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Table 2.1 Anthropometric and physical characteristics of the subjects in the present

study

Variables Total (N=10)

Sex Male
Age (year) 24.4 + 3.9 (20-30)
Height (cm) 175.6 + 4.5 (169.8-182.4)

Body weight (kg)

Body mass index (kg/m?)
Total body fat (%)

Skeletal muscle mass (kg)
Right leg muscle mass (kg)
Left leg muscle mass (kg)
Body surface area (m?)

69.5 + 8.2 (59.5-81.9)
22.6 + 3.0 (18.9-27.2)
19.9+ 5.6 (12.7-28.3)
31.3 + 2.3 (27.8-34.8)
9.1+ 0.6 (8.1-10.5)
9.0 + 0.6 (8.0-10.3)
1.88 + 0.10 (1.74-2.04)

All data reported as mean + SD (Min-Max).
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falo] Ak BAF dHE A4 gaueAdg d@4 294 (Fig.
2.1a), GE4TH HVIAE FAHNCH o]F AP EYIE 249
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e 340% A% Rildle] BHEES

off

Korea) & 43t A8 & ¥+

A8k v (Fig.2.1¢).
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Figure 2.1 300 cm? and 600 c¢cm? carbon nanotube films of radiant heater (a),
radiant heaters for laboratory experiments (b), and thermographic images (c).
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Figure 2.2 Mock-up vehicles for laboratory experiments (a) and radiant heater
location: The thighs (b), knees (c), and feet (d).
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Table 2.3 Experimental clothing

VR AR 5°C AF T AN BA} SE te g FR

M
o~
>,
[m
=2
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ot
v}
of
o
(@)]

25°C Rest

— R0 1
Phase 5°C Driving 5°C Walking
Ensembles
Undershorts
Undershorts
) short sleeves t-shirts,
short sleeves t-shirts, )
) long sleeves shirts, pants,
long sleeves shirts, pants, ) ) ]
) ) ] lightweight padded jacket,
lightweight padded jacket, )
Down padded jacket,
socks, sneakers
socks, sneakers
Total Weight
1308+ 10g 2575+ 24 ¢
C)
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Figure 2.4 Experiment images: 25°C Rest (a), -5°C Walking (b), and 5°C Driving
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Figure 2.6 Subjective responses measurements:

Thermal sensation, thermal

comfort, dryness sensation (a), shivering (b), and sleepiness scale (c).
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Figure 3.1 Time courses of rectal temperature among the 8 conditions.
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Figure 3.2 Time courses of mean skin temperature among the 8 conditions.
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Figure 3.3 Time courses of head and upper body skin temperature among the 8

conditions: The Forehead (a), chest (b), abdomen (c), upper back (d), forearm (e),

and hand temperature (f).
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Figure 3.4 Time courses of lower body skin temperature among the 8 conditions:
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Table 3.1 Changes of mean skin temperature among the 8 conditions

Phase Experimental conditions P
Control Thigh Knee Foot ThighKnee ThighFoot KneeFoot All value
25°C
Rest 33.2+06 3331205 33.2+07 335204 334104 33.3+x04 33.1+06 33.3+05 N.S.
(Last 3-min average)
-5°C
Walking 30.0+0.6 30.1+05 30.0+ 0.6 30.2+05 30.1+04 302+ 0.6 30.0+£ 0.6 30.2+ 0.7 N.S.
(Last 3-min average)
(Initial
. 30.7 30.5 30.8 30.4
500 asé?;;ne) 30.1+0.6° + 0, 5ebed 4 0 7cde 30.3+05% 31.0+0.5% + 0.5ebc + 0 5bede 31.1+0.6%
Driving faiahed
Heater On (Last
3-min 29.4+06° 31.1+05® 30.5+0.6° 29.7+0.5° 32.0+0.42 31.3+0.3> 30.6+05° 324+0.6°
average)
(Initial
3-min 29.3+0.6° 30.9+05  30.4+0.6° 29.6 + 0.6° 31.8+0.3? 31.1+0.3> 305+05* 321+05°
5°C average)
Driving faleial
Heater Off (Last
3-min 28.6+0.79 29.3+05 292+06° 289+0.6% 29.8+05 294+04® 29.2+05% 299+05°
average)

All data reported as mean + SD. ***: P < 0.001, N.S.: No significant difference.
ab.c.dor erepresent significant differences among the eight conditions of the radiant heaters by the Tukey HSD’s post-hoc test.
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Figure 3.5 Time courses of clothing microclimate among the 8 conditions: clothing

temperature (a), clothing humidity (b).
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Table 3.2 Insensible perspiration among the 8 conditions

Experimental conditions

Control Thigh Knee Foot ThighKnee ThighFoot KneeFoot All P

132 146 141 141 131 141 131 131 NS
(34) (50) (28) (34) (52) (33) (52) (52) o

All data reported as Mean (SD).
N.S.: No significant difference
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Table 3.3 Skin hydration at forehead and hand among the 8 conditions

Phase Experimental conditions P
(Time point) Control ~ Thigh  Knee Foot  ThighKnee ThighFoot KneeFoot Al Value
(o]
Forehead 2?3?13;“ 69+13 69+20 72+10 69+19 68+14 7321  62£22  69+26
Skin
hydration 5°C (3min) 50+18 49+17 49+7 49+18  47+16 47 + 16 52+14  49+13
Driving N.S.
Heater On  (23min) 47+14 48+16 52+11 51+17 48+13  47+21  47+14 50+ 12
Heaferc O[;f”(vz'g%nin) 51+13 46+12 46+10 50+21 43+14  48+17  51+19 49+ 14
Phase Experimental conditions p
(Time point) Control  Thigh  Knee Foot  ThighKnee ThighFoot KneeFoot ~ All  Value
(o]
Hand 2?3Crnif)5t 45+17 43+15 39+17 36+11  46+16  43+18 39412 42+17
Skin e :
hydration (3min) 30+11 32+8 32+11 30+9 3315 32+13  32+11 3216
Driving N.S.

Heater On  (23min) 27+10 33+9 31+9 32+9  30%10 28+11  32+11  32+9

5°C Driving

. 29+12 28+13 286 32+8 30+ 10 29+8 29+11 31+10
Heater Off (23 min)

N.S.: No significant difference
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Table 3.4 Blood pressure among the 8 conditions

Phase Experimental conditions P

(Time point)

Control Thigh Knee Foot ThighKnee ThighFoot  KneeFoot All value

25°C Rest (5 min) 118+ 9 120+ 12 119+ 9 115+ 16 118+ 9 118+ 11 120+ 7 119+ 9
5°C (5min) 120+ 10 123+ 7 122+ 8 114+ 18 119+ 9 119+ 8 122+ 9 124+ 6

SBP Driving )
Heater On  (25min) 122+ 10 121+8 123+7 117+20  120+6 120+ 7 123+ 6 120+ 10
5°C Driving
Heater Off (25 min) 121+9 126 + 6 125+ 6 120+ 21 125+ 7 123+ 9 126 + 6 125+ 8
25°C Rest (5 min) 80+ 6 83+ 11 80+8 73+ 19 79+9 78+ 6 81+9 78+ 5
5°C (5 min) 82+6 82+8 81+8 75+ 18 79+9 81+9 80 + 10 82+6
pgp  Driving ) NS
Heater On  (25min)  81+9 84+7 82+7 77 + 17 80 + 11 81 + 10 82+9 81+7 S.
5°C Driving
Heater Off (25 min) 83+5 85+ 7 86+ 8 79+ 18 84+8 85+ 9 84+8 87+6
25°C Rest (5 min) 93+7 95+ 11 93+7 87 + 18 92+8 92+7 94+8 92+6
5°C (5 min) 94 +7 96 + 8 95+ 7 88 + 18 93+9 94+ 8 94+9 96 +5
MAP Driving
Heater On  (25min) 95+ 9 96 + 7 9%+ 7 91+ 18 93+ 9 94 +9 96+ 8 9% +7
5°C Driving 95 + 6 99+ 6 09+6 93418  98+7 98+ 9 98+ 7 99 + 6

Heater Off (25 min)

N.S.: No significant difference
Abbreviations: SBP: Systolic blood pressure, DBP: Diastolic blood pressure, MAP: Mean arterial blood pressure
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Figure 3.7 Time courses of thermal sensation among the 8 conditions (Mean
SD): Whole body (a), thighs (b), knees (c), and feet (d).
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Table 3.5 Whole body thermal sensation among the 8 conditions

Phase Tir_ne Experimental conditions p
point Control Thigh Knee Foot ThighKnee ThighFoot KneeFoot All value
2R5g§ +9min 2.0£10 16+11 21+0.8 1.8+0.8 1.9+06 1.8£0.7 14+13 1.9+07
V\/z;15lk(|:ng +9min  -1.7+09  -12+11  -17+12  -10+15  -13+11  -14+12  -14+11  -12+12 s
+0min  -14+14  -11+08  -08+14  -09+14  -07+11  -09+10 -05+11  -08+09
o +5min -13+13  -08+10  -08+11  -11+13  -04+09  -0.6+08 -04+11  -06+08
?42‘;;29 +10min  -15+13 05+11% 01+11° -09+12® 01+12°  -04+10° 01+10°  -0.2£0.7°
ON  L19min  -15£12° -02+11® 00+10% -09+15%  05+13  -01+06° 02+130  01+10®  aex
+29min -18+12° 05+11® 02+12° -15+08% 04+128  -06+09® -04+13  03+10°
+0min  -18+11° 04+10° 04+10° -15+10%® 034128 -06+10® -04+138  01+07%  ***
soc +5min -14+19  -10+11  09+10  -16+09  -12+08  -12409  -12+13  -11+11
a:‘;:;‘? +10min  -1.6+18  -15+09  -15+08  -1.8+09  -19+09  -16+07  -14+08  -15+11
Off L igmin -17#17  -17¢10  -17409  -23+10  -19+08  -1.8408  -16+11  -1.9%10 N
+29min -18+18  -17+08  -19+11  -24+09  -22+11  -16+09  -20£07  -18+12

All data reported as mean + SD. ***: P < 0.001, N.S.: No significant difference.
abor¢ represent significant differences among the eight conditions of the radiant heaters by the Tukey HSD’s post-hoc test.
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Figure 3.8 Time courses of thermal comfort among the 8 conditions (Mean + SD):
Whole body (a), thighs (b), knees (c), and feet (d).
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Table 3.6 Whole body thermal comfort among the 8 conditions

Phase Experimental conditions p
Control Thigh Knee Foot ThighKnee ThighFoot KneeFoot All value
2R5;§ 9 min 0.1+1.0 -0.1£0.9 02+1.0 04+14 02+11 0.4+1.0 03+1.1 0.1+0.9
V\/z;15lk(|:ng +9min 02+10  -02+12  -01+11  05+13 03£10 0.2+11 0.2£0.9 02+10 NS
+0min 0.1+1.0 0.4+0.8 0.1+1.0 01+12 0.4+0.7 02+11 0.6+ 1.0 04+0.9
soc +5min - 02+1.1®  05+08%  -02+09° -01+14% 07+04®  04+10® 06+09%  08+09° *
%re"é;;‘? +10min  -0.2+1.0 04+08 0.1+0.9 04+11 08+0.38 0.6+0.9 0.8+0.7 06+07 NS
on +19min 04+11° 03+08%  06+09  0.6#15° 12+05  04+07%  08+09°  07+04%  **
+29min  -07+1.0° 05+07°  04+08  03+11*  07+07°  01+07®  03+08  0.6+0.4°
.
+0min  -06+09°  05+06°  01+08° 01+1.0°  06+08  -03+1.0° -01+07%  05%0.7°
soC +5min -0.7+0.9 02+07  -04%07 03+13  -01+09  -06+08  -04%09  -02%07
%:‘;{2? +10min  -08+10  -06+09  -07%09  -05+13  -07+09  -08+11  -05+10  -0.5:0.9
O i9min  -1.1£10 08+09  -06+07 08+12  -07+12  -06+08  -07+10  -0.7%0.9 s
+29min - -1.0+1.0 -08+10  -05+12 06+15  -11+12  -07+09  -08+11  -08%1.1

All data reported as mean £ SD. ***: P < 0.001, N.S.: No significant difference.

aor P represent significant differences among the eight conditions of the radiant heaters by the Tukey HSD’s post-hoc test.
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Figure 3.9 Time courses of dryness sensation among the 8 conditions (Mean +
SD): Whole body (a), thighs (b), knees (c), and feet (d).
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Table 3.7 Whole body dryness sensation among the 8 conditions

Phase Experimental conditions P
Control Thigh Knee Foot ThighKnee ThighFoot KneeFoot All value
0,
iig 9 min 0.6+0.7 0.9+08 0.6+06 05+1.0 0.7+06 0.3+0.9 0.5+0.7 0.8+0.9
_EO
5°C +9min -03+10 0.0+08 0.3+0.8 0.3+0.9 0205 0109 -0.3+0.8 04+09
Walking
+0min 0208 0106 0.2+ 0.9 0.7+0.8 0106 -0.3+0.8 -05+0.7 0.2+0.7
N.S.
soc +5min -05+08 -05+05 04+0.7 -05+0.8 -05+04 04+0.7 -04+05 03205
ﬂgQ? +10min  -0.7£0.8 -0.3+0.6 0.3+0.8 0.60.9 0105 -0.4+07 -0.3+06 -0.4+05
On +19min -1.0£06 -04+06 -05+0.7 -0.6+0.8 -0.3+04 -05+0.6 -0.3+0.6 04+06
+29min -09+07° -05+05® -08+06° -05+06% -03+08° -06+07® -01+04%  -0.1+0.4°
*k*k
+0min  -09+07° -04%06® -06+07® -06+06* -04+06* -07+07® -03+05® -02+0.42
\ +5min 0907 -0.7+05 0.7+0.7 -0.8+0.8 -05+0.8 -0.8+0.7 -0.7+0.7 -05+0.6
5°C
ﬂgg? +10min  -1.2+0.9 08+05 0.7+0.7 0.6+0.7 08+07 09+07 07+07 05+0.6
N.S.
Off. +19min 12407 -0.8+0.6 0.7+0.7 1.0+ 0.8 -0.8+0.8 -1.0+0.8 -0.8+0.7 -0.6+0.7
+29min -1.1+0.8 09407 0.8+0.8 -0.8+0.9 1.0+ 0.6 -0.9+0.8 -1.0+0.7 0.7+0.8

All data reported as mean + SD. ***: P < 0.001, N.S.: No significant difference.
2or Prepresent significant differences among the eight conditions of the radiant heaters by the Tukey HSD’s post-hoc test.
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Figure 3.10 Frequency of shivering among the 8 conditions: 5°C Driving Heater
On (a), 5°C Driving Heater Off (b).
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Figure 3.11 Time courses of sleepiness scale among the 8 conditions (Mean + SD).
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oA FHAAoT dA HAAHS =7 23t (r=0.530, £< 0.001).

Jeuk A4 SR 3R] f{ ol ek A A A ek gkt (Table 3.8). 3

vl
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3l ) (Table 3.8).

Table 3.8 Correlation coefficients between physiological responses (rectal
temperature or mean skin temperature) and subjective responses (whole body
thermal sensation or thermal comfort).

Correlation i p_value
(N=96)
Tre (°C) x TS (Whole body) 0.058 0.288
T (°C) x TC (Whole body) 0.530** <0.001
Mean T« (°C) x TS (Whole body) 0.906** <0.001
Mean Ts (°C) x TC (Whole body) 0.614** <0.001

Abbreviations: Te: Rectal temperature, Mean Tg: Mean skin temperature, TS:
Thermal sensation, TC: Thermal comfort.
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Table 3.9 Correlation coefficients between skin temperature and subjective
responses of heating body region: The Thighs, knees, and feet.

Correlation ; P-value

(N=96)
Thigh T& (°C) x TS (Thighs) 0.637** < 0.001
Knee Ts (°C) x TS (Knees) 0.720** <0.001
Foot T (°C) x TS (Feet) 0.766** < 0.001
Thigh Ts (°C) x TC (Thighs) 0.497** <0.001
Knee T« (°C) x TC (Knees) 0.612** <0.001
Foot Ts (°C) x TC (Feet) 0.787** <0.001

Abbreviations: Ts: Skin temperature, TS: Thermal sensation, TC: Thermal comfort.
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Table 3.10 Correlation coefficients between physiological responses (rectal
temperature or mean skin temperature) and subjective responses of heating body
region: The Thighs, knees, and feet.

Correlation Thermal sensation (Regional)  Thermal comfort (Regional)
(N=96) Thighs  Knees Feet Thighs  Knees Feet
T r 0.202*  0.210*  0.075 0.478** 0.377** 0.350**

(C)  pvalue <005 <005 0233 <000l <0001 <0.001

Mean r 0.861** 0.832** 0.899** 0.640** 0.670** 0.706**

Tsk
(°C) P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Abbreviations: Tr: Rectal temperature, Mean Ts: Mean skin temperature

52 x_! _;.':_ _.:E



(r=0.568), W& (r=

3.11;5 all A5 < 0.001). AAl 2AHAAZFE mpzt7FA 2= dAlo|A 2G4 o

m

2 HH 55 YAy (r=0.515), F5 (=0.428), &5 (r=0.690) 7
L BE =Ss ettt (Table 3.11; all A < 0.001).

Table 3.11 Correlation coefficients between whole body subjective responses and
skin temperature of heating body region: The Thighs, knees, and feet.

Correlation Skin temperature (°C)
(N=96) Thighs Knees Feet
Thermal sensation r 0.633** 0.568** 0.657**
(Whole body)  p.value <0.001 <0.001 <0.001
Thermal comfort r 0.515** 0.428** 0.690**
(Whole body) P-value <0.001 <0.001 <0001
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Ao =5 S35 409 HA kS B2 st oE 74 A8 =71 7
Zro| A 25°C Rest 9%4], 5°C driving heater on 104, 19%4, 29&
A ¢} 5°C driving heater on 10%4], 19%-A], 298-A 7} 4] 73] A& oA 9]

AN A LA FuhrolE delE g g AR Ao

flo
M

A7

2 FEoto] A A4S HAAIEA T (Table 3.12). AAl kA 7k 4
A g xEe} A 59 Aol HAE=H, SDRR(r=-0.733, P <
0.001), RMSSD(r=-0.724, P < 0.001), pRR50(r=-0.768, P <

0.001) .= A=A}, vsto] Fuk g X% LE/HF S o)t

s AT AT r=-0.544, P<0.001). thr] L3, HalelA] F
s mizsithal =AASS A et ] AEYATE SIS Skl
sttt Wb, Al 2 A A7 Aol & 7ke] {2 g A e X

=

Fol M A F3k

Table 3.12 Correlation coefficients between heart rate variability and subjective
responses

Heart rate variability (HRV)

Correlation
(N =56) SDRR RMSSD pRR50 LF/HF
(ms) (ms) (%) (%)
Thermal r -0.733** -0.724** -0.798** 0.544**
sensation

(Whole body) P-value <0.001 <0.001 <0.001 <0.001

Thermal r -0.158 -0.164 -0.221 -0.002
comfort
(Whole body) P-value 0.123 0.113 0.051 0.494
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2 (rho=0.891), W% (rho=0.889) A7 A7+ 7+ vf$ 73k ko] A
Fo] WrAE o m (all Ps < 0.001), BE 71 B Yo)A Al & 727+

=S

235l th(Table 3.13).

rJ

Table 3.13 Correlation coefficients between whole body subjective responses and
subjective responses of heating body region: The Thighs, knees, and feet.

C()(Kggg;) n rho P-value

TS (Whole body) x TS (Thighs) 0.970** <0.001
TS (Whole body) x TS (Knees) 0.955** <0.001
TS (Whole body) x TS (Feet) 0.946** <0.001
TC (Whole body) x TC (Thighs) 0.952** <0.001
TC (Whole body) x TC (Knees) 0.891** <0.001
TC (Whole body) x TC (Feet) 0.889** <0.001

Abbreviations: TS: Thermal sensation, TC: Thermal comfort.
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Thermal sensation (Whole body)
at 29 min heating

(b)

Thermal comfort (Whole body)
at 29 min heating
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0: Neutral
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-2: Cool

-3: Cold

-4: Very cold

2: Comfortable

1: A little comfortable

0: Not both

-1: A little uncomfortable

-2: Uncomfortable

Figure 3.12 Energy consumption of eight conditions compared to whole body

subjective responses at 29 min radiant heating: Thermal sensation (a) and thermal

comfort (b).
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Abstract

Optimization of local body part
combination for development of
radiant heater for electric vehicle
passengers in winter

MOON Juhyun
Department of Fashion and Textiles
The Graduate School

Seoul National University

Along with the transition to electric vehicles, ‘local radiant heating’,
a newly developed platform to electric vehicles is being proposed.
Radiant heaters are expected to heat the thighs, knees, and feet and
present study conducted various combinations of heating body parts
during simulation of vehicle boarding and driving process in winter.
So, the purpose of present study is to derive the optimal
combination of heating parts that can minimize the energy
consumption of electric vehicles and the passengers thermal
comfort satisfaction based on the physiological and subjective
responses. Furthermore, by deriving a correlation between the
physiological response and subjective responses, we suggest the
possibility of predicting the physiological response based on the
subjective response when evaluating the passengers’ thermal
comfort. A total of 10 healthy Korean males in their 20s
participated in this experiment. During every experiment, rectal

temperature, skin temperature, microclimate, total body weight,
¥ b
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skin hydration, blood pressure, and heart rate variability were
measured. Thermal sensation, thermal comfort, dryness sensation,
shivering and sleepiness scale were collected by likert scale. Mean
skin temperature was the highest in the ThighKnee and All
conditions among the eight conditions both during and after heating
of the radiant heater (2 < 0.001). No significant differences were
observed in rectal temperature, microclimate, insensible
perspiration, skin hydration, blood pressure, and heart rate
variability among the eight conditions. Thermal sensation was
highest in the ThighKnee and All conditions among the eight
conditions when the radiant heater was warmed up (< 0.001), and
the thermal comfort was highest in the ThighKnee condition when
the radiant heater was warmed up (” < 0.01). The forearm and the
front part of the thigh were selected to the shivering parts in the
Thigh and ThighKnee conditions after the radiant heater was turned
off. There were no significant differences between conditions for
sleepiness scale. A significant positive correlation was found
between skin temperature, thermal sensation, and thermal comfort
in the all areas heated by the radiant heater (all s < 0.001).

To sum up, the ThighKnee condition was derived as the optimal
heating combination in the present study. Under these conditions,
passengers could satisfy the thermal comfort physiologically and
subjectively, and can decrease energy consumption around 35%
than in All condition. In addition, it was confirmed that core
temperature, mean skin temperature, body regional skin
temperature and heart rate variability could be estimated based on
the subjective responses that the passengers felt in the wvehicle
environment in winter. The results of present study will be able to

contribute to the innovative development of indoor environment
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strategy for the future mobility and wearable industry.

Keywords: Local radiant heating, radiant heater, physiological
responses, subjective responses, thermal sensation, thermal
comfort

Student Number: 2021-20117
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