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Body-Coupled Electrical Stimulation for Battery-free and Wearable
Bioelectronics

Myunghwan Song*, Sangmin Lee*"

ABSTRACT: We introduce a textile-based Body-coupled electrical stimulation (BES) system that utilizes energy loss
from electronics and triboelectric energy generated during physical activity. We fabricated BES socks by weaving only
conductive and polyester threads, providing both structural stability and wearing comfort. The BES socks generated
electric fields ranging from tens to hundreds of mV/mm, which are sufficient to activate muscle cells. Both
experimental and computational analyses verified the effective concentration of electric fields and validated the design
parameters. Human trials showed significant enhancement in exercise performance, including a 21.5% increase in calf
raise frequency and a 12.0% increase in repetition count, along with a 6.3% reduction in muscle fatigue.

£: 2 dFolAs AR7 7] oA WA Tl A o H A et AR EFoll A e npabd 7] | A& &85t 4
3 AA| A A7] A=(Body-coupled Electrical Stimulation, BES) A| A8 AoFstc). BES 2 A=A 472
2 o]0l B A4 ko ) 2oto] AAsigon], FaA AT A8 Ho) 4 F A0 Suslct. A 2e BES
SRS S 410] 4] S8 mV/mm ¥ 919] A714-E W Asheleh QA 48 Aol Ak ulm ohu] £EGHE go
) 3 HlE 7P 21.5% 7okl WhE 3147} 12.0% F718t5 o, &5 2 e = 63% d4ths 5 ot &%
8 Ld sabo] sholw it

[e]

> [N oS e BN B

Key Words: A7]x}=(Electrical stimulation), Y-l (Battery-free), QIX|A&H(Body-coupled), 2]-8-7%%}7]7] (Bioelectronics)

1. M B A= sk 5 &

<Loll= -?*]X"i} X]";L% %@ iﬂ% =24 E}— = ]‘/} /E‘if =

7] A}=(Electrical Stimulation, ES)& #}7| 2|5 9 %3] 2758 A% %

o1 1t %2 I 9 VP A BeE A A SR el 2
y)

fo
N
olr
tok
JFI
RS
H1
ik
3 o
v
kl
> 30
_CL
By

H
74]3419‘&%“9‘351 UTHL2) &, A4S, &5 P o] Yt 7= “HE]EIQ}HLL 7)ol oj&
22 ot A AA Ao Az Ao E SRl shal gloen, T npojar Hﬂﬂﬂ 710l MWHskaLl oS
2§ 5oL 313“4, = A LA Af 5 22 QY BoF o= Bt 54 EAI9F WA o] EHE 5 sjdsior &
oM f-olulgt 35 Holil Qlrh. E3E 7154 A7) A IAI7F o s] EARtet. o]of whef Bt Hefskal A& 7t
=+ (Functional Electrical Stimulation, FES)2 £3] 248 & =3l Ay 33 vl g o] A7|Ela k. elA|of A

Received 27 February 2026, received in revised form 29 March 2026, accepted 5 May 2026

*School of Mechanical Engineering, Chung-Ang University, Seoul, Republic of Korea
Corresponding author (E-mail: slee98@cau.ac.kr)



Body-Coupled Electrical Stimulation for Battery-free and Wearable Bioelectronics 181

TS 714 | A& psto] 7] 2=9] o | A
HOo 2 g sl= o | A S| AF 7] & o] AQtE o
7] DA S I3 $74 Aok A= Fejet A Ato]
o f4 Ad A= o3 AR Hol Sl

ol gt ZAIE s 235t el A E i E = &85}
FALR UAIE HAEdhes 2L FR o] AljtEar ¢l
th o & 50, 2595 o]-&sto] A 2] Yol o] 4
LA E AFAA A7) HA & BAsAY, A 2
A 7 (body-coupling effect)E o|-&3) AA7 |5 JAA=E &
off Ageto g 27 AR 7E G50k WA o] il
el 2y 259 71AA AsE fdeb, agat
AA7]1 0k A 224 Wl A -4 &4 (dielectric loss) =
YAIA AHAE d= A 7= 24171 )l o] = ¢l
s A Aol wE o R &4Ao] WAYstaL, o | x| Hxt
A= F219] §A17F AljtE= dHA7E ek ¥ 1 kHz 0]
5}9] =& F=1}(Extremely Low Frequency, ELF) Zx}7|1}k=
A, Mmool o] e Soz 4T AH 24
A& sk erod, Al ) Aeieh B dee
Ue Aoz Bk ey o]k WA A A7

AN

2y b
o rlF il

== FleliA = o143
o] FQsjri= A|ofo] EA Tt
2 AFAE S| A] s ~E L HiEE] glo]k <

A W Yske fAle A7 HASAIA A A7 A==
TS 5 A 2L E&-A7]7] d S Baskgiot
[3-5]. o]= QIAl 2% aatE S Agd |7t A=Y
744 Frzo o3l A9 f=r(potential distortion)S LS
7] ol 71Hkgich. ol2|jt Ak 1A wi7l A7) A=
(Body-coupled Electrical Stimulation, BES)o]2} ®HH3}% .S
o, ol ¢IA| AkE ol AUAE Aoz A A
7] A= FAshE 7lEolth AR H = ol v Al = AL
7104 HAgshe AR EA | A] B Al ZE
= 931 = A A 7] (triboelectrification) o] TF. A &= of
A= JAF 2ol A= bE HE 2= 24 HET A
A F-ol= =, QA Aute] M) £EZE FATIT o]
o) Q1Alo] FatE HE A2 AR T2 AE 2= Al
A3e A, A9l WAL ol e HAE o) 5}
WA M7 AR, T AT A 22 el 249
7170l B3 H

2 AFolA= F7HA Q1 2 9 AAFAE

A2 A7) A= /5 FAsh= A
3 Aol A= BESS] 7lg & Al Al sFaL
4 ans gdEstl o, 483k= 3l
5] S E A Skt olof] & Aol A
oo AE HRE A 2ok FE FEH S BESE A
HW AxF A7I1A= o§HA7 719 24 3+
o} 5}a1, BES oF o] AA QAkel el A< A5
SRR EEe B, SF (7L glo] =) & Fote] 59

7w ], 7 92 9

(e

N
i i)

By
B
ot
9#

-
3t

T
3N

fru

ox M ot

£

Kl

Al

r
0:

o
=
A

9]

o= W

]

%

o

o
re 2 iy

2 o rlo
£ o g
iy Mo
o o of

8 Mo et

lo
fu

0

A

ol o
L o

2.1 MI|1H £ =
AA717) °AA 2

2 XAz
L =2 "
o A5 S5 4A ZEel o8 st del=
gt &of] QAHARATE S 2 oA thdEt F
28 Sasin] Zskgict

BB R elo] A3 A
A 1Y AAE FA
CERRCERL DT
48] wrE ko Bz

[N
o,
)
4l

N o

nnl JIN'
(b
tlo
o
|m
T
2
3
Ahw
ot

)
& & 5
i

T = <
)
r>~l
il
ox
iz
=]
=]
O

oxl ofi
N

o

fru

o

=)

K

S

|

(e o

My ok Rl

dr @ °

b m oy

(EE =

ﬂ.llO o
Flg s
o~
2 o
oy
Oiﬂ F_Nu
ofN Il

<
re
i)
)
N
62
flo
o
B\
ik
=)
o
Y
By
o
i’
o%,
N
()
2

N

0
il
oto

7l @It
2 153 (b4 117, 014 43)e] Jp} 3
oyukal BES el 5 741 el
5Tt BE TR A] A W8l digh
He ATt o, B At St 7)1
2] 9] 3] (Institutional Review Board, IRB)2] 5912

o M
>

ih=] ]

8,
o
=2
il

=

2
2 Qo]
gl

(s

oot @

ﬂd
i

o ofy
o Mr

12
o]
-

> o

ooz o2
QA
1z
fru
H
i
flo
[\
iies
2,
i

2y
o

ug i
pac
o
B
N
o
N
N,
1o

x
K
i
£
e
s
rir
N0
£
e
_\::l‘
T

oo 2 oo

7] 918 279 )% 717k Foich

Q170 4] 1= BES Qo] S 28 graAld 4 glow

SEERRES R RS SR DECREE & Ll

F71e Aloleh 7H S AT o 2 A5 918

AP st el ol §ste] @ W st do| 22

ApAle] SEE O o4k ST 4 91 U7hA) WSt
A

TRYEE BW AT

==

=
Al A (surface electromyography,



182 Myunghwan Song, Sangmin Lee

SEMG)E o] 5101 2000 Hzo| A&7 Ful5 2 24519
o}, SEMG AT ] Rojof Matalolon], 2z 92
+ SENIAM 7jo] EgjRlS whgttt. =3 & sEMG 415 =
60 Hz vlj=2] =% ZE|(notch filter)@} X}ct S=u}<= 10 Hz
9] 4x} Butterworth #1% £} B (low-pass filter) 5 Z-8-5}
o] Aeshoir

H7HAPE 7h o) = 2717} Apolsh gl o B, 7t 3t
Aye) sl ARRE A2tstel AR I F A w4
of fFsh= 22571 (cycle)oll 3l TlolEl & &4 5kleh &
Uz B4 NEZE sSEMG A5 9] 29 Ful4>(median
frequency, MF)& ARg-513ich BE P E sEMG Al 5 o] tjsf
12 F7t2 53 (overlapping)sto] MFS Al4bskalon, =
4l A e (curve fitting)= F3l FAAES =S5t 71 @)
o|= k= XA vHE Sl4E 43 AZFC R o] Ak
shicth.

MF A4 71&719] B35 HlolE A9 7&o= 44
sk 71&717F F ()9 4 Yetdl= A 2271 3
HE= A Yujstunz, & ALY 7HE Aol Ays
A orhal weksto] sl A7EARe] HiolE = 2 E4 0
A Al 2JsA

23 4 24

dlole] 7k Aol Brks] $I) BA BAL S
4% dlolele] H574 74 918 Shapiro-Wilk 7

HAST BT AL BEeE A% R A Bl
(repeated-measures analysis of variance, RM-ANOVA)
8 3lgom, A4S W) 9Hs Aol Friedman
AHgsteich
=4 (post-hoc analysis)©] 7-¢-, WHEZ74 FAREA
-85 o] o] €] of = Sidak-Holm 18 & 2 85 o) $-3F
t- A4S 53519 1L, Friedman H A< 283k go]g o)
Wilcoxon £-54=9] A (Wilcoxon signed-rank test)S 4!
stolth ®= A= ot + F5W X (meantstandard
deviation) |2 A| XS} T

o o Az ox _ﬂ
o

o

ot o

A

=

iy

>0 e tle

3. 21t & EQ

3.1 BES H#LI&

BES A| 25 220 1127)7] ol A P sHe AA7] At
B e AA BE F AAEE 24 JUXE 289
o olald &4 ouAE Ee A $4&(reative
permittivity)& ZH= 1A|S WA= sho] MGt Ao
A% AT BAR L, AR B2 9Xof o) A3 )
shw 5 A= Afolol AN FAE ] oA} B2 4
9l zAo| upwFc,

AAE F A o] o] Lol ul HE a4
o A= AJolo] A71H HRFL o] %7] s M7} ARE

r ===p Electric field concentration

Patential
gradient
(-wv)

W, = Loss patential

Fig. 1. Mechanism of body-coupled electrical stimulation (BES)
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