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Evaluation of Thermoregulatory Properties of Thermal Underwear Named as
‘Heating Underwear’ using Thermal Manikin and Human Performance Test

Hyo-Hyun Lee", Young-Ran Lee”, Ji-Eun Kim?, Siyeon Kim”, and Joo-Young Lee"?"

UResearch Institute of Human Ecology, Seoul National University; Seoul, Korea
Z)Dept. of Textiles, Merchandising and Fashion Design, Seoul National University; Seoul, Korea

Abstract : This study evaluated the thermoregulatory properties of functional thermal underwear (‘heating underwear’)
in markets using a thermal manikin and human wear trials. One ordinary thermal underwear (ORD) and two functional
thermal underwear (HEAT1 and HEAT2; manufactured goods, HEAT1: moisture absorbing heat release mechanism,
HEAT?2: heat storage, release mechanism) were chosen. Thermo-physiological and subjective responses were evaluated
at an air temperature of 5.0+0.5°C and air humidity of 30+5%RH with five male subjects (21.6+1.3yr in age,
178.0+5.9cm in height, 68.2+5.9kg in body mass). Experimental conditions consisted of four ensembles that included
winter clothes (Control: no underwear, ORD, HEAT1, HEAT2). Water-vapor resistance was greater in fabric of HEAT1
than others. The results were: 1) Total thermal insulation (IT) using a thermal manikin were not greater for HEAT1
(0.860clo) and HEAT 2 (0.873clo) than for ORD (0.886clo). 2) There were no significant differences in rectal temperature,
mean skin temperature, heart rate and total body mass loss between the four conditions. Microclimate clothing tem-
perature on the back was greater for ORD than for HEAT1 and HEAT2. Subjects felt more comfortable with HEAT1 than
for others at rest. HEAT2 was higher in microclimate humidity when compared to other conditions. The results suggest
that thermoregulatory properties of ‘heating underwear’ in market did not differ from those of ordinary thermal under-
wear in terms of total thermal insulation and thermoregulatory responses in a cold environment.
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o] o]Rojxl QF7|FAe] Y =L y_ieﬂ e
AdIISO 9920, 2007), 712 20.0£0.5°C, &= 50.0£0.5%RH,
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28 (14)e 7371 918 Eq. (D& Eq. @)= ket 2
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Tair)/(Q/A) M

=1,-1, @

I;=6.45(Ty -

Liis
It : Total clothing insulation (clo)

T : 20 zones average temperature (°C)

A : Body surface area (mz)

I, : Thermal insulation of ambient air (clo)

6.45: Constant for converting unit from °C:m* W™ to clo
T.ir: Ambient average temperature (°C)

Table 1. Characteristics of experimental garments and ensembles

BRI A Py DR WE vhFT ) FE IS o ALEH §5 B 659

Q : Area weighted heat flux (W)

2.3, QI =2 HI}t

AR HLE ALE IEEFE, 1 gMZ, 70 v, A7,
&Y, 253he sl 2ge el WES YA ¥
Z7(Controlyt ALE &5 ol 22 Al T/ WES
43HORD, HEAT1, HEAT2) & Y] 2722 FA3AT
(Table 1). 778 YA FFA Al (o] 21.6+1.344, 7]
178.045.9 cm, =57 68.2+7.6kg, A EHZA 1.88+0.14m%)0]
Ayl Feaoltt. a7 T EE9) Fire 5.0+0.5°C
o} 30+5%RHE FA =T, o] 2%}t F= WE-S 2hgs)
7] N&shs SRR ALH F7 987 718 58
asted A ETE AAFEE 7= 20139 29 20€~3€ 30
Aol AA FA=At. 2ot Zeln$+= Choi et al.(2006)
7 Hwang et al.(1999)2] A+43E EdlZ A5 44
g rEoE AAssint 18] 32 F 602081 ?H, 30

Ensembles

Clothing item (mass)

Material Control ORD HEAT1 HEAT2
Shorts (30g) Cotton 100% v e J e
Thermal underwear
ORD (424g) i Cotton 100% v

! Polyester 34%, Rayon 33%,

HEATT (301g) Acrylic 27%, Polyurethane 6% v
HEAT2 (385g) ' Nylon 92%, Polyurethane 8% v
T-shirts (239g) Cotton 70%, Polyester 30% va v va v
Long pants (469g) Cotton 70%, Polyester 30% va v va v
Jackets (1,151g) Cotton 75%, Nylon 25% v e v e
Socks (54g) Cotton 100% va v va v
Total mass (g) 1,943 2,367 2,244 2,328
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Table 2. Scales of subjective sensations (ISO 10551, 1995)

Thermal sensation  Thermal comfort =~ Humidity sensation

4 very hot

3 hot very comfortable very humid
2 warm comfortable humid

1 slightly warm a little comfortable slightly humid
0 neutral not both neutral

-1 slightly cool  slightly uncomfortable slightly dry
-2 cool uncomfortable dry

-3 cold very uncomfortable very dry

-4 very cold

2 EFEOM 4kmhr 2 7], 1087F ojRjel] ok A

3)5) Bk A=A A A Tk HPA] A
(Sensor: TNI-ST08-11, Gram Corp, Japan)< 12cm % ©]
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Hardy$} Du Bois®] 78%(Eq. 3)2.2 AXFSIATH

Mo fu Ae
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Mean Ty, = 0.07Teqt0.14 T +0.05 Ty H0.07 TooH0.13 Ty
+0.19T g 035 Typuni 3)

AdtrE 30% 7HHo2 s 7]1E381 3 (Polar, Polar Electro
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Company, Italy, breath by breath®). F&stze Q1A HH
(Satorius Company, Germany, Sensitivity 1g)yS ©]-83le] 4
A AF AFY AelE B3 FHHAULE JEIT= 5 F
of AXE QA A HF &I Aol XS g &
oE o 2=t 55 5% 7oz ZAH3ATHThromo
Recorder TR-72U, T&D Corp., Japan). %4 #kgo 2= 7
Ao Mt 2GAAL, FEEE 6 (R A &
23 24 2}Ed| 7|22 S19ITHTable 2).
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Table 3. Physical characteristics of fabrics and ensembles
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Al EFe] B dae] T, S%, 58 JH AE] 94
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71E WE d9E o §k o 7hHSITK(Table 3). & “JEl
Ao I HE HEAT1 9dto] 7% 23, 2 o
71205 ORD 9, 7154 WE HEAT2 9% £olth.

3.2 M o2 0|88t Li=e| 22y

A vhi|7dell & ORD, HEAT1, HEAT2E A7),
Beds 243 43, 2RLE1DS 22 0.886, 0.860,
0873cloi o™, A vi|7] BEW 759 H2H(I)
0.763clo{TH(Table 3). olol wet A W&o FarL22 ()
© ORD, HEATI, HEAT2 Z+7} 0.122, 0.097, 0.110%, 7]&
e Bego] 75 Beude] Bednn) w9t 18
1} ORD, HEATI1, HEAT2 7} Ul&-9] $3d 23S vws|
B A 271 72} 2,09, 2.86, 227clokg 'R o]Ee] ThelE
¥ HE¥2 HEATIO] 7MY =& #e 23, o
HEAT2, ORD $=°]%it}.
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3.3. CIXESAH
33.1. A2

Ordinary thermal

Functional thermal

Functional thermal

underwear underwear 1 underwear 2 Test method

(ORD, 424g) (HEATI1, 301g) (HEAT2, 385g)
Thickness (mm) 2444 0.56 0.86 KS K ISO 5084 (2011)
Mass (g/m’) 0.0196 177.8 211.1 KS K 0514 (2011)
Water vapour resistance (Rclo: m2~°C/W) 0.0218 0.0153 ISO 11092 Ret (2014)
Ensemble 0.886
Total thermal insulation, I (clo) 0.122 0.860 0.873 ISO 9920 (2007)
Effective thermal insulation, I, (clo) 2.09 0.097 0.110 ISO 9920 (2007)
Total thermal insulation per mass, (clo/kg) 2.86 228
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Table 4. Summary of microclimate temperature and humidity on the back during wear trials

. Experimental condition
Variable Phase

Control ORD HEAT!1 HEAT?2 p-value

Rest 31.5°0.7 32.5%03 31.9%+0.7 31.6%40.5 0.031

Microclimate temperature (°C) ~ Exercise 33.3%40.6 34.1°£0.3 33.540.7 33.2°0.7 0.043
Recovery 31.8%:0.4 33.9%1.1 32.7%40.9 32.8%409 0.035

Rest 11.0%45.0 12.0%45.0 11.0%5.0 15.0°£6.0 0.024

Microclimate humidity (%RH)  Exercise 38.0°:37.0 34.0°£30.0 38.0°36.0 48.0%435.0 0.017
Recovery 79.0%36.0 65.0°+31.0 67.0°£36.0 80.0%27.0 0.033

ORD represents ordinary thermal underwear; HEAT, functional heating underwear 1; HEAT2, functional heating underwear 2; Control, no thermal
underwear; Values are mean+SD; Duncan post hoc test, a>b>c.

100 — ]
~ o Control
g =
& o
2 S 80—
- \a/n
i £
< =
] L 60
= <
‘Z @
- =
S @
°© S 40
£ s
g £ [ 1L
= 20 oot

g 2 '.I:I..T.],J rJ .
£ g | castlond v, a0 p ey e
S | =
= Rest Exercise(dkms 0]

0 10 20 30 40 50 60 A R B B

Time(min) 0 10 20 30 40 50 60

. . . . Time(min
Fig. 3. Time courses of microclimate temperature on the back. ( )

Fig. 4. Time courses of microclimate humidity on the back.

Oﬂ HEAT19A 713 A3 )+ RS BT, S5
3 Bl&571elle HEAT2ON 7P B3 =7le Zdde B3l 33.7. A7AH T
Ol 7H S8 271 7 Aols BAROE Felsh sk B aToiE wuuRos ARsy g 154 Be
Ch(Table 5). Wit 71 dut WiEate] Alexd e vlas fls AE
RS o] g3 Hed BAEdy AL IS A6
Table 5. Summary of subjective perceptions
Experimental condition
Variable Phase p-value
Control ORD HEAT1 HEAT2
Rest -1.0+£0.9 -1.0+0.7 -1.0+1.1 -1.2+1.0 0.896
Thermal sensation Exercise 0.3+1.0 0.3+1.2 0.3+1.3 0.1+1.4 0.185
Recovery 0.3+0.5 0.6+£0.7 0.6+0.7 0.4+0.8 0.553
Rest 0.2+£0.6 -0.2+0.4 -0.2+0.4 -0.8+0.8 0.031
Humidity sensation Exercise 0.2+0.6 0.3+0.7 0.3+£0.9 0.6+0.8 0.017
Recovery 0.6+0.5 0.6+0.5 0.8+0.4 0.9+0.5 0.392
Rest 0.1+£0.6 0.1£0.5 0.6+0.7 0.1£0.9 0.049
Thermal comfort Exercise -0.2+0.7 0.0+0.7 -0.1+0.9 -0.3+1.0 0.077
Recovery -0.1+0.3 -0.1£0.9 0.3£0.8 -0.3+0.8 0.099

ORD represents ordinary thermal underwear; HEAT1, functional heating underwear 1; HEAT?2, functional heating underwear 2; Control, no thermal
underwear; Values are mean+SD.
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