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Development and Evaluation of Wearable Smart Clothing for Combined EMG Devices

Sojung Lee, Hyelim Kim, and Wonyoung JeongJr

Material and Component Convergence R&D Department, Korea Institute of Industrial Technology; Ansan, Korea

Abstract: Recently, smart wearable products, including electromyography (EMG) measurement devices and clothing,
have been developed to monitor users’ exercise levels, muscle activation, and muscle balance more effectively during fit-
ness activities. However, technical and socioeconomic barriers, such as flexibility and durability, still pose challenges in
terms of comfort, ease of wear, and wearability of smart clothing, which includes devices and circuits. To address these
issues, this study developed a wearable EMG device integrated with clothing to collect valid EMG signals from desired
muscles while maintaining comfort, functionality, and ease of wear. After deriving a combined structure that could stably
position the wearable device within the clothing, a prototype was manufactured and evaluated for fit, compression, com-
fort, and exercise comfort test by ten participants (height = 176.2 cm, weight = 76.4 kg, chest circumference = 101.2
cm). The study found that the prototype had smaller circumferences around the chest, waist, and abdomen compared to
commercial products, resulting in lower ratings for wearing comfort and ease of wear. However, the prototype received
high ratings for fitting, pressure, and the exercise comfort test. Valid signals were obtained when the EMG device was
combined to the prototype for the rectus femoris muscle, indicating stable positioning of the device during exercise.

Key words: EMG measuring clothing (3% =% ¢]#), smart fitness wear (=FHE 3] EU24¢|o]), combined device
(T]mto]l 2 A%HE), wear comfort evaluation (2H84 7)), performance evaluation (3537}
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Fig. 1. Representative examples of EMG measuring clothing; (a) Athos
shirt, www.liveathos.com, (b) Mshirt, www.myontec.com.
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Fig. 2. Example of the structure of EMG measuring clothing(inside of the Athos shirt); (a) front, (b) back.
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STEP 1
Design of device
combined structure

® Device insertion

® Contact between the
skin surface and
electrode

® Crably attached devices

STEP 1
Wear comfort test,
Exercise comfort test

STEP 2

Select muscle

® lluscle selection for

ELIG measurment

Development of EMG measuring device —combined clothing

Validation of the prototype

STEP 3

Design of device
combined clothing

® Clothing design using
derived coupling

structure in step 1

STEP 2
Validation of EMG measurement

Fig. 3. Schematic diagram of the conceptual framework of the current study.
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Fig. 6. Pocket type device-combined sturcture; (a) schematic structure,
(b) outside in the device-combined state, (c) inside in the device-
combined state.
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Fig. 7. Target muscle of EMG measuring clothing.
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Fig. 9. Evaluation of EMG measurements.
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Fig. 8. EMG measuring clothing; (a) development of EMG measuring device-combined clothing, (b) commercial EMG measuring clothing.
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Error rate of EMG measurement E: 100 x |(X-Y)/X| (2)
(X: EMG measurement of smart clothing,
Y: EMG measurement of disposable electrode)

Accuracy of EMG measurement A : 100-E 3)
(E: Error rate of EMG measurement)
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Fig. 10. Prototype of EMG measuring device-combined clothing; (a) flat design, (b) real fitting.

Table 1. Specification of the fabric

Table 2. Specification of prototype and commercial product (unit: cm)

i i . It PP cP”  PCP
MaFerlal Weight Thickness De:sny Elongation en
(Fiber (/) (mm)  (vale*Course o ) I Center back length 680 680 0.0
content, %) /5 em) 2 Chest width $80 450 20
Polyester 047 060  1586x 1262 ale 13 3 Wasit width 390 410 20
(81.8) Course 25
p — - 4 Bottom width 420 400 20
The elongation is measured according to ASTM D2594.
Top 5 Neck width 15.0 14.0 1.0
o 6 Front neck dro 7.0 7.0 0.0
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7o g2 AAEo] =2l 20~30) HiF AAXFE 7ute R | ack mse 41'0 41'0 0.0
_ i _ 5 Hi . . ‘
Az ZeeeRlze] AFASE vad Aolvt e Ao P
UL sjelel Ao s oro] o i 16 Thigh 230 230 00
UeRTh dele] A ZREERIY] JEEY e st ‘
17 Leg opening 11.0 17.5 -
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Fig. 11. Pattern of EMG measuring device-combined clothing; (a) top, (b) bottom.
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Table 3. Characteristics of subjects Table 4. Wearing conditions of compression wear (N=5)
Mean(S.D.) Category Variable n(%)
Item Subject 201: 3(.)75 men in M 120.0)
(N=10) 7" Size Korea Mainly worn size L 2(40.0)
N=1521)
A 27.02.9 28.0( 6.0 X 2400
e(year .02. .0( 6.
gelyear) 9) (60 Total 5(100.0)
Height(cm) 176.2(6.2) 173.6( 5.6)
. . less than once / week 4(80.0)
Weight(kg) 76.4(8.4) 74.0(11.4) Wearing frequency
1-2 day / week 1(20.0)
BMI(%) 16.9(4.3) 25.0( 3.0)
. Total 5(100.0)
Chest circumference(cm) 101.2(6.4) 97.4( 6.7)
leevel 1(20.0
Upper-arm circumference(cm) 32.93.7) 31.5( 3.1) Mainly worn design }slerft:veless IEZO 0;
Wrist circumference(cm) 17.0(0.8) 16.1( 0.8) of top short sieeve ’
Waist circumference(cm) 80.2(7.2) 83.2( 9.2) long sleeve 3(60.0)
Abdominal extension £2.0(63) 86.0( 8.7) Total >(100.0)
circumference(cm) o R shorts 1(20.0)
L Mainly worn design leaeines 3(60.0)
Hip circumference(cm) 98.3(4.3) 96.6( 6.0) of bottom gging! -
Thigh circumference(cm) 56.8(4.5) 58.0( 4.8) etc 1(20.0)
Calf circumference(cm) 38.7(2.4) 38.4( 2.9) Total 5(100.0)




Table 5. Pressure level of mainly worn compression wear (N =15)

Item Mean(S.D.) Min Max
Top 12.0(2.4) 9.0 15.0
Bottom 11.42.2) 10.0 15.0
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2 L APIR HEE XL AP]|2E 83l 202 vepgon,
28 N 3 13 mlglelgial SH3E ARl 80.0%2 7Y
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o Wl 04892 Low, 5-882 Moderate, 9-127-2 Large,
13-163> Very Large, 17-208-2 Extreme2 & Tl 77102
o] BlAEkATt. Lows w9 A S <Ju|shH, Moderate
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Large 7402 37I=SloH, o= F AF BF A L2
He FEZE AT mE ERES e o2 IRIHA
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Table 6. Wear comfort test of prototype and commercial product

(N=5)
Mean(S.D.)
Item Wilcoxon Z
Prototype  Commercial product
Before exercising 9.5(5.8) 8.6(5.3) - .534
After exercising 8.5(6.9) 8.8(5.4) - 281
Overall 8.9(5.9) 5.2(4.2) -1.825"
Easy to wear 10.3(6.3) 8.9(6.5) —-1.605

0: greatly no, 20: greatly yes

AHoR, AEe] WAHwe] we} JUL Weke Row
AEEIT) olel AEI 2HeAte] Aol Wi, DAy B gk
7+ 57} Azel Ageld dke] Baslt.

7l Blasigich. b 292 214 xR griEglen, A4t
gL = < ou)gitt. FeAIFEe]
stole Wik FER Fole] 9= H7lA AlLlsiint. +
AF 2gAe] AARAGFE vlag 23 Table 724 2ol Ueh
o, 53] Agele] 7is-elet stefe] ddol, sIHA] F-elol
Aol WAool =& Z1oR IRIFHITE o] AlFe Af ==
B2 7=, sleiEd, gEde] Aol 2t —15.0%,
2.7%, 27%%Z e W AJEAEL ~11.0%, 2.2%, 3.3%
= et slzjel f1aele] =] AAeke] dado] At
o} g9l A AT 2ge) JFS vA & UL
el
7 A R 9 ohR WoF A% Table 79 oAt
AR A3 UeiliE 2 skt ZREER] 48
o] =2 AR HriEglen,
53] gele] 719l ERA o] frole =7 Webstth(Table
8). g B wiEd FoldMe BAX Fo8e vEpA ¢
kot ZREE]e] WaPgo] tf =A| HriHleH, ol 4
SAFS 7EEY B slElEUY A5 Z2EE O Hls)
Table 7. Comparison of body dimensions of subjects and specification
of products (N =10, unit=cm)

1z

*

P cp”
(A)  (B) Mean(SD.) (A-C)yC (B-C)C
Chest 860 900 1012(64) -150  -I1.1

Subject(C) Amount of ease(%)
Item 7

Top Upper-arm 32.0  34.0 32.93.7) 2.7 33
Wrist 18.0  20.0 17.0(0.8) 59 17.6
Waist  78.0  82.0 80.2(7.2) 2.7 22
Waist ~ 70.0 740 80.2(7.2)  -12.7 =17

Bottom  Hip 82.0 820
Thigh  46.0 46.0

983(4.3) -166 166
56845 -190 190

*Prototype, **Commercial product.
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Table 8. Fitted-level of prototype and commercial product

Mean(S.D.) .
Item Wilcoxon Z
Prototype Commercial product
Chest 15.8(3.9) 11.8(4.1) 2.558"
Waist 11.8(7.1) 10.5(3.4) 497
T Abdominal  12.8(7.0) 10.3(4.6) .837
0
P Upper arm  14.9(5.2) 12.5(3.8) 1327
Wrist 12.6(5.5) 9.3(4.2) 1.239
Total 15.5(4.8) 11.4(4.1) 1.660
Waist 10.1(6.1) 9.2(6.4) 336
Abdominal  10.2(7.1) 8.4(5.6) .602
Hip 12.3(6.1) 13.5(5.2) - 513
Bottom
Thigh 14.2(6.3) 15.7(4.2) - 756
Calf 16.6(3.7) - -
Total 14.1(5.4) 13.5(4.0) 335

0: greatly no, 20: greatly yes, *p <.05

Table 9. Pressure level of prototype and commercial product

Mean(S.D.)
Item - Wilcoxon Z
Prototype Commercial product
Chest 13.7(5.3) 11.8(4.3) 1.406
Waist 10.06.1) 8.4(2.9) 1477
T Abdominal  10.9(6.2) 8.5(3.3) 876
0
P Upper arm  13.4(5.2) 12.9(4.8) 1.068
Wrist 10.6(4.5) 8.6(4.9) 314
Total 13.1(4.2) 11.6(3.5) 1.078
Waist 8.4(6.7) 9.9(5.8) - 574
Abdominal 8.4(7.0) 9.9(5.8) - 567
Hip 11.0(6.3) 12.7(5.9) — 684
Bottom N
Thigh 13.0(6.2) 15.7(4.2) —2.641
Calf 14.3(5.5) - -
Total 14.1(5.4) 13.5(4.0) -1.259

0: greatly no, 20: greatly yes, *p <.05
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Table 10. Evaluation of the exercise comfort rate

oA B

Posture 1 Posture 2 Posture 3 Posture 4
Mean(S.D.)
Item Prototype Commercial Wilcoxon Z
product
Posture 1 6.7(5.8) 5.2(4.8) - 318
Posture 2 3.2(3.3) 7.5(6.1) —2.492"
Posture 3 3.2(2.9) 4.53.7) —-1.581
Posture 4 4.0(4.1) 6.3(5.9) -1.755"
Total 6.0(6.1) 6.1(3.8) - .535

0: greatly no, 20: greatly yes, *p<.05
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Table 11. Result of EMG signal of prototype and disposable electrode
unit: kgf, (N=10)

Mean(S.D.)
Item Prototype Disposable Wilcoxon Z
electrode
Right 1.54(0.34) 1.54(0.34) - .051
Left 1.49(0.45) 1.48(0.43) - .178
Table 12. Error rate and accuracy of EMG signal

Item Right Left Total
Error rate 5.0(2.5) 5.6(3.7) 5.3(3.1)
Accuracy 95.0(2.5) 94.4(3.7) 94.7(3.1)

SJoje} e Elujols FFY o=l Y B YEEI 219

7k R QitTHp <.05). TRERS] HEE A3 TS
Bol 248 Ase} FEAFE AMgsle] 2UE 24 Tl
2 AYY o)5E AN W 24T AT A5 74 4

o
¥
P
=
&
<
Kl
L
=
o
i
o
E
o
1y
&
ofy
2
i
1o

j
94% o3l Aoz FRIFITKTable 12). ©1& T3l ¥ A+
oA ket T2 EERQo] 2L Tulo]xste] ATRE F

3 fragh Alwe] 4o 7 Al

4.2

rhu

A7olN 2AE Hujols AP 2nlEclFE
siglon, FeaA W 55T 52y A5
12 Bal AZaTA . Yde] J4S Fo) 2854

==
rog
ol

ol

B Ao 2L vl AHY AiES|RE S
o Thee) 24t T B, tilele] A%} 3]
RERe] 4%, S, tlulole] QPP T, AR, SR

s, vl i) EEl7h 2A| AAlE ] 2 2Ee] &
ool tha YAl W7 Wi A Y, 5715
rE = WrHS S8l fEHES e ==
Eeell 24 tulel~E Adeis o a2 ASE &
AL T dEE FAskeH, ol &5 Fol= tulel2v) oF
Ao dg 25l fAskE AR 34
= AT Fl dAojEs vule| g 28-5)

o AY¢d 2wt
ERE et AR B 23S AT o Hask A
TEASE AT 1) glofelE tinle]29 ALg 52 Y
7% wek g ez 38d F IR APTRE =&
t}. 2) Slof8lE tule|2E HEd FHE gt 3) =&
3 T2 EE}




20 3RO 7RISR X] A25H A2%, 20234

ATNEAE Bl WY 9 Pzt Brbek A 7
= o) 2945 kel AYske
™ A}—%*g =il iLQ_/\g %17]_7]. AT =

176 s 5

=
el ¥3 HPPEOR 88 9

r
i
>
}-O{I

flo ol

B dAtE TR A3 g s Ay
(RS-2022-00143378)°] A o2 FY=|AFLT

References

‘Athos shrirt’. (n. d.). Athos. Retrieved February 10, 2021, from https:/
shop.liveathos.com/products/athos-mens-shirt?variant=27708026119
&utm_source=Facebook&utm_medium=Social&utm_campaign=
Facebook%20Shop

Cho, H., & Cho, S. (2016). A study of sensing locations for self-fitness
clothing base on EMG measurement. Fashion & Textile Research
Journal, 18(6), 755-765. doi:10.14695/KJS0OS.2015.18.3.93

Cho, H., & Lee, J. (2008). The development of sensor based healthcare
smart clothing based on usability test. Science of Emotion and
Sensibility, 11(1), 81-90.

Dunne, L. (2010). Smart clothing in practice - Key design barriers to
commercialization. Fashion Practice, 2(1), 41-65. doi:10.2752/
175693810X12640026716393

Fernandez-Carames, T. M., & Fraga-Lamas, P. (2018). Towards the
Internet of smart clothing - A review on loT wearables and
garments for creating intelligent connected e-textiles. Electronics,
7(12), 405. doi:10.3390/electronics7120405

Jeong, Y., & Yang, Y. (2012). Development of tight-fitting upper
clothing for measuring ECG —A focus on weft reduction rate and
subjective assessment. Journal of the Korean Society of Clothing and
Textiles, 36(11), 1174-1185. doi:10.5850/JKSCT.2012.36.11.1174

Kim, E. (2001). A study on the development of patterns for stretch
fabric(part 1)-market research of stretch garment for the woman in
twenties. Journal of Human Life Sciences, 4, 131-142.

Kim, S., Roh, J. S., & Lee, E. Y. (2016). Development and wearability
evaluation of all-fabric integrated smart jacket for a temperature-
regulating system based on user experience design. Fashion &
Textile Research Journal, 18(3), 363-373. doi:10.5805/SFTI.2016.

18.3.363

Kim, S., Lee, S., & Jeong, W. (2020). EMG measurement with textile-
based electrodes in different electrode sizes and clothing pressures
for smart clothing design optimization. Polymers, 12(10), 2406.
doi:10.3390/polym 12102406

Kim, T., Kong, S., Kil, S., Park, J., Jeon, H., Song, J., Lee, K., Lim,
Y, & C, W. (2013). ZFE #4 o/& % Z & [Theory and
application of EMG analysis]. Seoul: Hanmi.Medical Publising
Co.

Knight, J. F., & Baber, C. (2005). A tool to assess the comfort of
wearable computers. Human factors, 47(1), 77-91. doi:10.1109/
ISWC.2002.1167220

Knight, J. F., Deen-Williams, D., Arvanitis, T. N., Baber, C., Sotiriou,
S., Anastopoulou, S., & Gargalakos, M. (2006, October).
Assessing the wearability of wearable computers. /n Wearable
Computers, 2006 10th IEEE International Symposium, Montreux,
Switzerland. pp. 75-82. doi:10.1109/ISWC.2006.286347

Lee, J., Choi, H., & Do, W. (2002). Fitness and physical properties in
currennt stretch fabrics for bottoms - focused on the tight skirt,
Journal of the Korean Society of Clothing and Textiles, 26(9),
1467-1477.

Lee, S. (2022). Development of EMG electrode position and measuring
clothing by using 3D anthropometric data. Unpublished doctoral
dissertation, Ewha Woman’s University, Seoul.

Lynn, S. K., Watkins, C. M., Wong, M. A., Balfany, K., & Feeney, D.
F. (2018). Validity and reliability of surface electromyography
measurements from a wearable athlete performance system.
Journal of Sports Science & Medicine, 17(2), 205-215.

‘Mshirt’. (n. d.). Myontec. Retrieved February 10, 2021, from https://
WWWw.myontec.com/sports

Suh, S. E., & Roh, J. (2015). A study on smart fashion product
development trends. The Research Journal of the Costume
Culture, 23(6), 1097-1115. doi:10.7741/rjcc.2015.23.6.1097

Yook, H., Jeon, M. H., Oh, C. Y., & Shon, Y. W. (2004). Study on
usability evaluation for wearable computer - Evaluation scale for
user-centered smart jacket design. Science of Emotion &
Sensibility, 7(3), 7-13.

Ziegert, B., & Keil, G. (1988). Stretch fabric interaction with action
wearables - Defining a body contouring pattern system. Clothing
and Textiles Research Journal, 6(4), 54-64. doi:10.1177/
0887302X8800600408

(Received March 16, 2023; Ist Revised April 16, 2023;
2nd Revised April 25, 2023; Accepted April 27, 2023)



	웨어러블 근전도 디바이스 결합형 스마트의류 개발 및 성능평가

