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Developing Liquid Cooling Garments to Alleviate Heat Strain of Workers in Summer

and Exploring Effective Cooling Temperature and Body Regions
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‘ Z)Dept. of Physical Education, Seoul National University; Seoul, Korea
Y Research Institute for Human Ecology, Seoul National University, Seoul, Korea

Abstract: The purpose of the present study was to explore the most effective body region and cooling temperature
to alleviate heat strain of workers in hot environments. We developed liquid cooling hood, vest, sleeves and socks and
applied the water temperatures of 10, 15, 20, and 25°C through the liquid cooling garments in a hot and humid envi-
ronment (33°C air temperature and 70% RH air humidity). A healthy young male participated in a total of 16 exper-
imental trials (four cooling garments X four cooling temperatures) with the following protocol: 10-min rest, 40-min
exercise on a treadmill and 10-min recovery. The results showed that rectal temperature, mean skin temperature, and
ratings of perceived exertion during exercise; heart rate and diastolic blood pressure during recovery; and total sweat
rate were lower for the vest condition than other garment conditions(p < .05). However, there was no differences in
mean skin temperature among the four cooling garments when we compared the values converted by covering
area(%BSA). When we classified the results by cooling temperature, there were no consistent differences in ther-
moregulatory and cardiovascular responses among the four temperatures, but 25°C water temperature was evaluated
as being the most ineffective cooling temperature in terms of subjective responses. In conclusion, the results indicated
that wearing cooling vest with < 20°C cooling temperature can alleviate heat strain of workers in hot and humid envi-
ronments. If the peripheral body regions are cooled with liquid cooling garments, larger cooling area with lower cooling
temperature than 10°C would be effective to reduce heat strain of workers. Further studies with a vaild number of sub-
jects are required.
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T43] F7eIom, Al 82 MEdS8A & FUtst
4439904 20174 1,5749, 20189 4,52682

7HE 5718 Helal Slth(Korea Centers for Disease Control
and Prevention, 2018). ©]2]st &4 &oA| HEES 2R83of
e AAAES] MY A AES oS 52 5 U
(Holmer, 1995). 53] F43L H3)7} 3H o] o= 4%
AN BHEE dsht $=, WAz, B3 53 e
7R Agshs S 3L AleFY
Utk AFES ALl A9 A
2,000710] Ei= Mg A3 # Yol B (Amy Medical
Surveillance Activity, 2012), 20153 = AP 535
7] &%¥<*(Middle East Respiratory Syndrome; MERS) t-3-
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B Aol A7e 200 A @ Wol AR sl
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223. 5% 5
g2, A, 9F-2o] -8 MvZE(LT-8A, Gram Cor-
poration, Japan)g ©]8-3le] 1% 7HHC R A& SAFL. ¥

Air temperature 33°C, air humidity 70%RH, and air flow < 0.3 m's
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o= &7HHGd), 11 FER AHE Aols WE2ndel 255
275)0] 7} 2R % oFF F9loIN Afiol 2493}
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Fig. 1. An experiment protocol in the present study.
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Table 1. Characteristics of the four liquid-perfused garments that were developed in the present study

Hood

Vest

Sleeves Long socks

Picture of liquid cooling
garment (Photos_inside out)

Clothing weight 329¢g 79 g 354 g (pairs) 605 g (pairs)
Tube length 90 cm 230 cm 80 cm 150 cm
Water flow rate 517 ml'min”’ 363 ml'min”" 1,323 ml-min’! 1,374 ml-min”'
Covering area 8.6%BSA 21.1%BSA 8.4%BSA 13.9%BSA

S8 FHL g TRs BA) e v 7 ew WAt
ZH % o) whEel, W7 19 A9 W HEAS
o7] Shal @ Y Flete] Hirshew FAe et
Q). %, 23 2AoIAE J12 olg F9lo) SiFe] 7}
o 5153} olrheme] Hito] YR UE LwR AHEH)
3, 279 2ANE B TNl T, 5, B 2we
Aol Bl thEReE, FelngNE £71ee 3l
of &7letst f50] £ YFEROR, 71 FUIE Wit
2 Z7kslel W Wil Bie we Ui AHgs

3 2k AA £ S FEE
A= o) 28 ‘
ol Ao Hlgl] §4-2 wole T AUATh &2
I 71 gy HAGZHEE] fdo] FEF o] of 250, 27
o] of 3680 o) waksd) ol dEF QEZS A 74
HHA <lal(Inlet)} o3l (Outletye] HER AZAHY7] v
ot ZAl MEWA 7 TEHH (%BSAYS: FEP LBy
1 7} 8.6% 2 84%%E FARIAL olo] 71 FE(13.9%),
2719 (21.1%) ol =, vud wHo s Hwils w =
FEgol} LBy vla] 2.58)
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Wb ) R WteER BRelel 7t 20 Had B Bt 27189 49 A18E Fue) ol o BEwAe 3
FHAE AASAL, bl 21 7+ 5AA Aol SPSS 23.09] A3t A==, =3 ST E0] ZF 90 emé} 80 cm
HHEEA BAHEA (RM ANOVAY ©J8) A3l =e 2 fAReH, 11 SR EEEge of 2, ¥ &
S B BERAHMen=SD)Z HAIYT, BAH fo 2R oF 3ujo] LA
e p<.052 A3
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3. 43 9 =9 32,1 AR
Agewe] A7l Be WelE NANZE W el 4
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Fig. 2. Time courses of rectal temperatures for the four experimental conditions.



254 BRO)FRIYISR)X] A22F A2%, 20204

Table 2. Rectal temperatures (T,.) and auditory canal temperatures (T,.) that were classified by four cooling garment and four cooling temperature
conditions

Cooling garment Cooling temperature
Hood Vest Sleeves Socks P 10°C 15°C 20°C 25°C P
T. (°C)
Mean_Rest 372+0.1 37.1+01 372+0.1 372+0.1 NS 372+0.01 372+0.1 372401 372+0.1 N.S

Mean_Exercise 374+0.1 373+01 374+0.1 374+£0.1 p<.05 373+0.1 375+01 374+£0.1 373+01 p<.05
Mean_Recovery 378+0.1 37.6+00 37.7+0.1 37.7+0.1 N.S 37.7+0.1 37.8+0.1 37.7+0.1 37.7+0.1 N.S
Maximum T, 379+0.1 37.7+0.1 37.8+0.1 37.8+0.1 N.S 37.8+0.1 37.8+02 37.8+0.1 37.7+0.1 N.S
T, (°O)
Mean_Rest 36.8+0.1 36.7+0.1 36.8+0.1 36.8+0.1 N.S 36.7+0.1 36.8+0.1 368+0.1 36.7+0.2 N.S
Mean_Exercise 369+0.1 36.8+0.1 369+0.1 369+0.1 N.S 36.8+0.1 37.0+0.1 368+0.0 368+0.1 p<.01
Mean_Recovery 36.1+02 37.0+01 37.0+02 371+£01 p<.05 37.0+0.1 372+£0.1 369+0.1 37.0+0.1 p<.05
Maximum T, 372+02 37.1+0.1 372+02 372+0.1 N.S 372+0.0 373+0.1 37.1+£0.1 372+02 p<.05

= o, 307 5 5] Wit AREE v HH 3). &% 5 387 BT 278 283 A9 7P We
78S Y 24 7P w2 3e B, 10°C 279 H, 357] JAPFer AslEr the Z0Ed vaE 7P 2
A fola R AES BAT(p < .05, Table 2). AULEE Th(Table 3). 53] 3&7] Zags W2l Fa= Alwsl B9,
Folu &5 F Aol gl &5 £ 387 S=gs 27 8S ZFg3 A He 1.9°C Atz 7P =2 W a9
2hggt Z2700A R 259 s skl W gho] #aE £ HIOU(Fig 4a), ol5 WZHEC] T A|x WAGoR &
HA, WzheEEE vk 79 20°C 2N P W Abste] Hlws R F=8 0.00+0.10, 2718 -0.08+0.10, &
73S HATH(Table 2) 2B 0.05+0.00, 71 L -0.03+0.00°CZ v =4 7+ =}
ol frelshAl ed3hTh(Fig. 4b) Wzl W ApolE HH,
322, Ha IR FA7IG 5 F, 5], izl Solx B de Aele
ZHEE ] 243k TH(Table 3).

ARk whE Fee] HskE Aved 278S 283 =
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Fig. 3. Time courses of mean skin temperatures for the four experimental conditions.

Table 3. Mean skin temperature that was classified by four cooling garment and four cooling temperature conditions

Cooling garment Cooling temperature
Hood Vest Sleeves Socks P 10°C 15°C 20°C 25°C P
Mean_Rest 350+04 348+03 348+03 351+£02 NS 348+02 352+0.1 350+0.1 34.6+02 p<.001
Mean_Exercise 352+0.3 338+0.8 349+05 351+04 p<.001 34.1+1.0 349+09 350+05 348+03 p<.05
Mean_Recovery 345+0.7 344+12 353+05 351+04 p<.01 354+03 339+08 352+04 349+08 p<.01
Maximum Ty 358+0.3 351+0.1 355+03 357+£05 p<.05 352+02 358+04 357+04 355+03 p<.05

ATy during exercise 0.6+031 -09+125 0.6+0.67 20+£0.17 p<.00l 03+1.7 00+1.7 07+£09 13+038 N.S
ATy during recovery —0.0+£1.18 —-1.9+1.18 —-0.5+038 -05+0.34 p<.05 -12+1.16 -0.8+1.52 -0.9+0.62 0.0+£0.76 N.S
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7, 87, A% 5 FUROIN 4 205 7 9 o
£ HolX] oy, &5 Folle AAA FET|AAN g 2
o7} #ZEAcH(Table 5). F=FolA JAAF FAE7]= 89 +
192 713 =& gk nalth w9, 2713 28 A X g
E7E 83403702 thE A0 vla) @ 3e Bo
(p<.05), ¥7 2=HE vwale o 15°C W7k 27A
79+0280% 7P vk e, 25°C WAl 93 £ 17850
7 e A4S BAtHp <.05). eXM7, 29947, H87,
%7, Wl 2o WAl A$ welRad 7, 9h ew =
A 7k o3 ztol= AEA gt o9, IR = 2713
AN £F F 27139 QA 5% REe =R
A gt SRaiy, FEY 24e) A% velg sl ¢
Hizto] oFbe] FES FHSIAL, 53] duA] oirtE 8
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Table 4. Heart rate and oxygen consumption that were classified by four cooling garment conditions and four cooling temperature conditions

Mean + SD

Cooling garment

Cooling temperature

Hood Vest Sleeves Socks P 10°C 15°C 20°C 25°C 4
Heart rate (bpm)

Mean_Rest 75+4 68+3 T1+2 73+8 NS 71+2 76+ 8 71+4  70.1+3 N.S
Mean_Exercise 106+5  101+3 106 + 4 104+7 NS 101+£2  107+7 105+5 104+4 N.S
Mean_Recovery 86 £4 76+ 1 84+3 875 p<.05 8l+4 86+7 82+£5 84+6 N.S

Oxygen consumption (ml+min)

Mean_Rest 149+£28 137+9 140+ 12 139+4 N.S 138+8 152+20 131+11 143+15 N.S
Mean_Exercise 448+35 420+11 401+17 412410 p<.05 424+19 437+41 410+23 410+11 N.S
Mean_Recovery 138+22 143+£15 144+11 143+£10 NS 137+12 15315 139+18 13948 N.S
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Fig. 5. Blood pressure that were classified by four cooling garment conditions (a) and four cooling temperature conditions (b) during recovery.
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Fig. 6. Total sweat rate that were classified by four cooling garment conditions (a) and four cooling temperature conditions (b).

Table 5. Subjective sensations during exercise that were classified by four cooling garment conditions and four cooling temperature conditions

Cooling garment

Cooling temperature

Hood Vest Sleeves Socks P 10°C 15°C 20°C 25°C P

Thermal sensation 0.5+04 0.1+0.3 0.5+0.2 03+0.3 N.S 02+02 02+04 04+02 06+03 N.S

Thermal comfort -02+04 0.1+0.2 -0.1£03 -05+04 N.S -0.1+04 00+£02 -03+03 -04+04 N.S

Humidity sensation 0.7+0.5 03+0.3 0.8+04 09+0.2 N.S 04+04 07+03 07+05 09+03 N.S

Thirst sensation 04+0.6 02+04 0.5+04 02+04 N.S 03+05 03+03 04+04 03+0.7 N.S

RPE 89+1.9 83+0.3 84+0.7 88+£05 p<.05 87+05 79+02 85+06 93+£1.7 p<.05

Wetted skin(%eBSA) 363+14.5 363+10.8 283+109 41.0+141 NS 448+14.7 253+7.8 353+125 363+83 N.S
Wi B F9I7F "ol &, Fof, W 5 U FHRT} ¢ o] ok 4 A UATi(Nakamura et al., 2013). 2 A Az}
sk o d, 2010, B, AYEE T 53 Al S, Selial, 2 G 1 A A F

BE 3 90 108 Fg Azeht, U9l B Al B0l L% A% o4 ¥ 3 wR 27 ool /48 Tkl

U AR F-9lel vls)] d= Wzks 7Y dsslar, Solu §d, v, WAHAEE 3tste] WzhgaE v i&% ] 1&-4—r
BY 5 BE B9 2k A 28 AA0el feld Aol A L wsholA] U] 24 2 Aol FANCE Felk agk
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olt}. o & Eof, WA 8 A 7IE kgl TH FH
F QAA AR AR HF 1% S7HGivoni & Goldman,
1971), 32 3% Z7Hhka 4eia] UtkRintamaki, 2005). 2
W o8 YulE ARE-3E W7k 2779 73 S5l 1~4keel
7] w&ell(Chen et al, 1997; Choi et al., 2005; Kim et al.,
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