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Fig. 1. Overview of the AR and EMS-based piano instruction system. (a) The instructor wears an HMD to capture hand movements
during piano performance. (b) H and tracking of the instructor’s performance. (c) The learner wears an HMD for AR visualization and
EMS electrode pads for tactile feedback. (d) The learner views the instructor’s movements as the AR hand and receives synchronized
EMS for key presses.

T ssu X ss s ne WPpr W W PSS NNg WNg N e s Sx Ng X gNmIxm W
S WS W g N UMW W () r su gu X s S me wm( S «x wr
S$S Wms sgw »r R S® X WZ ws W W N MR Prow wr ne B WA W »pr  Ss
CIN S Pr WAR X Prww rfim wamsw Ss m w premw s wp < »g S
S W W S o Boprmm o X susw sgnfi w s ® .y n®S mwg
S fFxs ff WRNg U S Xaum Wpr  ®AWMS X W S S sgnfi w Ul SRS W
sz m w s » P»rorRw ssT s fin wgssugg s » xowr rx fimowmaw Ss mapr wr w
X SS Ng » ng S Su s S gema R W S s m x

S ®» p»s « Human-centered computing —» Human computer interaction (HCI)
» rs ®m Prss wugmm () X ws S waw »( S)P m wsra wm

ACM Reference Format:
S » x x rom o g 1 P m wmsra ®m swg » Prsw »ow » S®m rmz W

S m Proceedings of Make sure to enter the correct conference title from your rights confirmation emai (Conference acronym °XX).

X S 1 mgs ps// re/

w xS » » o wS W ox ¥ wm xs Tsw w  Jpw x » xS Tse w  Jpw " s » XS
Tsae w  Jpw
P rmass m  m s rox » s xmx S X XPXS® X SSr WAWS ST W o »r »srw
» rosrow rpr fiox owawmax »nog W » S roosw » " now firs » o PrXg S & WP WNS

s r » s 0w u r(s) maws »ox sr  wNg x s 1w T » X s xrpe s ms »
sx xs x x SX W ssraqurspr rsp f prwmss mow /x QK S P XWSS NS X WP T SS NS@ W rg
| »rs o/ w o x(s) Pu mrg s WS

nuS TP SH W 1


https://doi.org/XXXXXXX.XXXXXXX

1 INTRODUCTION

x » ng s NS TR S S WK S »n n W RS »n

O rs s rop P s
s P opu o T om RS rM W WS RS TUW RS SP rfim ma rs ssu  sp w
P ME MR N X AW RSP S W AN Qn wg S o sp PR OPr TMN  RMSTM WS wr
s noRom » RSTM XS WM M MRS BN RSXM W P T aqur sww P wrs
» s ne  pr moossx i I P S S » » pr wm wx ws[]
» fi » ™S S wmars » » wr newm  fing rm mwms m wg s
! r ff ™ ng
Pr wsr s x s P r o m S rom S Ng S uS g » S = » us e
[ 1] RSTW XS WM WrWEP W Pr TWMR S W ¥ | oW XS W
nSs P roug w2 wum sp ( ) wg wsru rs fi 0w » s mow
M oWaRS W r ™ XS x ss » » sm ff RARAAR ]
W wg Pross s s r O JER N TR NI » P ur Ng WS T XSS WA Pr SS W
S ng Ng W n T m g s ® ™mr S ws Su » mWRg B owr »
wr ss s [1 ] x ng Su M RmSSE S B W ¥ e » » g W
nrow 5 [ » rom S wgu ROES WP Wg XX pr Sssur W s
x s waw wgfing rwams s[ 1] w s sp g W™ W B KR XR XS X pr W
S nng x x ff » Ss Smp m wsxa ®m sw » X oug s
T ssw X¥SSS S @S Prp Swg S S W o omS » S suppxrp m o pr ormw
mweg T ss wm sp s NSKXH XS M M MRS S W » X ug W XS
S W X mZwg Ssgmn s gu e xsfing s B R WNg » gr ®Wg S » g s
S s W WS »ow ™ TS wr CC RSTM XS W PSS NN WwNg W
st srwmg T spprprsms P W W » SsS S W™ pPprs sp W rom
w nS pr  wsw SH MR PR ORSKA W
2 RELATED WORK
Sepp x mgp ®» P r TR W » e ms r s OIS SR ) PR msTH W
wss m(I)sm rwmzwgm mwmws »m psurs () wpr wgsg r wng () wm m wgm now (4)
m wrgwg wmpr s N[ ]T ssw w zs » S supprp w mweg T ss X srs x
» » Sm sx » s sp s
2.1 AR in Piano Education
S mus mpPpP W w mR o rows s wmppr » S sp Wmg W™ W S P wswg
s ng remgpr ss r gmmrs[l 1 1w rm S px g » W® X » X
S ™ N MR W T » S was 1 ]
PR Ng W™ S R a¥SS S ms s W W O T wmngs( T) pr
x ¥ WA NST RS W m wmgrwm pwm ssws[ ]Swm «x » P m Swms ss m
ffrs pr S w W s MR W 1 ss P S PR W NP W L1 »



» » S SS WS s w Su sus » WS X mpS WNwmg W nar Tr  myp
S s ms » row » ws ® r mg S RSXM X W S PSS It ug [ 1]
rr  wes » » Om s ox PrSS WMWE B S WW Sw s m mng pw
x o » wg o om en [ 1T m g S ssas sswu pPprpssuswg S ws
Ss's N Rg PrSS S MW NSWT WR KR » P SSS T W

2.2 EMS in Music Learning
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3.2 Acquisition of Instructor’s Hand Movements in Piano Performance
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Fig. 2. System architecture for the piano instruction system using AR and EMS. The instructor uses an HMD for hand tracking and a
PC for MIDI data capture. The learner uses an HMD for AR visualization, a PC for data processing, and an Arduino-controlled EMS
system for tactile feedback.
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Fig. 3. EMS control module. Left: EMS devices (Sanitas SEM 43) used as stimulation generators. Right: EMS control circuit featuring
an Arduino microcontroller for precise timing control, LED indicators for visual feedback, PhotoMOS relays for switching, and output

terminals for connecting to electrode pads.
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3.4 Playback Interface
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Fig. 4. Electrode pad attachment position. (a) The electrode pads are attached to the lumbrical muscles of the left hand except for the
thumb. The wrist electrode pad is used as GND. (b) The electrode pads are attached to the short abductor muscle of the thumb. (c)
During the task, the participants wore gloves with the finger parts removed to prevent the electrode pads from coming off.
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Fig. 5. Playback interface. (a) Interface used for AR and AR x EMS conditions with HMD, showing AR buttons operated by hand
gestures. (b) Interface used for EMS-only conditions without HMD, featuring on-screen buttons operated by a mouse.
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4 PRELIMINARY EXPERIMENT
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4.1 System Configuration and Experimental Environment
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Fig. 6. Experimental environment setup. (a) Instructor’s environment featuring a webcam, display, control PC, iPad for metronome,
and piano. (b) Participant’s environment including a webcam, Hololens, control PC, and piano.
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Fig. 7. Instructor during the experiment, including display, webcam, control PC, and piano, used to monitor the participant’s progress
and provide instruction.
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Fig. 8. Participant setup during the experiment for each condition. (a) Video condition: learning by watching a video of the instructor’s
hand. (b) AR condition: learning by following an AR hand model. (c) EMS condition: learning with EMS feedback while watching the
video. (d) AR X EMS condition: learning with both AR hand model and EMS feedback.
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4.3 Performance Task
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4.5 Participants
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“ 4.6 Results
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Fig. 9. Questionnaire results. (a) NASA-TLX. (b) SUS Score. (c) Preference.

5 EXPERIMENT

T pr wmamx Prmw g 8 s r ng S Brx TR RS TH W g S S MW
fi ns T wapr s X nS uSs WS wg s rowg  ppr
XSS g ®Wg Ssu S » S X omar " i J . ¥ now Ss mw »
wr »oW o xroox Prmm o TRRg Prow P XM X » »S
S ow S(Fgur 11)
5.1 Experimental Environment
T P rWm BOX ONR W SS wp quP®L ®  SS »nomSgur 1w nOPpw N W
» » » s us ne w S » S S »Regurs W 4 x WS s x
fing rma  wams
5.2 Performance Task
s gm ffrms s ™ rpgg s spr mam ss x » » ng w [14 1]
SS x ®r rm 1 P WS wams s r pr uwr ng rewgm® S

nus xp Sw W



| Participant

4 @ ORI . N

Crc

1

Music Score
‘ ?
“ | Piano | [ Piano Y

“ Fig. 10. Experimental environment. (a) Instructor’s experimental environment with camera, PC, Meta Quest 3, and piano. (b)
Participant’s experimental environment with Meta Quest 3, PC, visual music score, and piano. (c) Additional participant view with
display, PC, visual music score, and piano.
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Fig. 11. Participants in each condition. (a) AR condition: learning by following an AR hand model. (b) EMS condition: learning with
EMS feedback while watching a video. (c) AR X EMS condition: learning with both AR hand model and EMS feedback.
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Fig. 12. Performance evaluation across conditions: (a) Velocity uniformity (higher values indicate higher consistency), (b) Keystroke
error rate (percentage of errors relative to total performance time), and (c) Timing accuracy (percentage of MIDI event overlap between
instructor and participant).
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Fig. 13. Questionnaire results. (a) NASA-TLX. (b) SUS Score. (c) Preference.
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