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Abstract: The present study developed a test protocol for evaluating the mobility of firefighting chemical and flame personal
protective equipment (PPE) for the National 119 Rescue Headquarters in Korea and suggested ergonomic design factors to
improve their mobility and performance. Six types of PPE were employed, including three types for flame protective PPE
(5 ~ 6 kg excluding the self-contained breathing apparatus), and three types for chemical and flame protective PPE (8 ~
11 kg). These PPEs are used by the 119 Rescue firefighters. Three male firefighters (34.3 = 1.2 y in age, 175 = 8 cm in
height, 81 = 13 kg in body weight) participated in the mobility test and interview. A mobility test protocol consisting of 16
components (nine postures and seven motions including a dexterity test) along with a visibility test were developed based
on pre-interviews and literature reviews. The findings indicated that the clothing microclimate humidity on the neck and
chest exceeded 85%RH on average for all the six PPE conditions, with the chest area reaching as high as 98%RH. This high
humidity caused fogging inside the visor and impaired visibility. The requirements for improving the PPE design in terms
of mobility varied depending on whether it was the separated types or all-in-one types, particularly regarding the hood and
gloves design. The findings of this study can be applied to improve the design of Level A PPE for firefighters. The mobility
test protocol and visibility test developed in this study can also be applied to other types of Level A impermeable PPE.
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Table 1. Fire heat reflective and chemical protective clothing for the National 119 Rescue Headquarters in the present study

High proximity suits (Fire heat reflective PPE)

Chemical protective suit

FR1 FR2 FR3

CP1 CP2 CP3

Photo

Company Jinyang Hancom Dupont Dupont Hancom Ansell
Tychem® 10000FR  Tychem® 10000
Model JY-FFOI(1) Sigllzzl\II;N (RF600TS (TK586TLY SC/?;E?XKY Ag’{‘gﬁf
Vxx0001yy) xx0001yy) v
Mass 598 kg 540 kg 5.08 kg 7.62kg 11.24 kg 7.68 kg
All in one, All in one, All in one, All in one,

Separated hood, jacket, Separated hood, jacket.
pants, gloves, and
boots

Note pants, gloves, and

boots

” Encapsulated Level A, Encapsulated Level A, Encapsulated Level A, Encapsulated Level A,
Front entry, Certified Front entry, Inner
to NFPA 1991

Front entry, Inner
gloves

Front entry, Inner

gloves gloves
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Table 2. Mobility test protocol of 16 simulated postures and motions

# Description Illustration

Upright posture: Straighten the arms to the sides
and bend the elbows upward (5 s).

Upright posture: Raise both arms above the head
and bend the elbows back (5 s).

Upright posture: Put the arms straight on both t / & / J , t / \ )} \ J
sides, bend the body to the left (5 s), and return to v 7 | / i
3 your normal posture. Bend the body forward (5 s)
and go back to the normal position. Bend the body
to the right (5 s) and return to the normal position.

Upright posture: Stretch the arms straight in front A - U -
4 of the body, then pinch the thumbs together, twist N2 S~/

the upper body to the left with your outstretched ) X

arms (5 s), and twist to the right again (5 s). |

Upright posture: Straighten both arms horizontally , AN . k } ‘ ~ - /’

on both sides of the body. In this position, turn the &1~ 2y o r_ , E_— s Q) @ 2y )
5 torso to the left (5 s) and return to the original )

position. Turn to the right (5 s) and return to the

original position.
0
Upright posture: Make sure that both arms cross in € \ > s

6 front of the chest (right arm on the left arm) and
straighten horizontally in opposite directions (5 s).
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Table 2. Continued.

#

Description

Illustration

Upright posture: Bend the upper body down to 90°
and stretch the both arms down to the floor (5 s).
Then, return to the original position.

Kneel with the left knee (right leg is a right angle)

(5 s), then kneel with both knees (5 seconds), then

kneel with the right knee (left leg is a right angle)
(5 s), and then immediately Stand up.

After being prone to the squat position (5 s) move

the center of gravity to the right as much as

possible (5 s), then move the center of gravity

back to the left (5 s). Immediately afterward, and
stand up.

Walk on flat ground at normal speed for 1 min.

Crawl a distance of 6 m with both palms and
knees.

Crawl back 6 m distance with both palms and
knees.

Pick up one standard wooden carrying box with
open handles (approx. 10 kg; 50 x 60 x 74 cm
high), move five steps, place it on the floor, and
put it in a straight position (5 s). Lift the box on
the floor again, take five steps, and put it back in
place. Back in a standing position.

Unscrew, the two fire hoses on the floor, connect
and separate the two couplings, and roll up one
fire hose again.

Remove one tightened screw (9 mm diameter)
using a screwdriver (25 cm).

Go up to the fifth step of the ladder placed on the

wall, pause for 5 seconds, and then descend again.
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Fig. 1. Experimental photos during the mobility test with firefighters in the present study.
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Fig. 2. Initial and final values of clothing microclimate temperature on the back neck (A) and

Values in the small tables represent Mean (SD). (Unit: °C.)

chest (B) during the mobility tests.
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o %0 o0 [Neck| FRI | FR2 | FR3
L 4 Min. | 55 | 60 | 52
(13) | (10) | (10)
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¢ LEROHEC!
Neck | CP1 | CP2 | CP3
Min. | 70 | 56 | 61
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* Chest| FR1 | FR2 | FR3
o Min. | 66 | 77 | 68
o (12) | (6) | (23)
& Max. | 93 | 98 | 92
¢ © | @ | a0
Chest | CP1 | CP2 | CP3
Min. 59 68 73
(18) | 20) | ()
Max. 86 98 95
(12) | () (6)

CP1 CP2 CP3

o5l A

Fig. 3. Initial and maximum values of clothing microclimate humidity on the back neck (A) and chest (B) during the mobility tests.
Values in the small tables represent Mean (SD). FR and CP indicate flame reflective and chemical protective clothing, respectively. (Unit: %RH)

Table 4. Frequency of right answers among the six questions in the visibility test

527

High proximity suits (Fire heat reflective PPE)

Chemical protective suit

FR1 FR2 FR3 CP1 Cp2 CP3
Subject A (20/20 vision) 6 5 6 6 0 0
Subject B (20/25 vision) 4 5 4 5 6 4
Subject C (20/25 vision) 4 2 6 3 4 6
Mean (SD) 47 (1.2) 4.0 (1.7) 53 (1.2) 4.7 (1.5) 33 (3.1) 33 (3.1)
Correct answer rate (%) 78% 67% 89% 78% 56% 56%
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Table 5. Summary of the interview from the three firefighters just after completing the mobility and visibility tests

PPE Comments at Interview (in Korean) Comments at Interview (in English)
*[Hood & helmet] The hood is unstable and shakes when
o [F=g} Aol ulgg 71 B3l T ekdo] F ¥li2 & crawling on the ground/ The straps inside the hood are too short,
=St T Qro] o] LR Fo| A A] Ho] Zo] $Fo] o] making it difficult to breathe/ The shoulder straps on both sides
Hopys o] ok A o7 2 1gE % o7lo] A Eo]  of the hood are strangling/ The helmet inside the hood is heavy,
FRI Zg= oty 3= W dglo] TAYA a7 AL 2o causing my head to constantly lean forward and straining my
- Separated L] X5 2o & o] o] Sojzitl &l ¢to] M| E M= F neck/ The part of the helmet that wraps around my head is

Hol] EHE}a opgtth uncomfortable and painful.

type o [ AFrel A FAY AT AY L T FAd A] B ¢ [Gloves] The gloves were large and thick, making it
A7 S 301 EHAHEAS AL 4 9%t uncomfortable to work with fire hoses and hand tools/ It was
+[SCBA] 37138712 9lsl Bo¥ A HEo] YF & 7]o] A uncomfortable to move my fingers/ I could not grasp objects.

o g AAE EA X &G

* [SCBA] The air respirator made my top too tight and I could not
zip up the front of my top by myself.
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Table 5. Continued.

PPE Comments at Interview (in Korean) Comments at Interview (in English)

* [Hood & Helmet] It was more comfortable compared to FR1's
hood, but the shoulder straps on both sides of the hood were not

o [T} Al FRIQ Xt} H =], FE9] & o7 do]  ring-shaped, making it convenient to take it off alone/ It was too
nro] g Hejr) ofpet B dxg o o] 9lo] £} ¥l humid inside, which made it difficult to see forward without
S o #Ithmto]A] Yo 57171 Bo] xpA] ehAR-ES ©x] 9 wiping the face, and it was challenging to read the text during the
om g B % QAT WHPOE As) 7K BN 2H  visibility test.

2 B3] o3yt « [Pattern/Relaxed] The pants were wider, providing more comfort

o [ 8/ F-5] vER] 9] Zo] Yo FR1X.Ut} 314 F4Fo] ¥ W3]  to the lower body compared to FR1/ It took longer to wear and

FR2 o}/ A9} o) 9 HEd] FRIELDH A|7ko] Wo| A rl/s]  take off the top and bottom compared to FR1/ The waist was
:Separated ]S FHEE TZA FE7} JEE =EHJALEAE exposed during waist-bending motion/ The arm and shoulder
type ThA] vl 2ol A o} o7 27 o] BEHEIT k&0 2+ movement felt uncomfortable/ The armhole was small, making it
of TS &y Y u EAHIC}H uncomfortable to raise and lower the arm.
o 37 Arte] ag o] TR FotM £1ES AF-EA & o] ¢ [Gloves] It was difficult to move my fingers freely due to the
7] AEYTY Azto]l Ui FA9 3+ HI2E 28] A U E#g)t}t  inadequate grip of the gloves. The gloves were too thick, causing
+[SCBA] 27125 7|2 ¢lal REE AA F¥io] Y- glo]Es| discomfort during the tool test.
R 3L, 3] 5 FEo| ofFio] K= &2 9o] EHFtl/eke] +[SCBA] The air respirator made the top too tight, particularly
Al F7138717F A8 &2 8L & gk lacking room in the back, resulting in discomfort while moving/
I could not take it off alone because the air respirator was
jammed.

* [Hood & Helmet] The increased moisture on the face compared
to other work clothes made the hood very opaque, resulting in

poor visibility.
o [FEol A9 tE 2GEd b)) mvlo|A (QFAF)N 57171 & ¢ [Pattern/Relax] The integrated design of the protective clothing,
o] AA ) BEEHIATLY AotE R3] ISt unlike FR1 and FR2 which were separate top and bottom,

o [ /efE] ARl E el FRIE FR2ETH UA|golgb ©f 3 provided more comfort and a lighter feel./The knees hurt during
33, B 7MYty FES = 5243 7o) thy = E2bo 4] kneeling and crawling , and it would have been better if the
F-2o] ol PrHF-Z H-9lo Y =7} So7pH A th)/2-2] HA]  knees were padded/ The overall size of the garment appeared
Zo] Alo]|=7) thE B3 Ho) Hls] £ A 7tleEo] Zof o] larger compared to other protective clothing options/ Small

FR3 ME 22Y u ERsIGtHoE So]Ld o #g]E& HYgtt armholes made it uncomfortable to move my shoulders / 1
:Allinone / Zo}g] FHo] zlo} EH3Yth/AA 2 o= $l7o] FR1  bumped my head when lifting my shoulders / The calf area was
type o|\} FR2ETH €5l small and uncomfortable/The overall environment in the

o [ A F Axtol Alg WAL Qo2 &l £50] 4 garment was more stuffy than the FR1 and FR2.
ZF il A Ex] orol BHEITH &7 o] &3H= Z¢Jo] +[Gloves] The gloves kept falling off and moving up and down
Aol BrVssgtl o) A7 Y Fo 2 7 =S &5 74 while working, which was uncomfortable as it did not securely

we=s)k 9o EAT) hold the hands inside. It was challenging to use my fingers
o[Fx] IAE RTES HS w F=r} BHIY properly. I would have appreciated a wrist strap to keep my
+[SCBA] 94 f1& hands inside the gloves.

* [Boots] The boots were uncomfortable when removing the all-
in-one protective suit.
*[SCBA] - No opinion -

* [Hood & Helmet] I had no problems and could see everything
clearly during the visibility test/ Among the three chemical suits,
I had the worst visibility. I believe the visibility material affected
my ability to see clearly/ During the visibility test on the left, I
could not read the letters because they were covered by the head
cover.

* [Pattern/Relaxed] It was comfortable and lightweight, like FR3,
due to the all-in-one design/ My knees hurt during crawling
movements/ Stretching both arms across both sides was difficult/
I bumped my head when lifting my shoulder.

* [Gloves] The screw loose movement was more comfortable than
other protective clothing gloves/The sleeve beak kept going
down and had to be held up/ The gloves were best compared to
other protective clothing.

* [Boots] The boots were uncomfortable because they reached just
below the knee in height.

c[FE9F Aul) 7HAE ARl A EAIgle] v & Balel shete
3% FolA Aloprh Al o FokEdl, R AAE el ok
2 utol A AR QI8 2 gt Hole Zajry %oz 7hAg
HAES AYPe o vig] Dhd 7l IHE oS 5 ATt
CPl < [3¥/o1 R3] FR3F 7o) dAIF ol 7P elA HZTh/7]of vt
“Allinone Uz gl F5o] opfty ¢ 28 FHo= wAs|A W
type 7] AEJUHCIIE B0l W HE PG
A WA FE SACA T HEE e v o A
Akt AL WA ol Sjok Yhrte Bens
o Ws) e Ald EUuet
<[] 29 wol7h A9 & HiE oA oA EHdnt
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Table 5. Continued.
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Comments at Interview (in English)

PPE Comments at Interview (in Korean)
[vcg} Full] ot F 7L Fojute} glo] YBe wAte) 3
SIEHA} AR Ll 717) o) 3 A% WE

oA slok Athrle] This Sl 9k B & gt
RIS The mao] s PANTRE W AT} 1T
M gch 7o) this SaelA F5e ohiith 9% B I%
o= wAA Wy AEirhellR FEo] Zole mglo] Sof
BAYT ol S0l W) 12 & PUPTHTES B B
CP2 Ao A FZo] opgT

PAllinone (g7} WHEE ¥ B4 the AY nERse] us) A
ppe BRIk P A% 9 9 gl Ty Wojmrhh
R AL 7 A WA o} Gefol A2

SE A ol U vl $RsRAe s 3%

el U WulsiA QJx)Evtee 24 7]

SRz 2] ol7t AjHom v} 7] Wsleh
+[SCBA] 94& w g7158717h 5ol 22 E4 7] Y=L, A
74 el Azt

* [Hood & Helmet] It was difficult to cross both arms due to the

protruding face protection/ I had to continuously clean the inside
of the hood due to moisture during the visual test / I was
challenging to see when crawling.

« [Pattern/Relaxed] The protective clothing was heavier compared
to other options/ The zipper was too stiff when putting it on/ My
knees hurt when crawling/ It was challenging to stretch both
arms, and the lower arm felt tight/ I bumped my head when
lifting my shoulder, causing discomfort/ My knees were in pain.
* [Gloves] Loosening screws was the most uncomfortable
compared to other all-in-one protective clothing / The fabric on
the rubber gloves dropped grip/ The sleeves had to be pulled
down to cover the gloves and held up / The gloves were too
slippery during testing/ The gloves were the most uncomfortable
among the three types/ The gloves were so stiff, making it
difficult to snap my thumb.

* [Boots] The height of the boots was relatively low, providing

comfort.

* [SCBA] The air respirator got stuck on my back when putting it

on, making it challenging to wear alone and resulting in more
time consumption.

FES} W] Aok Aol v
e 4% dides o o 24 4
WY Ao} g0
g%, oe% A3 wolA

37] 28 A2 245
oF B ithet
=9 WA gugon fg&*lE}/ AReE
ek}

IR/ RE] OE BB R 7P A 4L o o A
W7} CP2RT REgty 7]o] thls S7oA F2o] ofix|

CP3 = WSl 7lo] v e FHoA FEo] ofty ¥F B &
‘Allinone %02 walsjA ®7] FEATY OPUS_XJOH AM ol 7= A

type WyE RSEE = 28 7to] /14 53Tk
[37H CPielvt CP2st g Amii-E]el A3} Abo] F7kell A%
FAE)el 3lof &9 A7F XA 7] W2 &S FFols 2]
o] Al Lui7F WH A ekskrt. E}“* e 2
< AEA W glo] Yol & & s A Ao
*[SCBA] Y YL o 37155717 RS & A &
A ol A} Y HE F Uit

Al &

=99l 7

* [Hood & Helmet] If the internal air circulation system was not

operated during the visibility test, it resulted in fogging, making
it impossible to see all 6 characters’ combinations/ I suggest a
wider field of vision upwards/ Due to fogging, I had no visibility
to the left or right.

« [Pattern/Relaxed] The protective clothing was lighter compared
to other options/ The front zipper was softer than CP2 when
worn/ The knee did not hurt during crawling movement/ The
knees experienced pain during crawling/ It was challenging to
stretch both arms across both sides/ Except for fogging on the
face shield, it was the most comfortable protective clothing.

* [Gloves] Unlike CP1 or CP2, there was a rubber ring (seal) in the

middle between the sleeve beak and the glove, which fixed the
position of the hands and facilitated hand movement/ The sleeves
did not go down. However, in the event of an emergency, you
cannot take your hand out freely, so it seems that panic can occur.

*[SCBA] I did not experience any issues with the air respirator

getting caught on my back while putting it on or taking it off,
allowing me to do it independently.

t}. o]#3k TR z}ol7t B2 A wzk EAg JF§S F
o], 53] = ®E¥l FRIF FR2&

ool Fele] 5 F-91 AR el thet £ ‘{01 WA,
Al A RE RS

A e
7] B o

2}
el 2 IAHEA] glol gF ol FE AW BRlo] tr a8 &2 2 : o] ‘E%&&E} T8 #3
A=Ak, =3 Asle] 2299 FRIF FR2E 2H8-3 7% 3 e 7)e 7 43 A| BE BEE ZAA BE E=o]
& ol T viEhE: 71e SReIA sl F9) =& SAECE Ao BE Hok 270 HEE 4] Anjrt 4
gk =7 Ak v, = 2 gske] BE dAFEA o] 39 Al EHsIthe o] Aot

FR3, CP1, CP2, CP39] 7%, REE U &&= Z7l2 A%

vlo] A WF Aol tigh Evte] itk gt AgFEEe] 3 4 = 9

NE 2s e AR $4Y 0 T Aol A= b

GArEe] Wl $HYeN whet o] SFolAE ] whee] A 41, BYNOPEES 2MTiAIG 55 25E0| SANEY
o} Welelths Buke] Zth AXHe BE SH4 T4 Al It ZREE Y

25)7) W] £ Aoht Avg B2 A A ARy B AYAFES] A (motion £ mobiliyy B7HE A
Zo] jg Bulo] ATk WEE URe] F1BENE HE]  (posture) WrhoKe FREE Ao® AME FE Q| Fa
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