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Impact of Firefighters’ Protective Clothing and Equipment on
Upper Body Range of Motion
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Abstract : This study analyzed the range of motion of upper body in different configurations of firefighters’ protective
clothing and equipment. The purpose of this study was to understand the influence of firefighters’ protective clothing and
equipment over upper body motion in order to improve design of firefighters’ protective clothing and equipment. 12 fire-
fighters’ upper body range of motion was analyzed while performing standing and walking trials in five different garment
configurations including turnout ensemble, fire boots and the self-contained breathing apparatus. Analysis of upper body
range of motion included spinal joints of L5S1, L4L3, T1C7, and C1Head. During standing trials, garment configurations
caused a significant difference in range of motions at joints of L5S1, L4L3, T1C7, and C1Head. Analysis on the mean of
range of motions at L5S1 and L4L3, showed that firefighters’ waist bent forward significantly to a greater extent while
they wore a self-contained breathing apparatus. A significantly increased range of motion was found for T1C7 and C1Head
while carrying a self-contained breathing apparatus, which indicated an increase in the extension of the trunk and neck
backward to stand upright and look squarely. A significant difference in range of motion was also found for L5S1 and L4L3

during walking trials.
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B HXe TS FFHoE FAg A ofF] g SIS 317] fJste] A Lk AEgRlelojof ks )N
Ao}, WsHaat sl 4] AAVE te] A9} F2el ok AAE Sk e 55T Aol 2ske 3 8
WA TS FFHeRE golske dre At FAE Al g, o 4EoR PR F 1230 Ao R AYeln WY
deke aas FAIstel WEkEd sl ] JAE dAlst ol 3L B+t 6.6d¢ o AHES 7KL Sirh FAAAES]
3 Bo R Ve Nsked 283 AERE S8 =5 AR z2700 gt 71 A= Table 13 Zth
Zloltk
wEpa] 2 AelMs s ek ) S e 2 2.2, Wsl=at Uit &H| & AE
Aot s AH S F= 2, TS5 FE WEHET} s} g 7E Re] Rl miXle FEe A
EE WSIAITIHA o] A Aot A7) FR A9 At
Al A Zheo] =2 He ton: 2 =A3
8 75=e] 52t W9l (Range of Motion: ROM)E 5783t Table 1. Firefighters® profile
I AIAL, Sl Antate] wishEs) vl vt Ankel A 1
Male Female
WA 2l mXe dEs Helows QIZFEAQ] Wiskaat Measurements v SO v n
ulsl An)e] TAT AA 72 RS AFa} sl ’ ’
gk Avie) sk AAl 7% ARE A Ut Age (year) 286 83 315 13.5
Height (cm)  183.5 3.8 170.8 76
2. 0 ?.Hl-lgll
- ITS Weight (ke) 855 157 683 143
_ BMI 253 39 234 43
2.1, DXt MY
/
SCBA
c1 c2 c3 c4 c5 n G35

«——— running shoes ——  rubber boots leather boots

* Characteristics of items
- SCBA

+ Running shoes

- Rubber boots

- Leather boots

Fig. 1. Garment conditions C1~5.

Weight: 8.1kg (all participants used the same SCBA)

Weight: 0.71(+0.24)kg

Weight: 3.15(x0.29)kg

Flex resistance: 27.2(¥1.2)N

Collar height: 38cm from the footbed

Outsole height: 3cm at the heel/1.5cm at the forefoot

Materials: Rubber was used in the upper and outsole.
Metal toe cap and metal shank were inserted.

Weight: 3.02(+0.19)kg
Flex resistance: 34.4(x2.6)N
Collar height: 348cm from the footbed
Outsole height: 3.5cm at the heel/1.8cm at the forefoot
Materials: Leather on the lower foot.
60% Kevlar/40% Nomex fabric for the upper.
Rubber was used in outsole,
Metal toe cap and metal shank were inserted.
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a. motion capture apparatus

Fig. 2. Motion capture system (Source: XSens Inc., www.xsens.com).
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. frontal plane
sagittal plane

>t.ransverse plane

a. spinal joints of measurement b. three cardinal planes

Fig. 3. Spinal joints(a) and three cardinal planes to record range of motion(b).

23] e A e Awe Jo} 1 kg W ZeHESRAe] v B 71 Wele 2N 5001w 4l
Ze Ao HOTh ZellA 10°¢1tH(Joseph, 2011).
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a. Flexion and extension of the neck b. Flexion and extension of the vertebral column

Fig. 4. Movements of upper body.
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a. Motion capture software image(MVN Studio Pro)
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Fig. 5. Motion capture software export sample(subject 3, garment condition 1).
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olEIE Al fla ¥ & 2¥ M-S AAssith % 3. &3t 9 =9
sHa} s} Agnle] 2g ezt SRl mRls R ohY
2h 9z 3, A7 oA, ZAE FEaAel deiH e B7t 3.1. & XM[oflMel ROM
3}%Act. Bonferroni pairwise comparison® ARF #-A5to] 24 A Y W Zzke] Zg el weEt HEle 5% F-9
geiol wE Felvg xtolE ars] skt 7o) Hetg v, 48 2 Table 29F 2tk L5SI
Table 2. Analysis on mean ROM of upper body joint angle according to garment conditions (standing) (N=12)
Garment Effect Garment conditions

o C2 3 C4 C5

+ Fi i + +
lems  TShirts & Shorts <) wefighting o) fqop, €2 % SCBA G2 % SCBA
. Garment Running . Firefighting Rubber  Firefighting Leather
Footwear ~ Running Shoes Running Shoes
Shoes Boots Boots
Est. Std. Est. Std. Est. Std. Est. Std. Est. Std. Fvalue value
Mean Error Mean Error Mean  Error Mean Error Mean Error e pvalu
L5S1 3.286°  0.624 3.576°  0.624 7.589"  0.624 6414 0631 7.095  0.633 51.348  0.000%**
L4L3 1452° 0275 1.589° 0.275 3373 0275 2.895° 0.278 3.154° 0.279 53.375 0.000%**
TIC7 18.166"  0.484 18.403"  0.484  17.595" 0.484 17.645"  0.494 16.977°  0.498 3.294  0.013%**
ClHead -4447° 0886  -3.661° 0886  -4651° 0886  -3.985" 0903  -5975" 0909  2.694 0.033**
Male Female

Gender Effect

Est. Mean Std. Error Est. Mean Std. Error F-value p-value
L4L3 2.733 0.097 2.050 0.147 15.115 0.000%**
ClHead -5.179 0.353 -3.236 0.533 9.251 0.003%**

Note. abc(a>b>c) means with a common letter in the same row are not significantly different (Bonferroni; *p <.05, **p <.01, ***p <.001)

. (a) L5S1 (b) L4L3
s
7 C5 c5
3 3.154°
. &a (7.005) . ( )
@
o (64149 B (2.895°)
5 £ |
5 £
- [=]
4 = 1 Cc2
& c 1 (14527 (1:589)
3
(3.2867) (3.5767)
2 0
Garment conditions Garment conditions
(c) TIC7 (d) C1Head
19 3 -
4
o ®] C1 (18403 °
(18.166°) 5
S ® 5
£ > £ -4.651
5 (17.505°) (17.645 5 8
17
cs N
(16.977°) C5
(-5.9759)
16 -7
Garment conditions Garment conditions

Fig. 6. A graph on mean ROM of L5S1, L4L3, TIC7 and ClHead according to garment conditions (standing) (N=12).
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Fig. 7. Comparison of the silhouette C1 and C2.
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Table 3. Analysis on mean ROM of upper body joint angle according to garment conditions (walking) (N=12)
Garment effect Garment conditions
1 C2 C4 C5
+ Firefighti + +
Items T-Shirts & Shorts Cl Flrehght}ng C2 + SCBA . C2 ‘ SCBA . C2 ‘ SCBA
Footwear . Carment Running . Firefighting Rubber Firefighting Leather
Running Shoes Running Shoes
Shoes Boots Boots

Est. Std. Est. Std. Est. Std. Est. Std. Est. Std. Fovalue  povalue

Mean Error Mean Error Mean Error Mean Error Mean Error P
L5S1 4.805° 0.527 3744° 0527 3.389°  0.527 5.081"  0.540 5172 0.527 6.818 0.000***
L4L3 1.261° 0.066 0979  0.066 0.784°  0.066 0.745°  0.068 0.818°  0.066 25716  0.000%**
TIC7 5.249 0.618 3.663 0.618 4.927 0.618 5.034 0.640 4.496 0.618 2.046 0.091
ClHead 7.882 0.846 5.925 0.846 7.978 0.846 6.956 0.878 6.613 0.846 2.033 0.092

Note. abc(a>b>c) means with a common letter in the same row are not significantly different (Bonferroni; *p=<0.05, **p<0.01, ***p=<0.001)
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Fig. 8. A graph on mean ROM of L5S1 and L4L3 according to garment conditions (walking)(N=12).
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Fig. 9. A graph on ROM of L5S1 and L4L3 according to garment conditions (walking)(N=12).
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