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Mobility and Thermal Comfort Assessment of Personal Protective Equipment for

Female Healthcare Workers: Impact of Protective Levels and Body Mass Index
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D Research Insmute Jor Human Ecology, Seoul National University, Seoul, Korea
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Abstract: This study aimed to assess the mobility and thermal comfort of personal protective equipment (PPE) among
female healthcare workers, taking into account wearers' physique and PPE protection levels. A total of 16 participants
(age: 26.3 = 8.3 y, height: 161.5 + 7.3 cm, body weight: 57.1 = 11.0 kg, BMI: 21.9 = 3.6), representing diverse body
types, underwent four PPE conditions: L (Low_Plastic gown ensemble), M (Medium_Tyvek 400), H (High Tyvek 800]
with Powered Air Purifying Respirator [PAPR]), and E (Extremely high Tychem 2000 with PAPR, Bib apron, and Chem-
ical-resistant gloves). The mobility protocol consisted of 10 different tasks in addition to donning and doffing. The 10 tasks
were repeated twice at an air temperature of 24.3 = 0.1°C, 59+4%RH. Findings revealed a disproportionate relationship
between PPE protection and wearer discomfort. Significant differences in clothing microclimate and total sweat rate were
observed between the lowest (L) and highest (E) protection levels (p < 0.01), while distinctions among medium levels
were inconclusive. Subjective evaluations favored conditions H and L over M and E (p < 0.05), indicating reduced heat,
and humidity, increased comfort, and lower exertion. Instances of mobility discomfort, specially in the small body type
group, underscored the need for a suitable PPE size system for Korean adult female medical workers. Furthermore,
enhancements in gloves, shoe cover, and PAPR hood designs are essential for improving ease of movement and pre-
venting hindrance.

Key words: female healthcare workers (14 29 tl-5- 2] &71), personal protective equipment (PPE, 711 H &),
comfort (F4), fit (%), mobility (5-2H3)
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35 R tHDavey et al, 2021; Liu et al, 2020). $HH,
woll 2 2] &= PPE #go= 3l ¢Jgxlo] =rle= &4
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R =l SltkJanson et al, 2022; “Personal protective equip-
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el th(Baker et al, 2020; Bongers et al., 2022; Janson
et al, 2022). @A o439 AA P AP vhEH, 2 4
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2014). 2] FFolu M e F2d A 93] F=
HoF o] 2 thiEe] o5 BIES Y vF ¢
Aol FHa AFE FHoE AAES] wliel(TUC, 2017) &
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AT Ax}(Janson et al, 2022; TUC, 2017y B
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H, =gk AASATE Faks JiRIR ST gheAj
ol Alexd FTHdE JEFS HRith. o R 42
el HIg) 719k AF, AFEHH o] oA A F
28, o439 oleigt FeA 54e o@ Sl Alexd
o B354 283 4 AtH(Cramer & Jay, 2016; Havenith
et al, 1998). Egt AL HFH(VOye) T HdoE
o] AR W), PPE 3 983150 &3] AHske
2] ey Mg Feo] FukE AAdeA oA e
VOyye A28l B3 aglo] €k o534 97
A A AEE S8 250=, FA
FRZ FAl) ALE enlEjol stRR 22 3Aox FUTH
A sitete dnkd o g HAadF# o] W oAy
o] A2z Adjslr] Hrt. oHe 542 Y A=t
SrE o 55 UEPdth(Heinicke et al., 2001; Kenney,
1985; Lamarche et al., 2018). E1$0] o4& Aol wls| &t
o] MAIZE AL FEAEE A7) wiEed] AME SEHS 3t
Aol s, M8 2EH T} AEFE ol k=
AR BT E A HFox et al, 1969; Hardy & Du Bois,
1940; Horstman & Christensen, 1982; Inoue et al., 2005;
Keatisuwan et al., 1996). 3, o]#d A3y} w43 A=}
wiZo] obd Hie] QIAIAISEH o] g A 2] Fof 7]
Ih= Hoo] Al&GEHA A Wle BAIsH o] A48 <
T7F AP, BH Aol e AF e AY F50] F
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© wys gel wand W 8% 330 o oFs

rlo

3
HERT =2 Zo% HIE S TtHBongers et al, 2022;
y et al, 2021; George et al, 2022). o]o] & A3 =
THE A IEAE deE bget Be &+
& ©5xlE PPES A8kl Kol A9 $Ate
Fsl= B A PR A Fo)| wE T2 2 HEdS
Hrkele Ae 532 stk & A7y /M-S te A
A, HEEe B $Fo] T7IETE 29 5= S A



P8 g ARl sEe) 54 W 95 A BE 77 W oY 383 A2 §F 125

ojth. A, AgAe] AAFAFAHA Y S5 Ml =
Hito] S7H Zoltt.

2.1, o#xt

A7e Al 94 164263834, 7] 161.5+73 cm, &
FA 57.1+11.0kg, BMI 21.9+3.6, AAWE 27.0 £ 6.5%)°]
Aol Fofsisitt. Aol ket A4l FAAAE AT
7] flate] Ate]= Hzlob 62t Q1A AP B =R AE 1000
oA AlFsl= 20 ~30t] oJAde] W] tlo]Ef(Korean Agency
for Technology and Standards, 2010; Korean Sports Promotion

Foundation, 2018)E 71522 7|2} BMIE 22} Al 7l 2
o] & ok el AA Ade® stk 35 x
BMI 355 =9l A4 Jehy(Table 1). 2232 2 A7 Fo
sdeEle JAAE BT & AP e TR AHS AT,
A o7 Fog 7ot Ao FoFrt & AFe= Mg
ek A-HE9193] AS F55HATHIRB No. 2204/004-
004).

22 MY =2 o HE=

Bo] 2]) i A9 HAAY H7Re 71 243+£0.1°C, F=
59+ 4%RHZ fA=E AW F7H11.5 m x 8 mpellA] Z3skd
o AR 228 Sl A9d dE8A i dexah A 8

Table 1. Classification of groups based on subjects' height and body mass index (BMI)

Height Short Medium Tall
Sum (n)
BMI <160 cm 160 ~ 165 cm 165 cm <
Short-Thin Medium-Thin Tall-Thin
™~
-
- -
Thin g = ]
< 20 ‘ ’
g £J
(n=2) (n=2) (n=2)
Short-Normal Medium-Normal Tall-Normal
Normal 5
20~22
(n=1) (n=2)
Short-Overweight Medium-Overweight
-
Over-
weight 5
22 <
(n=2)
Sum (n) 5 5 16
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Table 2. Composition of personal protective equipment (PPE) for each experimental condition

PPE item

Experimental PPE condition

E(Extremely
high)

H(High)

L(Low) M(Medium)

Basic garments: Bra + panties + scrub top and pants + socks + shoes O O O
CPE Gown (open back) O
Level D coverall (Tyvek 400) O
Body protection Level C coverall (Tyvek 800J) O
Level C coverall (Tychem 2000) O
Bib apron (Tychem 2000) O
Resoi Surgical mask (disposable) O
pfftiﬁ?ﬁ KF94 mask (disposable) o
PAPR (3M Versaflo TR300) O O
Head & face Face shield with coverall hood O
protection PAPR™ hood (3M S-series) O 0
Surgical gloves (disposable) O O O O
Hand protection
Chemical-resistant gloves (AlphaTec Solvex 37-175) O
Foot protection Shoe cover (Tyvek 400) O @) @)
Total weight (g) (based on size M, excluding weight of shoes) 606 751 2,822 3,135
*CPE: Chlorinated Polyethylene; **PAPR: Powered Air Purifying Respirator (1,894g)
S ek 2 9] ¥l 7k, 778 52 Free size® R A

AWA3 CDC 7hol=2Re] 52 73:"13]'04 FE APATE
(Park, 2020y Hlgo = ) 9F H 2

= 29 v 7K He *é% #%Hg PPEE. T-JTHTable.
2). A HA BE $5 vd 7S

PPE M E FF% 0.61 kg) HWH Level D 7
S 283 274 M (Medium, 0.75 kg), Al ‘ﬁ’%ﬂ, Level C &
F9] AMEF Powered-air purifying respirator (PAPR)S &
Al Zg3 =74 H (High, 2.82kg), ¥l WA B3 3o
2 H HES] glolA] olo] =2 2 518} 4RHE 7} 283
792 E (Extremely high, 3.14kg)= W3t PAPRE
g8k 271 Heb 270 ESlM= PAPRE o] = (air flow
80f - min") & ZHEAIZ] AEjellA] me] ZAS Sy},
Y] 7R H3E 27 BT ZEFR o ¥3hE 7]£ ololel &

FN FN

2aE Agstel e B el 71 vk} Bk, e, g, A
(VA clogs), UED 2Ale] A58 5% ARtelglon, &
A ol A% A% T ACIE UEY 47 9ol st 4xhe
A FRAE), AT AEE AR BE Aol

ZE
M, L, XL, XXL 45 7% & F@xe] 719} 55A
o 71 Age Ato]l22 AlF, AAl M, L, XL 3ET AFEH

s

_4

7t & Ale|2E AT ﬂ"ﬂ Aol gt FEks HAa
skl 918l HEA= Ul AHe] APE 2 99 4] (Latin
square)= i3} TH.

23 2o XY Z2EF

U 7 e o83 A AFE e R i, 43
S 53 2 e 7} 45% Kwon et al.(2022)2] 29| 2]
T Wt ZRESS £ 1Sl Ao Y9 53
g W ZREFS Z.%%ﬂ 5 08 98I0l Fdsle AT
A EHoldg £ 107 F2= PPE Aojof gelg X3kt &
127) F2e2 FAEATHFig. 1): @ PPE Zo| -, oA}l
e MR 108 F4, @ 30kg 7FES LW 28m FA A
715 14mx2 ¥, Q@ FANS AXdel 47], @ #3
2} HAKPCR)YE 7]1EE ©]8-3}4] 33] swabbing 317], ® A=
2AYE(CPR) 8§ A FAF vill# & ARS8l CPR 303
AAE7], ® Wl 79 U= AFE@ESkg o)y HEAket
A vl= Fell $Ixg Fde vl Wde s &3 & o
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3 times

30 times 45 kg
CPR patient

® 0 =
carrier

s Repetition
@ "o o

(253545556>7>8>9->10>11)
5253245556>7589->10>11)

@ >12
o

® ® 10

Skg

basket

5 min walking

Fig. 1. Mobility test protocol of 12 simulated COVID-19 healthcare worker tasks.

#1: Donning all PPE; #2: Moving a 30-kg cart (28 m distance); #3: Hanging an infusion bag on a stand; #4: Swabbing 3 times using a
swabbing kit; #5: Doing CPR (cardio-pulmonary resuscitation) using an adult CPR training manikin; #6: Moving a patient from a bed to
another bed (twice) with an assistant; #7: Moving a negative pressure carrier (50 kg) down from a hospital bed, and then putting the carrier
on a bed again, with an assistant; #8: Moving the adjustable hospital bed with a negative pressure carrier (24 m distance), with an assistant;
#9: Typing 5 sentences in Korean (77 words) on a chair; #10: Moving 5 baskets (5 kg for each) and stacking all the baskets in a row; #11:
Walking 5 minutes; #12: Doffing all PPE.

A QAN D BAE 0% WA S0l B F sokee] o) B VT, &5 F ARG $23 APE 7He0R go}
wo] &9F MES REAs B He] eiEe | Bl o] e F ETAE SAskgh Al AR M, ket 5
B W4 gl 2%, ® mo &9 GEAL £uA WA RSl ¥ Law AN, Tk FYel Al 248 wE
o5 WAL REAsh W 24m olBAIE Wol 6m A B FAW F 239M AelolE A8 Asel W AF
A Bk @ vkl Bob GSIAE 07)), @ ool gke o] AR, O 9 WAE PPES IR 2% A8,
AN o] 2 BAG 77 W) BolFa), @ ske & ABAE u) Holo] Aaw A 2AAZ 248 © 9
Fol% 53 24m o] Bole ¥ ShiA 9= Mol ¥ & WA o) 4% wrgom PHH A Ao el ¢
FeTE 3 WEE WA TS FEOE PEol Tl ol gekw Fuelrh g ool gk A 108 YL A
B, F WA SheE o F Y o, Al WAl s @ th O 108 99 B AFe) W@AE o] 3Ae A
Eoz Dl oFsl] & 5 BBl 2m A7), @ 5 B o) Ule) T SHE F HAHOR of 258 hav wo
dheke] Al EANS me WERE BACE 4km - b SE) A9 W7t TRESS FAt @ 49 98 4§ JEds
of B A7), @ AARET 9ol QA ZEEZe F A 5UH ZA4le] Awel vl Suska AdAke A6l 40
Eo] gFom FAEH, 3 WA AL QOIS ALl 1 B AR /1S © APAE 383 PPES 252 B9
A I 7 A AR FUsa, T owA AEE 3, 484 Boe] 208 ARKE /1SAT © HEds 4
Zolg ASIG 2N 127K 2 BAS LA S @ A AS AFS 2ARAS ) HeS i o] Bolgl
% PP R WAsk FoaA AR F4 glol vl o] AZES Z3ATh @ W AY R AT PAE 2 B,
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2 FECkEH \WAT), Ak, g, A A A vhe
A7, 24 FA37, 587, 9A4 PE7](Rating of Perceived
Exertion, RPE), & 597} (Shortness of Breath)[S =g 3t}
AL 5% A2 A% 7153 3L(LT-8A, Gram Corpo-
ration, Japan), &JEU] &%= % F= A g YHYR H
9 OB HYZoM 52 7408 71ZFHTR-72wb, T&D,
Japan). A¥PE Vi MESL &5 AJA| FHQ) 71715 o] &3t
o] 1% 7¥4e= 7|23 tHHI0, Polar Electro, Finland). &
Shge A9 H o FRAE 33] WHE E4se] 1 Afo]
2 FAJTHF150S, Sartorius, Germany, resolution 1g). 21
A Aze tig $H Bk 2 A5 kg FE A
@ A AR, A9 5 ATl st £ 33 FHEA
o SMe 9f HE[4 g FT 3 FE 2 A1)
sith, -1 &7 AERI9)sit), 0 BEolc), 1 2R wEEsit),
2 Wit} 3 |k, 4 vl grh, 249 AR 78 HE[3
- EFaict, 2 EFsict, -1 ok Bttt 0 EEelt,

1 2 A3y, 2 HHse), 3 ulg HFs, sa82 738
HE[-3 wi¢- AxEt, 2 7Axsit), -1 ozF 7Axsit), 0 2
Bolt}, 1 4zt 538tk 2 3t 3 vl FIlthE o83
W 0.5 @2 S £ A2 A EssIit. RPEY 35
Feke Z47h 1553(6~207), 1155 =5 ©]4-3ITHRPE:
6 A3 Fo] glrk, 7 w9 vig- 7L ot 9 wig- 7t
& FFelt, 11 7P FFelt); 13 tha e, 15 I8
o, 17 " FET, 19 "W we g 20 FE 7 e
Ax= etk &F Fu7h 0 "y Fgol gldh, 0.5 wi$- v
$- 7Pt 1 ul$- PR 2 7Y 3 A9eid) 4 97 R
), 5 R, 7 vlg FEECh 9w wlg FEEC
10 32 F 918 A== FEET] Borg, 1982). 2o A7k,
2 3 A7), g AR ZAAE o] &dle] 71289t

2.6. HlO|E] &4
AY Avle Had EFHA(Mean + SD) T WiE9}l o

Fig. 2. Experimental photos during the practical performance test in the present study.
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&2 AANBIHLH, SPSS version 23 (SPSS, Inc., Chicago,
ILyS ARg-ate] E4 3Tt Al B o5l 2F=s 2] Al

2 A 108 7] B9 RHE HoH 2 Ay 7 S 5
FE delel Z7te] Ha 2 25k, UGS AMEsle] B4
T} Shapiro-Wilk Tests ©l-&3l F14L AAsIAT. 3t
i A 7k Aol WA 2

S o= WSS US| PPE
AHEA(RM ANOVA)S 2 H-293F % Bonferroni correction A}
,]

B
R
SRR ANAT WFY AR ol8F vns FREEES

B

P

HIAA ol thatdE Friedman A4S AAE &
ZA¥ x}ol= Wilcoxon signed-rank test® 23T} olg 7
A Jte g Fidsteled 2R3 A=Y AGE 54
48 wolle WA, BMI =0l we} 37 Heh BMI 5520
< A, 20 A, 22 Jdoe=2 EHIY. a2
Kruskal-Wallis 717 &, Mann-Whitney ¥4 2 ot ¥ 2}
o|& 3t W 7 JAAA= Spearman’s tho= w4
ot 7+ B2 p<0.05 oA 98 AT vl
271 2 A 2] o] A9 ¥ ATl HEEE A7l

2 W3} Folz A wuth A vy A 1=
71E3te] A3

BN

HE

3.1. & AlZt
vl $5<] PPES 8ol 9] A ¢hashet] 4o
A 7k& Low (L), Medium (M), High (H), Extremely high
Table 3. Operation time for the four PPE conditions
(unit: min, mean + SD)

(E) 278 Ztzt 249+328, 259+ 128, 257+ 1.5%, 319
£2480F BTG o] 7Y & 24 BollA tE Al =4
o vjal 2 Alzke] felsiAl AAth(p <0.001). =71 ES] 7

F A AA AR A9 A 7Y Sx A
odo] AFHATE. Fe] AZE g Fe] Ak 27 L<M<
H<E TA= o8 de(p<0001), HE S| =& PPES
83 75 o)l dele Akl B AUrk(Table 3). 551
271 Hek E9| 73§ PAPR Z&elo] A|7te] Ho] &g H it
2 AlZbell 1o AlA el mE SE AL BAEA
ettt
32. U=

2] 3 A A o Al AUlee =4 L, M, H, E %
7} 36.3+0.2°C, 36.3+0.3°C, 35.9+0.3°C, 35.8+0.5°CZ H
= E<L=M £°|th. PAPR #go= wg] R 37| &
Slo] o] Rzl =7 He B9 A% = L Mol H3] H+t
2 FH, HA Aol FUL(p<0.001), HAL2T} A9
o] Al ¥ ZAthp=0.002, Fig. 3A). 29 2] 53
AR Al o Ao} FARE BES o]l H=E<L=M &
o= =93, Wt B FHI, HA Aol Folgk 2lelr)
ZA=ATHp < 0.001, Fig. 3B). A0l o] A7 Hehol] w2
Elel e SR Zuct

3.3. 7153 SNCck2| £9f o5 2=

ke B9 oE w9 7] oMY Al HEe =4 L, M,
H, E ZZ} 333+1.0°C, 334+14°C, 33.6+12°C, 338+
L1°CE ] 24 7 3t 2kt giddch AL, e, #

PPE DONNING COMPLETION ~ DOFFING A Haree zte] AA vl 27 7 Fxpt DA &
ensemble time time time AthFig. 4A). ZEY 2 3 A 7K B9 g5 ) 2xE
Low (L) 29 £ 08 249 +3.2° 1.0 £ 0.5 oMy Aol= 2] 27 L< M=H< E #9292 =JthP<

Medium (M) 47 +05° 259 £ 1.9" 1.8 + 0.5° 0.001). o8 &% HFL 325+1.5°C, 334+1.1°C, 336
High (H) 57+08 24715  25x07 £14°C, 344+11°CE2 L=M< H< E £08 Xo}pP<
Extremely high (E) 8.1 = 1.1° 319 +24° 31 % 05° 0.001, Fig. 4B), 55 0] 714 2& 27 E 2764 1
p - value < 0.001 < 0.001 < 0,001 T ol 7P w2 2 L 2ol e W 1.9°C =2
O 370 - REST o e WORK B ..
;' BC T B
- AB A x
= A
= ® l b A
= 360 - .
8 0 ° A
£ 0 A
2 b b xex @ a *kk 34
E 35.0 T T T T T T : 1
w L M H E L M H E

O Minimum value ® Maximum value

A Minimum value A Maximum value

Fig. 3. Minimum and maximum values of ear canal temperature during the initial rest (REST) and the work (WORK) phase. L, M, H, and E represent
the four PPE conditions of low, medium, high, and extremely high protective levels, respectively (*p <0.05, **p <0.01, and ***p <0.001).
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CHEST | A.REST

CHEST | B. WORK

[}
Eg 0] ] . A As A
S 340 - 1 Al A A
o £330 | b
S =3 * T
9 - ab ab
£ 8320 - .
o 2 a
c 31.0 1 NS .
'-E E dedek
€ 8300 . l T 1 . . r -
%) L M H E L M H E
O Minimum value ® Maximum value A Minimum value A Maximum value
8 THIGH | C. REST THIGH) D. WORK
c _ 7 -
% g a0 { - B 1 o /B
o 2 330 | A A AB 'Y 1 A A A A
$2a0] 0 o @ 1 1 |
£ O 320 1 b? ]
g’ 8' 310 - (P aCP ***ab? T °
z E a ap 8L ™ a\
8 2 30.0 I 1 I 1 T : T T 1
3} L M H E L M H E

O Minimum value ® Maximumvalue A Minimum value A Maximum value

Fig. 4. Minimum and maximum values of clothing microclimate temperature on the chest (A, B) and thigh (C, D) during the initial rest and the work
phase. L, M, H, and E represent the four PPE conditions of low, medium, high, and extremely high protective levels, respectively (*p <0.05,

45 <0.01, and **%p <0.001).
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Fig. 5. Minimum and maximum values of clothing microclimate humidity on the chest (A, B) and thigh (C, D) during the initial rest and the work
phase. L, M, H, and E represent the four PPE conditions of low, medium, high, and extremely high protective levels, respectively (*p <0.05,

**<0.01, and ***p<0.001).

Table 4. Clothing microclimate humidity and total sweat rate for the three BMI groups

BMI Group
Body part Phase - - p - value
Thin (n=6) Normal (n=15) Overweight (n=15)

Rest 66+ 16 8248 82+ 11 0.098

Chest a b b
Work 67+ 14 82+6 84+9 0.029
Rest 59+8 64+ 11 67+12 0423

Thigh

Work 58+5 65+8 69+ 11 0.102
Total sweat rate (g - trial") 84.9+39.3" 137.4+633° 169.9 + 69.7° < 0.001
Total Sweat rate per hour and BSA (g - h™- m?) 47.0+£204° 67.4+29.8 80.4+24.9° < 0.001
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At mRIRAIR 27 H 28 Al 27 L3 fARE 7] 2
RS e A4 FEZI(RPEXIAE kA7,

Mo n2
oy

2 ANt FARE Aol HFEHATHAIL
ps<0.05, Fig. 6D). 3HH, 35 FE7 [, M, H, E 271¥

Z}zb 26+16, 46+18, 1.8+15, 26+158 H<E=L<M
Fog TE Oﬂ 1:11:1—& 1:1 uLo] 1_7;]% 7}4\5:3& g%ﬂq_(AH
ps<0.05, Fig. 6E) HE 5 E=XT PAPRE ZE3le =
A HeF Bo] A 38 Hdzbo] vlwA He Hoz el

A S S87ke] A%, AE Aol folst zjolrt

HTLE

2ol BMIZF ZAY BBl Agkhtt A|Zo] & A o



132 SF7o] 78I A26H A1, 2024

A - B C
4 :4 3 -
g o t 2 4
.S e S
< 3 &3 “—
’ 28
o 2 32 o0
»n —
= 2 S -1
£ 1 T 1 E
o £ o-2
= . £0 =-3
M H E
15 - 7

Rate of Perceived Exertion J -

Shortness of breath m
O = N W H U O

L M H E

Fig. 6. Subjective perceptions at the end of tasks for the four PPE conditions. L, M, H, and E represent the four PPE conditions of low, medium, high,
and extremely high protective levels, respectively (*p <0.05, **p <0.01, and ***p <0.001).
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