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Abstract: Pre- and polyfluoroalkyl substances (PFAS), commonly used for water repellency in outdoor clothing, do not nat-
urally degrade and can accumulate in the human body through environmental pathways. PFAS-free water-repellent tech-
nologies are now commercially available in outdoor apparel. This study examined the physical and physiological
characteristics of PFAS and PFAS-free outdoor jackets using a thermal manikin and human wear trials. First, using a thermal
manikin (Newton, 20-zones), we evaluated the physical properties of seven commercially available waterproof and breathable
jackets. Four jackets incorporated PFAS membranes (Saloman, Florence, Kolon, and K2 Old), while three used PFAS-free
membranes (Patagonia, Arcteryx, and K2 New). Next, four of these jackets (one PFAS and three PFAS-free) were selected
for human wear trials. Eight male subjects wore each jacket in trials consisting of 10-min rest, 30-min exercise, and 20-min
recovery. Despite differences in jacket mass (276 to 717 g), no marked differences were found in thermal insulation (I
0.300-0.388 clo) and water vapor resistance (R, 1: 0.048-0.057 kPa‘m%W) among the seven jackets. The human wear trials
also showed no significant differences in body temperature, heart rate, and subjective perceptions among the four jacket con-
ditions. In summary, there were no notable differences in the physical or physiological characteristics of commercially avail-
able PFAS and PFAS-free outdoor jackets. These findings suggest that PFAS-free jackets may not negatively affect wearing
comfort when comparing to outdoor jackets with PFAS membrane. In addition, effective ventilation design remains essential
for both PFAS and PFAS-free outdoor jackets, as high humidity can accumulate inside jackets during exercise.
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Table 1. Physical characteristics of waterproof and breathable jackets in the present study

Mass ITZ) ICIS) lC| ,T4)

Category Brand  Size Material Membrane @ (clo) (clo) (clo/ke) (m-kPa/W)

- Shell (face and back): 100% polyamide

Salomon M - Body insert: 72% Polyamide/28% Pertex shield UNI S/LAB 297 0.828 0322 1.07 0.056
Elastane
1)
PFAS™ Florence L 89% Nylon6/ 11% Spandex eVent 3 Bio Waterproof shell 503  0.858 0.352 0.70 0.055
Kolon L - Shell/Liner Nylon 100% Goretex C Knit 465 0.832 0326 0.70 0.051
K2 Old L -All: PE100% Goretex PTFE 590 0.894 0.388 0.66 0.054
4 layer -H2No performance
. . 0,
Patagonia L .g"dy‘, 11%%3 lifcydfc; “yolfr;mi 4o Standard shell, PFASIPFC Free 717 0835 0329 046 0.057
orps: o Recycled poly Waterproof shell
PFAS-free o .
Arcteryx 100% Nylon with ePE & PU o« opE 359 0836 0330 092  0.054
membrane
K2 New L  All: Nylon100% HDPE film (PFAS/PFC Free) 276 0.806 0.300 1.09 0.048

D Per- and polyfluoroalkyl substances, ? total thermal insulation (average value of 3 repetitions), 3 thermal insulation of clothing (average value of 3
repetitions), and Y water vapor resistance (average value of 3 repetitions).

= (Pa _Pa)
perature Measurement_Thermometrics, USA)S ©]-&-3}%th. R,r = O (T TR, o
= s a ct
ISO 99202007y 7102 QF7|TAL 7] 21°C, F=
50%RH, 71F < 0.15 m/s= R8I, A vpfzle] 205 P,=133.3 x 101810765 - (1750.29/(235 + 7)) )

9 ¥ 2= BT 33°CE AR 5] 43

oft

A A AF7)FAe) Zest i)y FE L BE 33°CE P,=RH 0,01 x 1333 x 1017763~ (1029370 6)
AsA GBI o, shFe] ¥H WS 1,000 mi/h/m’
o7 ARIAT. FHUE A7 F 72N DA, 1) Rer: % 557] A3 (total evaporative resistance) (m’kPa-W),

-

T571 T AR BF SHENSH, ZF Azl s 3 (S WA e vRlF 5 8919 5719 (kPa),
3] wHE 2gE & 33 Haghs 7 AR oiFEeE As) P,: 98 &3 vpllF] FHe] £F71 (kPa),
Aok W Al A w7 o] Bede 0,078°C-mYW(0.506 clo) A Ye 9959 1A md),
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Table 2. Photos while measuring thermal insulation and water-vapor resistance using a thermal manikin

Jacket condition

(DSalomon (DFlorence (®Kolon

@K2_0ld

(®Patagonia ©Arcteryx

Thermal
insulation

4 n ~
»7‘ | AR
)

Water-vapor
resistance

A== 715 Jy=ATt. ME vl o83l
A B2y 537 SEAY S AlROE o= A
7% % PFAS WHERle] A8H FFWF o= |1
(K2_Old)3} PFAS-free WE#H<lo] A EH ol2xo] 3%
(Patagonia, Arcteryx, K2 New)S Q1A 28 718 Aj7lo=
ARSI A 2E Bl AREE oo} AT 45 A
o] B&E= KS K 0594(2021) F3dgHS 71502 &3
& A1 40°C, % 90%RH, 715 < 0.08 m/s)ollA 2+
33]¥ W ZAECHEq. 7, Table 3).
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Table 3. Physical characteristics of the different fabrics for the four outdoor jackets in the present study

Fabrics
Brand Type of membrane ility*
P Layer Thickness (mm) Weight (g-m'z) Water vapor _ger_rlneablhty
(gm™h")
Inner 0.20 123
K2 Old PFAS 64.8
- Outer 0.18 91
Patagonia PFAS_Free Single 0.43 220 59.0
Arcteryx PFAS_Free Single 0.27 109 43.9
K2 New PFAS Free Single 0.18 60 70.9

*KS K 0594 (2021)
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21°C, 50%RH
y Exercise
Hood off Hood on Hood off
Rest 4 km/h  6~7 km/h 8 km/h Recovery N
0 10 20 30 40 50 60 min
Auditory canal temp. 5s
Skin temp. (7 regions) S5s
Heart rate 5s
Body weight (total body mass loss)
Clothing microclimate 5
(Chest, upper back)
Thermal sensation (Overall, back) = = = = = =
Thermal comfort (Overall) - = ™ ™ - o
Humidity sensation (Overall, back) - = = = - A
Ratings of perceived exertion - - =
Fabric sound sensation f] ™ ™
Fig. 1. Experimental protocol and measurement items in the present study.
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RE IPA= AR £47](InBody 970,
InBody, Korea)s ]85t A AE-S SA T A2
285 S AN A8 AME Al BAIE zZlo](eF 2-
3emy7HA @A 282 9% J] Yl AYEEE a3,
Al Qo] 3k AZE FEsle] 97]e] IS HaslelA
o AW 608 BF 5% SR A 715 HJTHLISA,
Gram Corporation, Japan). |- olu}, 71, ofg|Z, &5,
wWATH], ok, 459 du FHdA 5% 7HHeRE % 7]
EF|UCHLT-8A, Gram Corporation, Japan). AEF—= 7150
FEE HE Y2 2719} EFoll 2k= AlAl F2e] 74
dlol8 2AE ARESt] 12 AR A& 71FEJATHHIO,

Polar Electro, Finland). 23} 45 $J8] 248 a A¢
AT Pt Al BFAEE S AF e 285 dehE 7t 3
3] wkE SAson HagS AT EUSE ARSI,
S TUFFOR FSIATHELS0S,

Sartorius, Germany, resolution 1 g). A&-& o}xo] #j7le] A
A Az A FEHR A AT S SHs AR 5
l ‘%‘%“% 7 SIATHF150S, Sartorius, Germany, resolution 1
g). eI o Eol| FoHE T 1k Aol FTHLFOR

5% 7Ho 2 A% 7153IATHTR-72wb, T&D, Japan).
A2 WgoZ A 5 FYdM e ex7ks 9%
A& (—4m)e- Foh, 35 2453, -1 AEsi, o
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He (309 EFsith, 253 s}, 1.2 st 0:E%
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o, —2:1z38kt, —1:9%F Axs, 0ot +1:2FF F3t
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=(Ratings of Perceived Exertion, RPE):= Borg HX[6 %3]
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Fels dAsle Aol oigk 77t R, 53 A0 Lt
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e 2 o, Ak, B 25 &5 Al FA 10
i QPg7) Bt Bk, 7 &57) oY 28 FRte] Wk
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.
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Table 4. Summary on auditory canal temperatures, clothing microclimate, and heart rate

Experimental clothing condition

Variable Phase Patagonia Arcteryx K2 Old K2 New P-value
Mean SD Mean SD Mean SD Mean SD

Rest 36.5 0.3 36.4 0.4 36.3 0.4 36.4 0.4 N.S.
Tauditory Exercise 36.7 0.3 36.6 0.2 36.3 0.6 36.6 0.2 N.S.
Recovery 36.4 0.4 36.4 0.4 36.3 0.7 36.6 0.2 N.S.
Rest 33.0 0.5 33.0 0.7 32.8 0.6 328 0.7 N.S.
Mean Ty  Exercise 329 0.6 32.8 0.7 329 0.6 324 0.8 N.S.
Recovery 333 0.7 333 0.6 334 0.7 33.1 0.6 N.S.
Rest 334 0.7 32.8 0.9 327 1.1 33.0 0.7 N.S.
Tt chest Exercise 32.8 1.4 323 0.9 33.0 0.8 324 1.3 N.S.
Recovery 333 1.0 329 1.3 333 1.1 33.0 12 N.S.
Rest 32.8 1.0 325 0.8 32.1 1.6 322 1.2 N.S.
Tei Back Exercise 322 0.8 319 0.8 31.7 0.9 315 1.3 N.S.
Recovery 33.0 0.8 324 0.9 325 1.0 322 1.0 N.S.
Rest 46 17 43 14 45 18 43 17 N.S.
Hl chest Exercise 85 7 85 5 85 5 84 4 N.S.
Recovery 86 4 87 5 85 7 83 6 N.S.
Rest 59 17 56 22 54 19 49 16 N.S.
Hel Back Exercise 91 2 90 3 90 4 90 4 N.S.
Recovery 82%® 5 85" 3 78% 3 74° 12 0.022
Rest 88 10 93 17 83 10 87 10 N.S.
Heart rate  Exercise 159 12 159 17 154 19 157 14 N.S.
Recovery 98 8 100 15 96 14 98 10 N.S.

*T,; and Hy, represent clothing microclimate temperature and humidity, respectively. All temperature variables are in °C, humidity in %, and heart rate in bpm.

HFE RS o]&3 HIRF JHEEE HIBHE tlolE)el o2 Yo HIE Btk A rilH g SAE BeH(E
319 Friedman 7788 AA18E 3, 24 ZFo]i= Wilcoxon A, 102 0.300~0.388 clo, 7571 FEAETE (R,) 0.048
signed-rank test2 AFCE WHF 7F AAAA = Pearson’s r ~0.057 kPam?/W= dF &9 $HIE 7+ 2 ol Tt
T Spearman’s tho= A PTE ZF 42 P<0.05 < (Table 1). $HAIFS] S Bed, T3 757 SEAF 7+
A fred s AAsiaT o= Folgt e wAER] dgton, WYy} 5] St

A ol = fojgh e AAFERA Gkt Q1A 28

7 4% 2A)0] EXT 439-709

3. o7 A o AHE olewo] AR 4%
gmh'E SRES] $57] SRAFo] 71 e K2 New A
3.1 A% ¥ 2NiEe 2N 7l A F5=7F 7P 23O K(Table 3), $HAIFS] 571
B ApA] 7% ol A 7R FHL 276~717 g FUAAT A BEFE 7F o3 e EAISH] ¥t
§37'4 E X :‘:«t::g;:ia 35.0 5 | Patagonia X
<372 ] | ‘
oS 37.0 7 ! |
36.8 |
f 36.6 AN >
& 36.4 s m \
S 36.2 7 ”Hm 1
>36.0 w
2 35.8 _E | . : E ! N
S 35.6 < Exercise § 31.5 < Exercise
Soed [ i TeT B _mew | =g (e & [ 67w _wv
0 0 20 30 40 50 60 0 10 20 30 40 50 60
Time(min) Time(min)

Fig. 2. Time courses of auditory canal temperature (left) and mean skin temperature (right) for the four experimental conditions during the 60-min trial.
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