAF74 LT, BMEEB-G il
[\ X1 7=,

BRE X, 20~25 DB 124, LWHE2HDE
AP14%Tho72. T, HBRE X, ERCHEHT
LZEMEN 3D TV X TR LD THB
Iz, 371 OFEWE A ZIURL, IR A&z ik
REE-. 20k, EEEIIEHEB-C OoFH» s
—O R EFERNREER L THEBRE IR L, B
A LR LI L e SRR fThE 2. kB, £
i B-G ORI HERE 2 S 13 /R 2w X 5 Il
L7 EBROT » ERCMHEH SN - BT X
TIRT. EERTIX, #EICHhFCEMEDEL
IR LA 2 L5 I LT X B s,
HZxFTHIEARD Y Vv —FIEE LT B o7
Z DFNEE EHEE B-G I LT DR UFERM L 7-.
7 ¥ — MR LEAFNE SD IETHVW SR
LIEREO D SEICE T2 b D EEN L, Fh2
N7 EETREXEE (K8SHR) .

5.3 ER

7 v — bt OFEROEIME » BEEREICOWT,
FEORIDVELEZGHEOHMREEZX S, BOBERE
MR BIGEDEREN9, BOGEMEINEL S
BEOHREPX 10 I 2R FIRT.
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R 1. EERICHERLCEEEDEN

EORT TR EEME
EHEA [ 40mm 2 mm PLA
FHEDB | 200mm 2 mm PLA
EMEC | S0mm 2 mm PLA
EHEED | 40 mm 1 mm PLA
FHEE | 40mm 5 mm PLA
EHETF | 40 mm 2 mm EEM: PLA
EME G | 40 mm 2 mm gt PLA
) c)
o
=
B EOREHRED

[Vium

EOREMBARL S ERMRNRES

7. REOHRF LEASNIERE

K8 kb, -3 OOV ~ +£3: 2=\ DE
BcoWTIE, £ 20 mm OFEME (B) 13°FH
1.93 (BME(RZE 0.92) &7 b, EXH 80 mm DF
Mg (C) 137 -2.14 (FBHERZE 0.66) &5 R
gz Fiz, 130 BB ~ +3: FHW)
FL3: B ~ +3: EWy, 123 5555 LW ~ +3: )
RV IZDOWTHEDNA SN,

X9 &b, -3 8\ ~ 4+3: BV OEBICOWN
TiE, MR 1 mm OFMEE (D) 13735 0.21 (F
R4 1.31) 72 b, HED 5 mm OEME (E)
FE -2.21 (BEERZE 0.70) 2 WO RERIE SN
Jo. 7z, 123 HFI LWV ~ +3: JisRvy OERIC
DWVWTIE, MEA 1 mm OFEME (D) 17 1.14
(FFHERZE 1.17) 72D, BOREMMRENCER
i (E) 135 -2.29 (BEHERZE 0.83) W O FHRD
BwBohiz. ey, 1-3: ko ~ +3: v,
L3 FILAIC WY ~ +3: HHLARTWV, [-3: E
W~ 43 B IZoWThENRRLNE. LaL,

[23: ROV ~ +3: 20 OBERIZOWTD
A, AT AR LN o7,

X 10 &b, ERIHEHT 2R 2 ZE X /- EBMET
X, HIRIZOWTHE Y RELZE(IR SR -
7. MEOREDEWD S, T S~ T
DoV~ FOHEHTHTODHIZA O
50, BORIPHBEELE LIGA T 5L,
FIR DTN X,

5.4 &8

FEORXICHET 2HEBHERDI S, BARVIZER
OOEMIEEL, BWIFZEHE KL 2 HEA 2 ERT
X/, T, ROODLIEFTRL, BROLNIRL
YOMEOHRELEZ WSS, EOEXOLEH
PEHATHZEZONS. BOREREZ LD,
BEEREDDLILICEoT, IEOCHREZIT 32
CERTE . BOBRBEMBEILS T2 LT,
FEOEEMMEL 5. ZHUITL - T, HETERHICHE
WL B2 BRI U, B F7213555 L < %
XU A 2 HERR T X 7.

FEORIXEZEZIGEL IR, BEORE/R
REZIGETIE, 27X OHIRIZOWTENTHR
WZ bbb, X512, MEVEEENE RECE
ZTGATD, EKICKRERELESEZ Ve EZ
HNb.

MO RIZ, SBREMEEZHWET TV
r—2avDREBECFEHTZ2E2 5. 2L,
ERMETTY I v 7 RT20DT A ZA%ED -
WL —HFIZIE, DOV, 720 5 il A B
LT IEBEELTE EBOEEREL TS FO
ExRHEETE 3.

6 HIEH

6.1 EEBMOEBSEZE > FEMRE

EHEMOBICHEM T 2 Z 2 TLED 25543 21
B2 X 111Rs. #HL-EBE N ZBIce
bLbOEPWHIREZSE NS X512, % 80 mm ¥
EDIICEFE L. #EAZDOHIEICIE Arduino @
CapacitiveSensor 74 77V ZHW\WTED, FoEE

-3 -2 -1 0 +1 +2 +3 -3 -2 -1 0 +1 +2 43 -3 -2 -1 0 +1 +2 +3
LHoh FHL LHoH \ o 1A LHoh FHL
PhohL iy rhohuw > b= Phohuw Hzw
B Bu By o Bu By Bz2n
5555 L W a0} B/EHLL pal:{ LWL hiEun
BLAICC WL HFLAPTL BLAICL : HLAEPTV BLAICCW HLAEPTL
AN Buw Eu —— Ruw Eu Ruw
® 20 mmaE (B) ® 1 mmoREkE (D) © SBEF)
® 80 mmaE (C) 5 mmoEkE (E) © @G

8. EORINELBHS (A-B,
A-C) OFILIRERE

-73-

X 9. EORRHIHERZES (A-D,
A-E) OFHYLiZERE

K 10. EOEMIELRZIFE (A-F,
A-G) O LIZERE
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fill g2 Z KPR ERBEOLLEMBLTWVWS.
Z OHIEFITIE, 3 oDIKEE (v TV WIREE, 15
ML TV ZIREE, 802 il TV B IREE) &
H32ZenTE%. BUIKTIE, f5CHETABON
BN EOMEIETETWARWA, B L BIEEH
s 2802 TRT S22k o THEEICIR D ¥
EZD., BHESER NI v 28y FEIZEEL T,
T ESHREMHT 2L B4 V2T 7> 3
VIIGBHTE 3 EZ 5.

.;ﬁ""!-’\

X 11. EADOEMICKS LED OfTE LUHERE
DEL

6.2 WMZFOEZEICLEA

WEME D EBAEIE & kARG & o T2 EFIC D WTHE
M5, 27, FED XS REIROEMEZERD
SEARPICEL D (1T 72, RICRG B — 2 R THELE T
x23FR—F%23D 7YY bCERL. 792 %F
WHRB, O —ERRTREX N zR—Fo L%
ETRED LT, A— FOBAOICELD G| =FE
5h3 (K127KE). 2Dk, 75 TKR—FED
FLE R T2 T BRI N I U DY B B il & 2RI
THIENTES., ZOEPURE KU 2 LHA % F)
LT, DAL DA E LS DK & X 2 HilfH
TEHILILE-T, FEDXFTRNREK — T & %l
HWrEI—PIHERT B 7 TV 75— a v ORGEHDA]
RETHRLEZD.

6.3 YIRLIUIBEDIAATTHEET S XAV
EWEZY 7 LY VAL T, BEED
TEHDT BRI e B TEB X512 hot

ZD=, EEEEFRRE OB L ZER7Ic b
DAY 2 2 e ATREIC R o 7. K126 T, BOH
DOWET 4 X b, ARV 7 LI D
EMEZFOOLICHE T — 7T DT TWVS.
ZDXKIITHI LT, WAZIDFLERNS, Wh
WE 52T on2MELZENEE ZHETETT
BAFOULDEHETEL BN TES. WA%
#2328 T, BAODMNEBEIESWIDZE(LBIEL
BT EMTET.

B 12. BT« S XY MR L IHIER

7T FEHESEORBRE

AWZETIE, 3D 7V ¥ Mk o THEEATRER B
g x W7 ERPR FEOME L HIEL, 207
DICEMENEEN W25 3 272005,
V7 MUY VIHET ZHRNERE L. BEIR
3D 7V Y Mo T, HHRIEROEMNICELET
EHHICHEEZE T3 2R TE 5720, HilEY~
DOETNEZE LEERZ e icoknd. BELEN
REITCIC, EMIEZLE FINCHIETRE R #7224 >~
RS54 7 aryR—%>Y b LTHELLTWE
VAL

HEE
AREFFED—ER, FHFE 20H04231 DX EE %
7.

BE R

[1] D. Degraen, A. Zenner, and A. Kriiger. En-
hancing texture perception in virtual reality us-
ing 3D-printed hair structures. In Proceedings
of the 2019 CHI conference on human factors
i computing systems, pp. 1-12, 2019.

[2] K. Kamata, H. Takahashi, and K. Tsukada.
Conductive, Ferromagnetic and Bendable 3D
Printed Hair for Designing Ineractive Objects.
In Adjunct Proceedings of the 36th Annual ACM
Symposium on User Interface Software and
Technology, 2023.
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F LR & BIT, FEBRTEHE OEEMREICIE T
THEEMENZ(NT 2 2 & Z2EBRINTRT.

4 %:I:l:

ARFRX, PCIZX 2P HIGER @ T rY
757k_31%&?/k_iof% L?L .6(E) 2 A
T LATHWREBZRT. £/, @S#E&#EIZIE Dy-
naFlash I S 925fps DEE S T — B3 n]

fenruy =y X EMHT 2 [19).

RFED S R T AEIZOWTH 6(4) ITRT.
%79, #EEICREWER [, OBEN~ Y T 25t
BU, [, 0BEN~y 72EREDETRRTS.
O, HEM <y TOFEIIGEGLE S 4 75
Y T&H % OpenCV ZHW, Hou & Zhang & [8]
Lo TIRBEI Nz, ART MVEREEZHWEFEEY
ML, #iwT, I, & I, DEEE~ v 7% g
L, E%%%tmi%®ﬁﬁ%ﬁ%a?6 HzE
= - WEFT O SEE RIS S, F OE T 2 AT
OEAEFE L GERT2 (K6FMEL) . K6T
&, BEEENMROEZA S FHATERLTVS.
DEL, [ U TIREFECEAL, H2EEL
mﬁ%#%ﬁ%ﬁﬁf“%éhéivk4ﬁ®&%

EGRZ2ERT 2 (X 6FIE2) . HKkic, FIE2 T4
L7z AMOBEEG SR T 1Y 2 7 X% HWT
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T I,

t=4n+1 t=4n+2 t=4n+3

X 7. AREGOKREERE ZDEEETY T

X 8. HiItAEROITEIKE TDEEET Y T

t=4n+1 t=4n+2 t=4n+3

TER I, t=4n+1 t=4n+2 t=4n+3

Summer
Camp \._./.@

e

& .
& 3 o
-

X 9. BREGROKRTERLE ZDEEETY T

[sec] o

5z

M 11. $7EROLHOEE (L) L ZRBEEO N X
SiEE (F)

BET2 (K6FIE3) . 7L—aL— FEE(X
BTHHEILEZLZA, 7L—AL—DEL KRB
ONTEYA 713 72D, 400fps TEEF A 71
BHlxNIm ol ZD00, AT RAT LD
WBFS 7L —LL— M 400fps & L7z, R R
T LADEEITBWT, RiHTIE 400fps D7 L —
LL— N DEHD DI EFEE I ARER 1Y =
I REHWED, VI7LyPal—bFDEWT 4 A
T A WS ARETH 5.

5 S2ER

AFEERZ, ERFEC Lo THEEEZBREINL
R DER IERF L EBIRF T Y O & S5 1Bl S, BEE
MWD X DICET ZD0 %S 2 7=DI2ITD.
AREFR T TEIREUILATD 4DOTH 3.

10. XFZFURIAF—EROIRZER L € DEEMY
S8 WA

o Hl: ¥ 3 2 HIRICBNT. XA 7 DHEIG
T OBEEIE\ LTS

o H2: #EASRIEE LIS BV THEG 1, 238!
Hxnhz

o H3: H&HiEFITEFHR I IZ I nEF A 2 2
LCEfllxns

o H4: EENRFICEY A 7 DB X 2 I
IERFI EEAREEE DA BT B

P EORFZREET 2 72, 1. % EGROFEZEE
DM, 2. B ROBEEOFM, 3. 2 —HPIZ
X ZEAFHI AT 5. ARFEERTIE, JER, Hll A, rd
i, FE R B ER R — O 4 FEE DGR E W=, &
BOMBIITy DD, HEENFIEOTH .
it L CTH I ADERIZT vy P9 L, EEEICRD
WD 5. BEHOEETI, LI =MIAH 8 =35
S5RTED, MLWEELOZE(,RD S, T, X
FRELRZAX —OHERETIX, BERNOEZRIIHIG
LTCiEo&h e LEEEESLARONS., ZhHDH
BEHWS Z ik, BEFEIZHEREGIN
LTEDEIRMEE D0 THIRIET 5.

5.1 REEROEE DT

AREERTIE, 4BEOEBGIIN L TREFEDME
JGRTOEE I, &, BEFRIIIDAER SN 4K
DOFEZEGOBEEE R LT 5. EHEE~ v T Ot
H1Zid Hou & Zhang & [8| IZ Ko TIRESINF
FEEAHALTHMES 2. X 7,8,9, 10 1RSI 58
D, JCEIR I, 1T, A MOIEERIZEY A 71
EOFEFEWDSH ELTWEZ e RENTWVWS. &
OFER» S, et HL I Xh 3.
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14. BAmEROREHEABREZOBEEETY T

5.2 IREEROIEEMN O

AFEBRTIE, 4 FEHOMEBIN U TRETF Lz E
JEU, EnRICIEE T 5 2 eI X D kbR 2 EBR O
B Rz L3 5. TR T OB R 2 A X
FTHET 22D, W ATZRBIEFEL, HITLT
R T/ (K11 E). 7 X5 (SONY a6400)
WZH#EHF (iPhone 13 ProMax) OHREIHIE 85 % [HE
L, BRI X ZIREZEHILHR, X 11§
D&%, RIE1GLINDEIE I o7z. ¥/, h
ATDY vy B—AE— Fid 1/20sec IZ L TH# L
oo TOTry X—AE—FRABOHEHTEZS L
HEHBE . L L, A X I037 Y XV TR
ZXEI 25, #IEROBERDOF 702 2MR 5
nznizd, RFYED 1/20sec ZERH L 7=,

REFEZHOTHBERE LB o, #ikIREE
D & EEPRAEICB T 28R (LB 2 zh
DFEEM~ Y 7 (FE) 2K 12,% 13, X 14, X 15
T, BEBRERS S, #IERICEEBGRY 1, 5
ZOFFHHPND DI L, HEHBIREFOBIHIFER T
X, BV A DB NATNS. ZOMENS, K
H2, H3»%EHah3. £/, FEOEZEE~y 7
5, FRIERHICHEARCGEEIRHNIEY 1 7 038X
TV AEFNZBWTHEFEDR M EL TWS Z 2 27R

H 15. XFZEURIAZ—EROIXEHAER L ZDE
E4Ty S

INTVWE., ZOZens, Rt HADBZRFEN5.

5.3 I—HIZ&k ZERBIFHE

R ENDE 72 2 —FFHii e LT, 4D
BRE B EERIL T 50, BHIL 2R ico0n
TERZEE. & I2Z, ¥4 7T EOHE
IREATICOWTHISHBFI, BV TWBIREE L i
L7ZIREETHRZBIHIL TH 5o 72, ZOHEER, 4
HEEMNS, BT VWD e B LEEL WD
ERMMESNT. BTV AREDENZNDOHERE
DOERY LT, =34 7p8Hlxh7) TEGED—
ERDMEDE S L ES X DK 2 THRY S v &
LATHBLTWE XDICHZZ) LW ERDBES
Nz, ORI S, G H3 PR s,

T2, FEROPEREOER Y LT, THRIC AR
R ol TBEE L2FRICHEN RO X
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B 16. 77U —> 3V, (a) ROMEEAOKE, (b) F5 v IEEADKE, (c) RMEADRSHE
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AFEZHWE7 U r—yavickb, HESE
O A RIGH CHEAELEHTE 2 EZA 0N
5. LNICHEEEADIGHE LTEZONE TS
Vor—ya HlERET 5.

[LEICHT 21RG5E
SRR AR R X —ICBWTIRRFERZIEHT 5 &,
BATERPBEHORRE L OEE L TWE A LT
INENOEN T 2 ETE B /-8 2 2 L BAJHETH
% (K 16(a)). £, FHELTLAEZAIE ST 2K
BN R 2B DB 2 2 e W, X512, WEH
EDBH L TWBGEICBWTHATEEEHT 3
ZEMTES. b7y 7RI U TARFERICH
T5IET, EfTHEBIFEOEEEEE O,
BEETEHIE L& @ R 0L ENBHI SN S
JEHIAAREL 722 £ E Z 515 (K 16(b)).

BENXREE BV - RYIEADORIFAE
HiEE G @G U, IfE2FEE2HEAT S Z
& T, EPIRICH U CHEEEORIENIIREE 5
(K 16(c)). Zhick b, PEMmERPEMEERE
Wo 72 EYMARD A7 B2 HlH S 2 Z & WSS
WWBWTHHRAENREE R D e EZ b 5.

6

7

SN
o3k o

SHEOEE

AT, FHERRETOBIHNCHET 2 2z
{, HEHREBOEZFWZIET 2 FIERIRR L
FERTIX, FRILIREE ¥ EHENKEE TlIER OB A5
72D, HEBPRRET O AMNREFTICEY 4 7 238 X
N3 ZehRENTz. -, EEPREOBIHKERIC
DOWTHEENEZ TR 25, WREFROEEN %
A EXE2ZDARETH D eI, b
DFRERD S, RFRIZEXINN G E T OBHEN %
MEXEZZDBAEETH D ERENz. LaL,
ARSI BNWT, EBIC 2 —H — DR RIRANIC
BEIND Z EDOVWTOMEEEXF 721 ThI T ViR,
ZFD, HIRHIEEBEIC X 2 AR OMEE
PREY 5.
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8 FL&
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RRICIEE OEIRAEH X2 —77, EEIRICIXE
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Nz L L, BHEDOERTIXREAERICO
WTEBMICEHMZ A TWIRWD, SHEBERRHIE
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NSRS 2 AR ESR EYIR DO RIRFAEA DG
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LensTouch: A¥— IS ADL Y XEZFE>T-ANFE

Nz E - Hif BE-

BE., 2~<v—1F277201F, 2—PIHEBERRE (AR) Z2ERBRIE 27213 CR <, KIEE T OBLE-C B D5
BREZARBICSEDETNARATH L. ERANFEL LT, BHEOZ7L—LTOXRy FASNRER AL,
NY R 2 RAF ¥ AN ERD 2D, WINLH ANOFIRPL ATHEEDREX LY OREDH 5. Z OREIC
S UARIMLTIE, VLYAHTE Y FANEITDI T8 TAY— b7 AANDANGEEZ IS F LensTouch %32
B35, WSRO X v F Ry R 2Av— b7 REMAGOE THERTo /2. FHliZEER,» S, 22—
WBREWIG U TERIEMICEA —F Yy P RBIRTE 2 22 8bhotz. RIS, 7FAMAS, BESL—Y,
TF—=bDIODT TV r—aYOlERET->72. TF A MANNCBIT S ANEE L =5 —F|% 5.54WPM
Y 153%ThHD, BOD2oO0D7 SV r—aiZBWVWTH, 2—I»roHENLRBENGELNEZ L

5, BETFEOEHAN2HET I N TE

1 LI

BTE, Google Glass % Hololens, XREAL Air
REDAT—b7IRAEMIN B NFES — A —72
T4 AT VA BAGR TR T ANA ADFERINT
W3, A= b7 3 YO XS BREHREDT 4 ATV
ARTLED XS REEMDT 4 AL A LITR
D, AX— I RF2—FDH N E2LE L BTH
VR FHATRE 2 ARBE R AABR DR S % 2 — IR 3.
AR — NI 2AREEZET DT, KIEHE CHYE %
R, 5= 7V 452520 TH5.
512, Hololens @ X 5 7% JE P OV EREREE O F# % B
BTEZRAY— M FRATIE, 771D
EBROYAD ERBEFINC “Ra 7T A7 BFRREED
Ty TES. BRoOR~— I RIHEHINT
WS EEHER I AT TFIRIR, AL A& o THEZ -
THD, HlziX, Google Glass TIFIREED 7L —
LTRYFANEITH 28N TE 5. Hololens IZi&
NYRET9vXUIR74 T v F 2T DORERE
WD > TWB 728, ZBHRTONY RY 2 AF v,
FRIEA TS 27 bADXyF, HEa<Y FRE
FZANFENIARETH 2. A~v— 77 ZEMKIZ
ANERE D > TE LS, PCRAYT— b7 4+
2 DIERT NA R % ASITTANA A LTHRAT %
XREALAir D X5 B AS— TR DH 5. TH
HDAR— 7T RMEHEN TV AEENR AT
FRIIE, AJTOHIRRER ATTHE DR S 2 ¥ OFE
WH 5. HlziE Google Glass DIREED 7L — AT
DRy F AT, 1 EDASIULHTERNZD A
HFBEN L TH VRV, 74 Iy X IHpER(#
FALERBANTIE, Y2RAF v ANPILF Ry
FDEIBRA TV ET T  a NPIRT B Z & R EE

Copyright is held by the author(s).
P THERY
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TH5. "R FrIERERFERH LV R
Y AF ¥ ANTIE, TS LTV DRFEHIC
HEEEAR—ZADBNETH D, EHBREICHIRED
»Hb.

NS OMBEERRT 2720, A~— 75 AD
LY XM %ZEE -7 AN FETH % LensTouch =42
LT 5. 2B, AFFRO—ERI UIST2023 1B\ T
TERRTES] THD, KX T, ZIIEXE
NTVWRWIHEEDEROFHICOWTIRE T 5.

2 BEEMRTE
2.1 RAY— TS ADIEEHEZ AV AT#EEE
DLR

A% — 77 2D ASIEEERILIR T 2 72912, FkA
RIS ASNTE . Chun HIEAY— 7
ADT L —L%RyFNy Re LTHEHT 2 Z 2T,
I RTTDO—EHFEZTOTF A MANEZER L [14)].
ENICDH, AR — T AD T v DITHRIRES X
ZE FHAECEEL, FLEOY 2 AF ¥IZLoT
ANETSME[13] bdD 2. ZhoDOMRIE, Y=
2F ¥ AT E>TTFF A MASIRRT 4 THE,
Bt e DT 2R EMARANDAGETH L. LoL,
VxAF v ANNBF A —IDPERDOY 2 AF v B H
ARINIR SR VEEDH 5. [13] Tld 21 D
DYz AF ¥ HHABRINTED, #HTHITWMHS
WS ZRIFEE L.

A< — 77 A TOREERN I AJTFIEE U THRER
ANIBHY, ffiEHoTT* R AL ERITOIWME
PEET 5 [2, 10]. HHRATNE, N X7V =R A
NPAJRETH 203, I XAZ v FHEZ RS 20
EhH 5 [3].
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2.2 ANEFINA X%ZEBWT-ADEBEDILR

Yz AF X RHBASTILINCE, avbe—-F%
AR — IV v FREDHNETNA 2% ASTT 34
2 LTHWS Z 2T, Av— 275 2% VRHMD
DASIEREDILIR AT o T DEET 5. 213,
AR — I RAREE LS, Fxoay tn—
STOANEERANOMAZHWTT XA M2
TRET B [4] %, A~x—F U v FRTHICE
BLIEYYTTFRANANETOWMELR LD S
(1, 12]. 1EH12dH, VRHMD %245 L6 A NEL
FRICHL D (1T 7= el E OIEREIRE L 7 F 2 b
ANEFTSME 6] REHH 2. ZDXS5ICAw— b
7' 2% VRHMD Z38E L 687 N4 2T
AN%EATS 2 2T, BUROEEN R A FEOME
RERRT 22 e TE 5. 21X PalmType[12]
T, Google Glass DIREEDO 7 L — L2 X2 Xy
FASIORERD 1 KITD AT LT ERVRE,
FHICEA LYY 2o TFOUSTANZAT
HSTLIWEDBRLTWS., LaL, ZhsDifs
D XD WHE T NA 2 E VI ATFRE, A%
FTAENTE HRTF AL ZBRITHD (1T 20 E D
Holzh, artrua—I%2RKOZ L TFEIENST
L% 5. LensTouch Tl&, AX— b+ 7 ADL VX
HTANZITI 120, TIANZIHD S Z & H0A]
BETHD, HHET AL RIS Lo TFENENZ LD
VAQAN

2.3 VRHMD "DANT/NA ZADEHAH

AN FRICEE T 255121, T84 T34 Aidiib o
TV LY Z2HoTITS DR, HET A X%
5 HDDIEMIIC, A~— 275 2% VRHMD &
RICHT T2 AT T N4 R ARG HED D fHF
NTW3. Flzi, HMK[7) ¥, VRHMD 0%t
DOMENZE D T 7D ER DO F —R—FTTF A b
ANEITSWMIETH S, 2—%1F, VRHMD %%
& LR T QWERTY AL D ¥ —HR— K
PHEOTTFAMNANNTES. LHL, 2—HiF
TX¥AMANEIT) F—AR— FZREHRS ZHT
XN, Ry F XA VY THARER P L —
LT 2 Z e TERL.

FaceTouch[5] 1%, VRHMD OH{ENCALE X 4172
Ry Foy REFEAT . 2—H1X, T4 A4
ORI ZZ T RB Ry FATRT F R
MANEITDIZENTESE., ZOTNAATRY T
ANZEITS5E, 2—FEEBDOfEER 2 Z e T
XV, 20D, RREINTWEA T2 M2
BEIRT 2CE, £3 Xy F %y FRALDOB X Z
DONEBEICIHEREE, RGERLWE TV 27 bO
NiEF CIEEBRET 20801 H 5. LensTouch I,
FaceTouch ZRX—ZX ¢ L, VRHMD #ZX~¥— 2
TRAEEMZT-bDTH 5.
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2.4 BHS5EWVMIETORYFANFE
Blurry Touch Finger[9] 1%, 7V v /" TRA~—}
73 VIV Y RAEEE LT SE HMD (B
E EasyVR) 2B 2 X v F ATIOMKTH 5.
EHE O HMD &iEW, EasyVR TlE7T 4 XA 7L A D
B ZE S A=), =74 AT
4 (A= b7 3 Y) KEEMNZZEDPTZS.
INERYFANE L THWS Z D TE S0, 5
PBHE T 4 AT LA ORICEPN S 72— 13xf
FYEHETERY, FREIHIGEELTVS T
DIEPIERTTRATLED, VWO HELRD 3.
Zhe I L 9] TIE, 2—H 3o %M
FSTETRYFIBIMNRDA T2 Ve RB L
MTELZY, ZLTHHEEOREXDLA TV 2
7 M THIRIERERATIDARETH S Z L BR L7z,
LensTouch iIZBWTH, H2 5 DRIV~ —
NS ADL Y XHEANHE LTWS., 2D
B EPOETES L THEMFRPTITRATLE
SBREMTEET S, LL, ZOMED XS 1fE
PERT TVBIRETH - TH AN T X B A[REN:
DH5.

3 LensTouch

AHLICBWTAY— 7201 > XA LI,
A% —= b 77 2DMMIOEXRHD Z & 25T, LY R
HODORMAENX, Ry FANDIDDENRIERMTH S
WHDb 6T, HEY—AN—DRER T 4 27
LA TREROE ORI ATVWRL., ZOERERY
LT, f803H» 08T X5 7-DIEMR X v F AN
HLVWER, Ry FANZE>TL Y XHEBENRT
LESHEREPETONS. MFICOWTE, [9]%
[b] TREINTWVWE LIIL, F¥rUTL—yarPA
NOMEESTER Y DFEFEDOTRICE D IEMER X v
FANEERTE 208D H 5. £z, Av—1
752D IIWYEDa Y PSS A M RA LY ST
DIIHWL Y XEHRHA L TWA 728, farfiiihrs Z
ETL Y AEMPENTLE S BEDFEIZOWVWTI,
HFEDMEIWERLEWeEZILNE., ZhbDT
AT A TIWCHDIE, KGN TIEAY— T F7ADL
Y AM% X v F LTAN%ITS LensTouch %12 %
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Sz AF ¥ %nunﬁb %ﬂbuﬁOL\TijJﬁzj_éH‘q‘:
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A HNH GHS>

e

mmmmmm

223
help held felt hell hello helps

X = ; X
b
| SIZFrRE ,:zﬂa;at ,Izﬂ:w ,zzﬂ:xm ] | JIAFviEl |
I I
[ efgh ST F v fgh/IZ?—-\’ hl/zR?—v |ﬂ1$iﬂsmi KYz2Fv | [ sEE@RvyzzFv |
J J

B S >

E 1. XFEOHE. 1—HI3H8 N BiEREEE L7-FO thumb-to-finger ST AF v ZHVTXFANZTS. PR
FrEAVWTTILITI 7Ry FEEEBEDRLUBEIRL, FRICESVWTTFRINEEE2S I XAFvy2HAVGEIRT 3.

CODHITIE hello Z AL TWVWS.

NFANFETH 5. RETIEEEEMEE LT, &
INER DIERE 2 > 2 WT Y = AF ¥ & il
5T, B IO ARICE T 5 F AT FIE

RN 7
2.1 BNEIEROIMREC Y ZBW ST XAFY
S F L

N AROIERE L > 2N TY 2 A F ¥ &
ok 3 AIFEAMTHIN TV S, Serendipity [24] 13,
AR OB/ N AR ICHEE S BTl =y b
(IMU) ZHWT, 520 %t, I, Z232RY
DE5DDIFDY = AF v Zifam L7z, ViBand [18] 13,
RO/ NI RICHEH SN TO S IEE L >0
BTV 7L — bR 4000 Hz 1IZ5|E RiFB 2 i
XoT, 7w, 59T, AT IvF, Ry TRYE
DAY FY 2 AT itz AJREIC L7z, Taprint [5]
&, HHROB/NYGERO IMU O > 7Y v 7L —
FESIE EIT2Z212XoT, @/INUHKRERES L
72FOHRITBIT MWK v B ZRHL 7.

$72Xu 5 [32]1F, BMFOY =X F vty O

R FXEE 2R a1— %#%®F¢@®?—
&HX’EE%J%L\t/:X%’HJX&V/fX%Tﬁb Z
7z. Kimura [17] 1, BHCZHDH D%E’zﬁﬂﬂb‘f
DPEDI NN ET =R ZHVINY Y2 A F v
Pz T o 7.

a3, B/IVRROILEE £ >4 %2 VT thumb-
to-finger £ W WAL S = X F ¥ ZFEK L, AT
ZoilitRE T E S 5. 20k, 2hUTHEOW
RAEXFANZFEET 5.

2.2 BNERKRICHITEIXFANFE
NSRBI DX FANTFIERE, Y7 o=
77X —KR—FEEHTFE NV Y2 2AF %
w2 FEICRIIENS. FEANZEZL o/
IARICHERINTWE ANFIETH SH, 22T,
IARER OXFATFEERNS.

N

V7 w7 R —R— FEERT 2FIE [22, 7,
12,23, 19, 14] D& 1%, ¥—D 2 BEOHERE H
WBZEIZE-T, F—DH A XEKRELL, 77y
b7 4 U AMER RS 5. Invisiboard [21] 1, %
L F—KR—FZHVWEZICLoTRAZ Y =2 F
IN— a VEEERRIRT S, LrL, Y7 U
7 ¥ —AR—=FZ2HVIFETIE, @PMMUGR LS
LTOWRWEFEZHWTHAZ X v F 3 20813 DH 5
e, FEAINIRAETDH 5.

V7 b7 F—KR— REEHLEXFANFE
D% TlE, HHEAHBEE AJEEDS ML — N4
ZOBRICH L. 2D, HEODX v F &bk
WY R 2 2AF % Z VB XFEATTTFEDLTE X
nTW5 29, 33, 10, 34, 16, 9, 30]. &L, Zh
HOFEIFMFEHVEFE, & L IF@ENHER
WEBMOE 2B T5FETDHS.

it,ﬁmﬂﬁi%%ﬁbti%%mfﬁmti

%, EBIMOY Y Z2HAWE e B#ET2AF
XFANTFE (6, 31, 8, 20) BEFEMET . HADF
EHEMDOE I 2HWRWY = AF X I ED
CHEXFANFETH 20, @/PNHREES L
72F D thumb-to-finger ¥ = XA F v+ # W TXFEA
%17 5.

3 Thumb-to-finger ¥ T X F ¥ DR

TR £ > B D7 — XIS 2 BEMEE %
FWT, thumb-to-finger ¥ = AF ¥ 23k 3 5. &
[l% thumb-to-finger Y= AF ¥ & LT, Xv 7/ [26]
ZERH L7z, A 3EHeLNofez nEI L TEo 72
24 T, BRURyFHE LTHEDNS ZEDZW0
B 4] oGE 25 @i (M 2) 24Xy IHgRe L.

3.1 =&

w%ﬂﬂﬁylxal“\’@nuuﬁk@f;@¢», HNEREAR D
Linux A= VEZEHET 52 22k - T, 4000 Hz
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4
7

3

middle-side2
idd

middle-side1
g-Side3y. middle1
palm 3 ring-side2 ring-side1
tlittle-sia'e&..\ g2 ring1

. little-side2
T little-side1

little2
= littlen
2. F4HHRA L7 thumb-to-finger YT XF v D
25 BEOY Y TR, 2y TRRIE, 155i@E, 18
&, $LVED 3BENSKD. BaIEE LT
feImEIE, BORMEZERLE LT 3 DOMEFHICH
glEns.

DY T 7L — MITIERE T — 2 2INET 3
[18]. ZE#i2iE, IMU (InvenSense MPUG515) %
B LN ARTH B LG G W00 & -,
Z O IMU % { O/ MR ISR XL T»
B5HDLE—DY)—XThH5.

3.1.1 EIAVF—2 a3V

XFEATDI=DININEE T — X D53 fEE Y 7L
RA DIWATORED D 57280, 2—FIfTo7/20 =
AF ¥ DFEDOHH], BIUIMHET — 2052 22
F X PTONXEEZTOHT I (B XV T—
Tay) BUTIANRA DATHORERD Z. SHFKA
F 27 IS THWs LR a7 R, ZRANCH
WA Z izl R, MillhEh =2z 572912,
40 5 (0.018) AT OB(CREZHHA L. £/, 5
FHRFA LY = 2 F v OFTERREIZHN 0.6 B TH 3
72, 74 Y RUDKEX% 2400 (4000 x 0.6) ¥
L7z, ¥z RAF % OBRRICHIET % R, OBIME 4
ZED, BHD R, DV 4 ¥ RVIZBWT, 7} 2]
D THEZ 2 M03200 SH”S 600 SHICEET S &
X, FOU4 YRR AF ¥ IfTONKXMEE
T5. ThEPMIDTER 2 RIEY = XF v OFtAR X
DIEPRTHDZZHZ VD, THCE->TYx
AF ¥ DFRRIP LD T —RET 4 Y RIICED
CEMTES., X5, DR, DV 4> FUD
RAKMEDEE 2 U ETH 2 EOAMHEITS Z
LICkoT, AR S, T2, F—DY X
F X OEL 2B RIS 5 2 e 2 <7
B, ¥z AF v DMK 0.6 FORNIMEILIE %17 H
AQAN

3.1.2 #WHEE

Thumb-to-finger ¥ = A F ¥ Il = 2 F v
TH2-OR—DHEDS 2 A F ¥ THoTd, 1—
P ZeIZZOHXIIELRSL. LiedoT, 2—%Z
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CONFHETNUEERT S, 72720 20D,
I—HF T DT —RINEDVEL T2 5.

BErZx, 22— TroF—XINERRNRICT S
72®, Kimura OFE [17] 28T 2 2L .
COFRIEACHEMD DFEEZHWLFETHD,
2ODRAT v ITMB5.

BRHUIDRAT v %, HHiFEETHH, ZEDIN
Wi LT — RIS 28l LRBYEE21TS. 5
FIEHED 1AW, BN REEEE LRI TH
WAEGEZN 2RMED, RO R, DV 4 Y FUD
RARME UCRIME 73 ZFWTEI DD - 728D
F—RDAEIEE L. ZOFER, 2400 (0.6F)
KEXTHZT7 4 ¥ FUDF—XP5106 H1F 50
7z, ZOF7—&% Kimura OFE [17) e RIUKL, 3
DD EREICEIL, FERAT — RT3 5 RB
FRETNLVOIMZIT- 7.

20HDAT Y TR 774 Fa—=V 7 ThHY,
DBEDI NI EF—RIIHT 2HEDH D FE %
I—HIZTITI. ¥F, =PRI A F v Z{To
72RO T — R ZRIFHIOFIEIITE I A M5, K
2, B XY ENST—REEREEREFE T L
3ODFEERANCEIT 5. FDk, FHFEEIN
FRFEEHEFTALZHWT, Z2OF— &% 320 KT
DOREBBICER T 5. 2L T, TOEHBEEKDT—
RERAWTY 2 AF ¥ THEET VO ZIT- /2.
S 7 v 3 ) X 2021 LinearSVC % w7z,

3.2 JIXFvOERHEMES JUETERTMOAE

K 2T LEHAWEY 2 2F v OFERIERE® 7
T2 DDOEREIT-T2. £, XFAINTHNWS
VI AFXYBRETZ012, V2 AF ¥IIWHT 5
FHEMEZFE L. ST [15] 1%, thumb-to-
finger DX v F Y 2 XA F ¥ ZXRIZY = XA F ¥ DFE
BliHEZFHE L TV 203, BAIZEE NICET-E
DRIZWVIREBIZBWTY 2 A F v 2175720, &
DEZITo7z. LorL, BEOMEBIUEDRZ
T EBEHIC G 2 2 5B DEVIZO W T DO
LTV, FEEICX, 5RERND 6 HORFAEB
FOREBE (21 24 %, FH22.15%, 285
M, GRIZ) DRIV T4 7 LTSIMLT.

3.2.1 EERERET
VNDREIZBWT 7 74 Y Fa—=V 7DD
DT — RIERIT o2, BINEZET I INGRA
BEEELE BV AF R I0ETOITS 2%
ltyyarved s 7F—RIEERBOEHE L
SINEDPRS T 2 A F ¥y 27D T 272D,
ZNETNDY 2 AF v 3k L TiTbh/z. Y= X
FxDIEFIZELY > a VIZBWTE—TH»5. %
72, FEHIE DY = 2 F v DRNTHRK 30 FPDIREE D
RIIbNz, Y AF vy M, HEARCE
WTHENITORVEIZNE TN TV S %
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True label

idel
ide2
ide3
e2
ide3
el
e3

index-:
index-
index-
little
little:
middle-
— middle-si

Predicted |\

M 3. £ XAF v ZRRICLICRETTS.

2ty ¥agTwn, ZOBRAFEEZ 2Ly > a v To
7z, v a YORTIERK2 57OKE, B
INEER DS BT o 7. SIE &N ER D
HEZ B2 5Y 2 AF ¥ &2iTo72. HEIIIXITS
REY 2 AF ¥y PFERINTZ. T2, BINEEFE—
OO Y £ AF ¥ CIIFAKOIEDE X 2T 5 Z &,
BLUKRBiOZERAEZZL IR VW L RiEREh
7. BolT—R3ESNE 1 ANHD, 25 FH x
100 x 2ty >ay =500 HTH5.

ZD%, SIEZLEREDY v h— FREEZHOY
T, V2 2AF ¥y DITVRTEIBIUOI 2 XF ¥ DI
AU XT3 77— MEE L. ERER
WKWBWTSHIE 1 AH7z b R LRI 50 02
BETHoT-.

3.2.2 BRBELUER

ShE v OFRFMREE AR D 12012, BINE D
Y2, AFtyvraryleAFEkyiary207—
RICHLT, £y ¥a yBREREEIT-72. 2D
729, 1EDOREECBITZ 120 2 2AF v DFllH
FT—2EF 10, TRAMTF—XET1I0THS. TR
TOTF—RIFERFE I -REEEET LW
TRHEEBRICE XN, BRyLT, 2922 F %
ZXRIC U IEREROIEENE, 65.7% (FEHE(RZ -
7.00%) THolz. REITHIZK 3ITRT.

RIZ, V2 AF % T OFREREE LT, HHE
DEW (DY 2 2AF v I2FEX W) V2R
F v, BXOEEEIED GEPEIAIIW) V=
AF ¥ g L. FHMEfERERICIE, HEREEAR
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OFFFETH B F1 2a7 2wz Y XF ¥
TEDF1 Ra7 OFERAED X 154%TH -
2. ZHUE, FFEDY = AF v I 2 SINER O
F12a7DREoD0ENRENI L ZRT. £D7
O, Fl2a7n380nWdcAF vty MISIMEZ L
Bz 5Tz,

ZZT, BIMEZLIC, Fl Ra7hEny =z
FrDAENFII LIty > a YRIREMGEEZ (T -
2. ZFORER, Fl2a7haEmn B 8oy = X
FrDAHENRIZT B, IERBEOFED 9 Ex i
A% embirole (EfRFY 1 91.5%, MR
DIFHE(RZE © 2.54%) .

K7 o — 1 OERZINT 5. ZORHTIE
Vo d— bREZEENCHERBRE LTHWA.
VI RAF DTV T IWELT, TeTHITnRe
TV &5, T THITWIC W] 21 & LTEEHE
ZRDIz. Tz AF DI ZWCELT, T2
DRV &5, TeTyENE) 21 2 LTF
HEZRD Tz, ZOHRIE, TV T S DFHfED 3
DL EDDJEIIC S EDOFEEHED 3L ETH -7y
z AF v, indexl, index2, index-sidel, index-
side2, index-side3, middlel, middle2, middle3,
middle-sidel, middle-side2, middle-side3, ringl,
ring2, ring3, ring-sidel, ring-side2, I XU palm
LU, P2 2AFvBEA) THolz. ZTHHDY A
FrZNRIZLIBRD, BIEZ Dty > a VAL
FERRRED IEMER DN, 71.6% (BHERZE:6.28%)
THhoT-.

—77, TR T B IWFENC 2OmEIEL
T, AZEPENEY 2 AF ¥ HFHEL. T,
SINEC K o THROAJEINA R 2 Z e HEE D 1
DTHHHEZIOLNS.

4 F—R—FOHR

Thumb-to-finger ¥ = X F % % H\W /= HGED CF
ANDEDDF—FR— FO#FiFErBRRS. £F, 7
L7 7Ry FOBUITHLTY =2 2F ¥ DED DI
729, BAZ1ODY 2 AF v IR L THEED 7L
77 Ry FREADUT (ZABDI 2 AF ¥ 2 AN
VrAF ¥ R, ZHICHETHZHASDE
%. HEEFHENCX, THIEFES) & HEEL#EIRT 5
72D DREREN T H 5. S, FRA T TFHIHEGEE
RE—FZERT, ZOE—FADYDEZICHEHD
VxAF v GERS 2 AFv) 2FHTS. Z0E—
FTIlE, 2—HFRFANY 2 2F v ZHWTHERE
R332, 7, DR F vz, B
SR —PERS 2P 2 AF Y BITOIIEDEZLD
N5, 20D, BAZHIRY 2 AF X 28T 5.
S2HIDERID F1 2a7REmny s 2AF vty
MIBMEZ ISR > T\, 2070, 2—Y
TRV AFxky FEEKT AL, F1 Xa7ny
WY 2 AF vty gL, UL, TORHITIE
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y

/_ select delete

K 4. HADFFLIF—FR—F. XFRRTILT 7Ry
RMEBEICTERELE. BFiE, BRI 23 FAEEDIE
B LTWS.

=PI LIZEY 2 AT ¥ DR EFAE T %4
EBIS 22— Z2iF—FR—FRK2TH¥ AL T 244
EnH b, Lo TSN, RFEEOTREN: %
BT E2HMELT, 2—HFITLDY =2 AF ¥
v FOERIF ITODT, FIEMNCERERERED E D o
722 AF v 2HWE., X5, UTFoHH%ED L
WXFANCHWSE Y 2 AF > ZIRET S, (1) V=
2 F ¥ O FHFENENY 2 2F ¥ 2L (P2 X
FYHADPOEHAT2). (2) 25 7 7 RHEFEDV
D F1 2a 7RIV Y = 2F ¥ 2L, (3) AW
DIGERNB NI N — TN BIE1ODY 2 AF ¥
DHEFRATS. (4) FALEY 2 2AF vy DA%
WEBOTEMEBREWV. (5) AN = 2F v 25
K520, Rz ZXF % -HIFRY = XF ¥ (7727
PavIrAFx) DEHDOY 2 AF ¥ % 2 DR
33, (6) T—FRLFANMH VDY 2 2F v &4
ZRTVWE I, FEOH I L ICB L ZHABEDHED
Pz AFyBEHALRY (Bl LT, RO
Tl middlel, middle2 ZH L, 3EFEDIERIHET
i ring2, ringd ZHRHT A2 LRW). (7) 77
Vo2 avIzAFYyBIUIANY 2 AF X, V=
ZAF ¥ DHEZRTEDEDICY 2 AF v DFEHE (5
HIHDOY = XA F v £ 3EHHOY = XF v) £/
R Z 5.

CORER, BAX, Ty avIaAF vk
LT, index-sidel B X index-side2 %, AJ1> =
AF v & LT, indexl, middlel, middle3, ringl,
ring3, BX P palm ZHHALL. ThHDT X F ¥
ERFCLEBO, ZMEZ Dty > a VRRE
MEED IEfRERDFINZ, 87.6% (FEHE(RZ : 5.35%)
Thotz. YUYz AF v ZHVEZF—R—F%
X 412~

DX —AR—FEHWELFANS AT A (K
1) ZF@HT 3. 2—H1%, HHNOHEDE T LT 7
Ry MIHINT 2P 2 2AF ¥ ZIHIITS. AT L
X, ANEINY 2 2AF v HNHIE, THIEGE
6 DIRT B, KICZ—FILEIRY = 2 F v EHOL
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T, E— FETHHEEERE—-NCUIDEZ 5. 2
LT, THHEOESIIHIETS2Y 2 XF ¥ 2175
ZrIlZkoT, HEEEREIRT S, ASIULIWHEED
FHIHGEFNCHEE LR WS 13, BDIRUERY =
2F % BTS2 LI & o TRDOTFHIBZES| DRI
YIDEZ 22 M TES. DLEOBERBEDIRT Z
CIZKoTXXERZANT 5.

HEETHITIX, ANENY = AF XN T
L2707 7Ry bORTOMHASHOEIIH LT, #
HEED M B X O auto-complete [9] & FHWT
FHHGEZEHT 2. ZOFEE, EHAMEE
FHEWDYE WHEEDTFAEEE B L T, ANISCFEIL
FoOHFEL PHIHEGEY LTIRRT 5.

F72, EASHICY 2 2 F 2 OB L U
TREDRE LIS 2720, SBidN Y2 A F v %
I—YPPHERTE L X512, AT LI E N
Oz AF ¥ BIBIMNRRICERT S, XFEASE—
F & FHIEEEINE — FOIRREIX, FHIHFEOMZ
EEFTDHI Lo TURT. B, HiEL HEOM
WX AR—=ZADHBIPNTHAZINS.

5 XFANMEDTFRHAER

AFEE HWTZBRO T A O#E (WPM: Words
Per Minute [2]) , BXUP L7 —F (WER: Words
Error Rate [3]) %Z&Hllid 570 DEEREITo 7.
FBTIE, FREND 3 %D RFEAB K ORERA
(21 7%-24 7%, V5223 5%, REBME, HHZ) 2
RV T 47 LUTHML .

5.1 EERXTLORE

@/ MR ¥ Bluetooth it S /A~ — b+ 7 #
V% PCIZHESHT 5. PCIZBWTE/NIEERDN
WEL DT —XERIEL, VT7LEAL LIES
W Oz 2F v Bk, BIUHETHZITS. %
7z, MRS, ANHDL, ANHOHFED 2512175
7P 2 AF v, BLUTFHIHGES %, PChHA~—
k74 Y REH L CGE/NMRRICEET . HED
ERSEEE I 3 — )R [1] 225187, EBRY 2T A1
BOWT, Y2 RF ¥ EIToTH 5 ZORER
INEEARICFRRE NS T CTOMERENX, Fi2r—
REE, V2 AF vilik, BROHETHICI DK
0.9FTH o 7-.

5.2 S2ERERET

ZINEEK 4 DF—K— FEHWT, ALDIKEE
BV TENMNUERICR RSN EGHTELE AT 5.
HVIDITSIE, Pz RAFYidikD 7 74 VFa2—=
YITDEHDT—RINEDDIZ, FEI 2 AF v %
10\ To 7. B5tDY 2 X F ¥RV F—&
INEBIZH F DD 50D, P2 AF v D
PN DR BoY 2 AF v FEEL DB W0,
BLOXXFANTIZERG L TR—DY 2 2F v 21T
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IR SR VWDSINEIXT VX LIHICTY = A
F X B{To7z. £z, 7A77Ry bODLY DT
ANUH, WIET 3 = AF v DEBOERMANH S
7z, BHIEZ, XIET 5 CFDE OFEBUCEID 4T
LRTWVWEDDhoRVWEEICk Y N 2SET S5 2
EMTER [29]. BMEBRIEROAN, KT 4
WIS F AT OME 2 BE/12 T 7. ZD1%,
RIK 3 DRIOKREZITV, AFEL L THODR %
ANTB3Zr kv ay) Z20HE{To7%. kY
> a VINTIERIK 3 T OREEZ - 7. XD XE
BLUOHEIEX, £ZMECBWTHE—TH D, [
—DOXBEIFHEBLIUOAFEZB L THEDERLHVS
TV, EXXE, 7=ty b 35 96T
R IEINTz. £, SNEEEHE»DIEMICA
3B erERDLNT.

5.3 HERBIUER

WPM D13 3.69 (v a>1:3.60, v
>ar2:3.77), WER O3 0.0547 (v > a
>1:0.0694, v a>2:0.0400) THot-. &
HIRE BRI -7 (40 5) Sh#&ED WPM 1,
tvParyliZBWTHESES £y ary2iZB0WT
533 THH, WERIEHiLY T a  iZBWT0THo
7z, F72, FEICEALEEDPR—DOLEMICTBWL
TEBREIToE A, £y ary 1IZBWTT.68
WPM, tvay2iZBW0WT8.38 WPM %3EM L
72 (MR B W T WERIIZ0) . Z4UE, FHECH
AT B IC&o T EHITEF AN AREIC 72
3 mBE 3. F—0E D Y TOMIRICKEIRD
Dol aXy v UESIEPVEZ D, Fik
DEADE R LFATNCED B Z e BRET 5.

72, AN 2 2F % DB Lo 8
axXy b LESMENN-. 2, ANHFORE
FUOFOERADZICH ST, F— XIVERE L Bz
DZEBABIOY 2 AF v IR T\l 2EZ S
N5, ¥z AF ¥ OFELHICHE S ERTO ASIDHLD
HLBXU2EHDANZ, XFAIEEDETIZ
DM BI=h, FOAEEZZLXEZEEDT— XX
8, FREBRBOEBMICEERY £ AT v idawhiK

HHND.

6 FmdLUVSEDFE

Al Wil Y = AF ¥ DFERD 72512, 4000 Hz
DY T — MTHEE Y DT — &%
B L7, L2L, 100HzOY > FY U ZL—1+D
HERE 7 — R R WY RY 2 X F % Rk Ose
(17, 32] A3 5. 4000 Hz V> 7V > 7L — MiE
HEBHOWERKICORE L=, TV 7L —
FE/NE L LTV o BORBRIMEREEZ AT T 205
Whb. Fiz, SROEETIEIY 2 AF ¥ E2(ToT
6 Z DRBifE RN NI R ISR REN S £ TIZ
FOIMEL., LEdoT, AMNIEHEFELTO0.9
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MZ1ETHo7. ZOFERD 1D, Y AF YD
BERZERICEENZ 0.6 DY 4 » FUREHAL
e TH%. Ebh/hX W4 VR EHWTY =
AF X DEPETORIGICTERMEITO TN TE
T, V2 RF ¥ EIToTH o FORBRERE IR
TEETICTE T 2R EH I NS 20, XFA
TEREDE FICORAS. koT, 5HKiF7 4V F
TIZED DY 2 AF ¥ DIEOREE © FEFkMERED Y
BREEETAVERDS. MAT, EWEREIC TR
FKATEEZR Y = X F » OFEEHNE Z AUX, AJIDiE=R
PHEZ 5. il LT, NFZELEE, HE, BXUHEED
AT D 9 DDA S % & v T ORBHAHET H
X, TO ANDAEEICR S, 2D X512, ANTDiE
BOMWEZ 52 212&k->T, XieFx—FR— NOKET
MAREIC TR 272, SR TEHEDY = A F v
PRI RER FIEDBREIRD HNDE. £, AT
ETIEXLFEATIDO DD EE PCIZBWTTo 7.
ZD7=, BHAFEDOLFNIBWTHWS 7291213,
B/NERICE AN A~ — s 7+ VI T ER
TAERE, ¥ 7o Rarya—T74 VIR
H3 2080155,

ARG T, thumb-to-finger ¥ = X F ¥ £ LT
fenimE, fEHIE, BXURINT Xy Y2 AF ¥
PERALE. LL, EEmCT 22y 7, RE
2EEH L TITS Xy 7, BIXURYA S, ¥ —
IV, 7Vv 7 (FROWE) Ry TLHD
VxAF ¥ EFEATLIIEIEZIONS. il LT,
7 v 75 BRI EED W TR BEE D EIR DS
TENZL, THHEEREERE— FAOYI DX DNE
DBl hb, A0 2 RAF v, SHERHALE
VxAF X EEENKEL B E0, SHEEFRHAL
7Y 2 AF v DR MERE R R N &85 Z & 7 { 38
TEX5A[REMED D 5. IEE L >3 % W7z thumb-
to-finger ¥ = 2 F ¥ FRFKICH DI L FFELXFATID I
DORELZS = A F vty b, BEUOEBHTHMILE
WO OMREDE WD DFE I X PRV F—FKR—F
Rt 2 HET 208N D 5.

7 &HDIC

AfETlE, BN ROMEEL Y ZHW
thumb-to-finger ¥ = X F ¥ ik HD { FF3F
ANFEER U KFETE, A7) —F 71—
yaVﬁ%ﬁiU77VF74Vﬁﬁ%ﬁ%$ﬁT,
MR OB/NERICBWTEMNOY Y ZHWS 2
DBV FELFEASIDVARETH S, ¥ AF ¥l
AMRERAE T, 22— LI F1 Ra70Ews
2F v BT 512Xk oT, ¥ 91.5%D Ef#
RIZT8MMDY = AF ¥ M AIRETH 5 Z & 7R
L7z, ¥7, ¥z RF viliklEes X O E#EFHHD
FHAEZEL TF—KR— RO 2TV, KAFEEZH
WX FANERED THHAE 2T o 7. Z DFEE,
35 3.69 WPM = /R L 7=,
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BE ik

English ~ Word  Frequency. https:
//www.kaggle.com/datasets/rtatman/
english-word-frequency. mMSHEH : 2023
F8H29H.

A. S. Arif and W. Stuerzlinger. Analysis of
Text Entry Performance Metrics. In 2009 IEEE
Toronto International Conference Science and
Technology for Humanity (TIC-STH), pp. 100—
105, 20009.

X. Bi and S. Zhai. IJQwerty: What Difference
Does One Key Change Make? Gesture Typing
Keyboard Optimization Bounded by One Key
Position Change from Qwerty. In Proceedings
of the 2016 CHI Conference on Human Factors
in Computing Systems, CHI ’16, pp. 49-58, New
York, NY, USA, 2016. Association for Comput-
ing Machinery.

E. Chan, T. Seyed, W. Stuerzlinger, X.-D. Yang,
and F. Maurer. User Elicitation on Single-Hand
Microgestures. In Proceedings of the 2016 CHI
Conference on Human Factors in Computing
Systems, CHI 16, pp. 3403-3414, New York,
NY, USA, 2016. Association for Computing Ma-
chinery.

W. Chen, L. Chen, Y. Huang, X. Zhang,
L. Wang, R. Ruby, and K. Wu. Taprint: Se-
cure Text Input for Commodity Smart Wrist-

bands. In The 25th Annual International Con-
ference on Mobile Computing and Networking,

MobiCom 19, pp. 1-16, New York, NY, USA,
2019. Association for Computing Machinery.

W. Chen, L. Chen, M. Ma, F. S. Parizi, S. Pa-
tel, and J. Stankovic. ViFin: Harness Passive
Vibration to Continuous Micro Finger Writing
with a Commodity Smartwatch. Proceedings of
the ACM on Interactive, Mobile, Wearable and
Ubiquitous Technologies, 5(1):1-25, 2021.

X. A. Chen, T. Grossman, and G. Fitzmau-
rice. Swipeboard: A Text Entry Technique
for Ultra-Small Interfaces That Supports Novice
to Expert Transitions. In Proceedings of the
27th Annual ACM Symposium on User Inter-
face Software and Technology, UIST ’14, pp.
615-620, New York, NY, USA, 2014. Associa-
tion for Computing Machinery.

Y. Gao, S. Zeng, J. Zhao, W. Liu, and W. Dong.
AirText: One-Handed Text Entry in the Air for

COTS Smartwatches. IEEE Transactions on
Mobile Computing, pp. 1-14, 2021.

J. Gong, Z. Xu, Q. Guo, T. Seyed, X. A. Chen,
X. Bi, and X.-D. Yang. WrisText: One-Handed
Text Entry on Smartwatch Using Wrist Ges-
tures. In Proceedings of the 2018 CHI Confer-
ence on Human Factors in Computing Systems,
CHI 18, pp. 1-14, New York, NY, USA, 2018.
Association for Computing Machinery.

T. Gotzelmann and P.-P. Vazquez. InclineType:
An Accelerometer-Based Typing Approach for
Smartwatches. In Proceedings of the X VI Inter-
national Conference on Human Computer Inter-
action, Interaccién '15, pp. 1-4, New York, NY,

-112 -

[11]

[13]

[20]

USA, 2015. Association for Computing Machin-
ery.

C. Harrison and S. E. Hudson. Abracadabra:
Wireless, High-Precision, and Unpowered Fin-
ger Input for Very Small Mobile Devices. In
Proceedings of the 22nd Annual ACM Sympo-
stum on User Interface Software and Technol-
ogy, UIST °09, pp. 121-124, New York, NY,
USA, 2009. Association for Computing Machin-
ery.

J. Hong, S. Heo, P. Isokoski, and G. Lee.
SplitBoard: A Simple Split Soft Keyboard for

Wristwatch-Sized Touch Screens. In Proceed-
mngs of the 33rd Annual ACM Conference on

Human Factors in Computing Systems, CHI "15,
pp. 1233-1236, New York, NY, USA, 2015. As-
sociation for Computing Machinery.

D.-Y. Huang, L. Chan, S. Yang, F. Wang, R.-H.
Liang, D.-N. Yang, Y.-P. Hung, and B.-Y. Chen.
DigitSpace: Designing Thumb-to-Fingers Touch
Interfaces for One-Handed and Eyes-Free Inter-
actions. In Proceedings of the 2016 CHI Confer-
ence on Human Factors in Computing Systems,
CHI ’16, pp. 15261537, New York, NY, USA,
2016. Association for Computing Machinery.

A. Tshii, H. Hakoda, and B. Shizuki. Flickey:
Flick-Based QWERTY Software Keyboard

for Ultra-small Touch Screen Devices. In
M. Kurosu ed., Human-Computer Interaction.

Interaction Technologies, pp. 31-42. Springer
International Publishing, 2018.

H. Jiang, D. Weng, Z. Zhang, and F. Chen.
HiFinger: One-Handed Text Entry Technique

for Virtual Environments Based on Touches be-
tween Fingers. Sensors, 19(3063), 2019.

J. Kim, W. Delamare, and P. Irani. Thumb-
Text: Text Entry for Wearable Devices Using
a Miniature Ring. In Proceedings of the J4th
Graphics Interface Conference, GI ’18, pp. 18—
25, Waterloo, CAN, 2018. Canadian Human-
Computer Communications Society.

N. Kimura. Self-Supervised Approach for Few-
Shot Hand Gesture Recognition. In Adjunct
Proceedings of the 35th Annual ACM Sympo-
stum on User Interface Software and Technol-
ogy, UIST 22 Adjunct, pp. 1-25, New York,
NY, USA, 2022. Association for Computing Ma-
chinery.

G. Laput, R. Xiao, and C. Harrison. ViBand:
High-Fidelity Bio-Acoustic Sensing Using Com-
modity Smartwatch Accelerometers. In Pro-
ceedings of the 29th Annual Symposium on User
Interface Software and Technology, UIST ’16,
pp- 321-333, New York, NY, USA, 2016. As-
sociation for Computing Machinery.

L. A. Leiva, A. Sahami, A. Catala, N. Henze,
and A. Schmidt. Text Entry on Tiny QW-
ERTY Soft Keyboards. In Proceedings of the
38rd Annual ACM Conference on Human Fac-
tors in Computing Systems, CHI '15, pp. 669—
678, New York, NY, USA, 2015. Association for
Computing Machinery.

X. Lin, Y. Chen, X.-W. Chang, X. Liu, and
X. Wang. SHOW: Smart Handwriting on



[21]

[23]

[24]

[27]

[28]

WISS 2023

Watches.  Proceedings of the ACM on Inter-
active, Mobile, Wearable and Ubiquitous Tech-
nologies, 1(4):1-23, 2018.

A. Mottelson, C. Larsen, M. Lyderik,
P. Strohmeier, and J. Knibbe. Invisi-
board: Maximizing Display and Input Space
with a Full Screen Text Entry Method for
Smartwatches.  In Proceedings of the 18th
International Conference on Human-Computer
Interaction with Mobile Devices and Services,
MobileHCI 16, pp. 53-59, New York, NY, USA,
2016. Association for Computing Machinery.

S. Oney, C. Harrison, A. Ogan, and J. Wiese.
ZoomBoard: A Diminutive QWERTY Soft Key-
board Using Iterative Zooming for Ultra-Small
Devices. In Proceedings of the SIGCHI Confer-
ence on Human Factors in Computing Systems,
CHI ’13, pp. 27992802, New York, NY, USA,
2013. Association for Computing Machinery.

Y.-F. Shao, M. Chang-Ogimoto, R. Pointner,
Y.-C. Lin, C.-T. Wu, and M. Chen. SwipeKey:
A Swipe-Based Keyboard Design for Smart-
watches. In Proceedings of the 18th Interna-
tional Conference on Human-Computer Interac-
tion with Mobile Devices and Services, Mobile-
HCI ’16, pp. 60-71, New York, NY, USA, 2016.
Association for Computing Machinery.

C. Shi, V. Lakafosis, M. H. Ammar, and E. W.
Zegura. Serendipity: Enabling Remote Com-
puting among Intermittently Connected Mo-
bile Devices. In Proceedings of the Thirteenth
ACM International Symposium on Mobile Ad
Hoc Networking and Computing, MobiHoc 12,
pp- 145-154, New York, NY, USA, 2012. Asso-
ciation for Computing Machinery.

K. A. Siek, Y. Rogers, and K. H. Connelly. Fat
Finger Worries: How Older and Younger Users
Physically Interact with PDAs. In Proceedings
of the 2005 IFIP TC18 International Confer-
ence on Human-Computer Interaction, INTER-
ACT ’05, pp. 267280, Berlin, Heidelberg, 2005.
Springer-Verlag.

M. Soliman, F. Mueller, L. Hegemann, J. S.
Roo, C. Theobalt, and J. Steimle. FingerIn-
put: Capturing Expressive Single-Hand Thumb-
to-Finger Microgestures. In Proceedings of the
2018 ACM International Conference on Inter-
active Surfaces and Spaces, 1SS 18, pp. 177—
187, New York, NY, USA, 2018. Association for
Computing Machinery.

P. Streli, J. Jiang, A. R. Fender, M. Meier,
H. Romat, and C. Holz. TapType: Ten-Finger
Text Entry on Everyday Surfaces via Bayesian
Inference. In Proceedings of the 2022 CHI Con-
ference on Human Factors in Computing Sys-
tems, CHI ’22, pp. 1-16, New York, NY, USA,
2022. Association for Computing Machinery.

K. Sun, Y. Wang, C. Yu, Y. Yan, H. Wen,
and Y. Shi. Float: One-Handed and Touch-

-113-

[29]

[30]

32]

[33]

[35]

Free Target Selection on Smartwatches. In Pro-
ceedings of the 2017 CHI Conference on Hu-
man Factors in Computing Systems, CHI 17,
pp. 692-704, New York, NY, USA, 2017. Asso-
ciation for Computing Machinery.

P. C. Wong, K. Zhu, and H. Fu. Fin-
gerT9: Leveraging Thumb-to-Finger Interac-
tion for Same-Side-Hand Text Entry on Smart-
watches. In Proceedings of the 2018 CHI Con-
ference on Human Factors in Computing Sys-
tems, CHI 18, pp. 1-10, New York, NY, USA,
2018. Association for Computing Machinery.

E. Wu, Y. Yuan, H.-S. Yeo, A. Quigley,
H. Koike, and K. M. Kitani. Back-Hand-Pose:

3D Hand Pose Estimation for a Wrist-Worn
Camera via Dorsum Deformation Network. In
Proceedings of the 33rd Annual ACM Sympo-

sium on User Interface Software and Technol-
ogy, UIST ’20, pp. 1147-1160, New York, NY,
USA, 2020. Association for Computing Machin-
ery.

C. Xu, P. H. Pathak, and P. Mohapatra. Finger-
Writing with Smartwatch: A Case for Finger
and Hand Gesture Recognition Using Smart-
watch. In Proceedings of the 16th Interna-
tional Workshop on Mobile Computing Systems
and Applications, HotMobile 15, pp. 9-14, New
York, NY, USA, 2015. Association for Comput-
ing Machinery.

X. Xu, J. Gong, C. Brum, L. Liang, B. Suh,
S. K. Gupta, Y. Agarwal, L. Lindsey, R. Kang,
B. Shahsavari, T. Nguyen, H. Nieto, S. E. Hud-
son, C. Maalouf, J. S. Mousavi, and G. La-
put. Enabling Hand Gesture Customization on
Wrist-Worn Devices. In Proceedings of the 2022
CHI Conference on Human Factors in Comput-
ing Systems, CHI ’22, pp. 496:1-496:19, New
York, NY, USA, 2022. Association for Comput-
ing Machinery.

Z. Xu, W. Chen, D. Zhao, J. Luo, T.-Y. Wu,
J. Gong, S. Yin, J. Zhai, and X.-D. Yang.
BiTipText: Bimanual Eyes-Free Text Entry on
a Fingertip Keyboard. In Proceedings of the
2020 CHI Conference on Human Factors in
Computing Systems, CHI ’20, pp. 1-13, New
York, NY, USA, 2020. Association for Comput-
ing Machinery.

Z. Xu, P. C. Wong, J. Gong, T.-Y. Wu, A. S.
Nittala, X. Bi, J. Steimle, H. Fu, K. Zhu, and
X.-D. Yang. TipText: Eyes-Free Text Entry on
a Fingertip Keyboard. In Proceedings of the
32nd Annual ACM Symposium on User Inter-
face Software and Technology, UIST 19, pp.
883-899, New York, NY, USA, 2019. Associa-
tion for Computing Machinery.

X.Yi, C. Yu, W. Shi, X. Bi, and Y. Shi. Word
Clarity as a Metric in Sampling Keyboard Test
Sets. In Proceedings of the 2017 CHI Conference
on Human Factors in Computing Systems, CHI
17, pp. 42164228, New York, NY, USA, 2017.
Association for Computing Machinery.



ZER5

RE A8, 48 Bk FHE, 92
AR @k, 25 SFOFTURER, 41
HE E£—, 41
R FER, 1
Erwin Wu, 17
THE ERER, 92 & &, 10
¥ B, 84
K& B 62
K fihi3e, 34, 48 Chen-Chieh Liao, 17
i RE, 34 2 REE, 10
Bl %, 92
SR WA, 69
JIE —H]) 41
JIlE &1, 99
BF KK, 76

%/\ gﬁ" 1

/N BERg, 10, 17, 92
ER B, 92

ik &A, 62

B SOKER, 106
SHAMIR Ariel, 25

SECHAYK Yotam, 25
e 1R, 69

BH 5=, 69
BA BEE, 34, 48
A FE, 106

SPE H—HR, 62
SFH 8%, 34, 48

HE sk, 84
HEF fimig, 76

P &, 34
PaAs SACER, 62

faA 1k, 62
5% F)h, 84
e HEah, 76

KA &, 17
B ESE, 99
Aol fL#E, 1
B 5, 55
vii



BAAY I RO T7RIFES HARSERS U —X  ISSN 1341-870X
No. 100 2023411 H 298 F17
5310 A >ASITFT14TAFTALAE

VIR 7ICEITBDT—0> 3w (WISS 2023) @@wX&E






