This article was downloaded by: [Hur, Pilwon]
On: 24 June 2010
Access details: Access Details: [subscription number 923369557]
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 3741 Mortimer Street, London W1T 3JH, UK

Ergonomics

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713701117

Effect of load carriage on gait due to firefighting air bottle configuration

Kiwon Parka; Pilwon Hura; Karl S. Rosengrenb; Gavin P. Hornac; Elizabeth T. Hsiao-Weckslera
a
Department of Mechanical Science & Engineering, University of Illinois at Urbana-Champaign,
Urbana, Illinois, USA b Department of Psychology, Northwestern University, Evanston, Illinois, USA c
Illinois Fire Service Institute, University of Illinois at Urbana-Champaign, Champaign, Illinois, USA
Online publication date: 24 June 2010

To cite this Article Park, Kiwon , Hur, Pilwon , Rosengren, Karl S. , Horn, Gavin P. and Hsiao-Wecksler, Elizabeth T.(2010)

'Effect of load carriage on gait due to firefighting air bottle configuration', Ergonomics, 53: 7, 882 — 891
To link to this Article: DOI: 10.1080/00140139.2010.489962
URL: http://dx.doi.org/10.1080/00140139.2010.489962

PLEASE SCROLL DOWN FOR ARTICLE
Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf
This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.
The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

Ergonomics
Vol. 53, No. 7, July 2010, 882–891

Eﬀect of load carriage on gait due to ﬁreﬁghting air bottle conﬁguration
Kiwon Parka, Pilwon Hura, Karl S. Rosengrenb, Gavin P. Horna,c and Elizabeth T. Hsiao-Weckslera*
a

Department of Mechanical Science & Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA;
Department of Psychology, Northwestern University, Evanston, Illinois, USA; cIllinois Fire Service Institute, University of Illinois
at Urbana-Champaign, Champaign, Illinois, USA

b

Downloaded By: [Hur, Pilwon] At: 20:26 24 June 2010

(Received 14 February 2009; ﬁnal version received 15 March 2010)
The air bottle conﬁguration (mass and size) used with a ﬁreﬁghter’s self-contained breathing apparatus may
aﬀect functional gait performance and slip/trip/fall risk, contributing to one of the most common and costly ﬁre
ground injuries to this population. To examine the potential eﬀect of bottle mass and size on ﬁreﬁghter gait
performance, four 30-min air bottle conﬁgurations were tested. To quantify biomechanical gait performance,
kinetic and kinematic gait data were collected on 24 male ﬁreﬁghters while walking at normal and fast speeds during
three conditions (no obstacle, 10 cm or 30 cm stationary obstacle). Bottle mass, obstacle height and walking speed –
but not bottle size – were found to signiﬁcantly impact gait parameters. Ten subjects (42%) contacted the taller
obstacle while wearing heavier bottles, suggesting greater risk for tripping. Heavier bottles also resulted in larger forces
by the trailing leg in both the anterior–posterior and vertical directions, suggesting greater risk for slipping. These
results suggest that increased bottle weight may result in a decrease in gait performance and an increase in fall risk.
Statement of Relevance: Occupations, such as ﬁreﬁghting, often require use of a self-contained breathing apparatus
that includes a pressurised air bottle. No systematic assessment has investigated how modest changes in load
carriage due to bottle conﬁguration (mass and size) might aﬀect gait behaviour, especially when crossing obstacles.
Bottle mass, but not size, was found to decrease gait performance and increase fall risk.
Keywords: ﬁreﬁghting; gait performance; ground reaction force; obstacle crossing; self-contained breathing
apparatus

Introduction
One of the leading causes of traumatic injuries among
ﬁreﬁghters in the United States is falls and loss of
balance on the ﬁre ground. These events lead to over
11,000 injuries per year or more than 25% of all ﬁre
ground injuries (Karter 2003, Karter and Molis 2008).
Accidents due to falls typically account for the longest
work absences for ﬁreﬁghters (Heineman et al. 1989,
Cloutier and Champoux 2000, Ault 2002). In 2003,
a study determined that the mean total worker’s
compensation claim per slip, trip or fall injury was
$8662, which is well above the mean of all claims –
$5168 (Walton et al. 2003). Thus, slip, trip and fall
injuries are not only one of the most common, but also
one of the most costly on the ﬁre ground.
Fireﬁghter stability and balance on the ﬁre ground
can be inﬂuenced by their ﬁre-protective clothing
system (Punakallio et al. 2003, Sobeih et al. 2006).
This clothing system typically consists of personal
protective equipment (PPE) such as a coat, trousers,
boots, hood, gloves and helmet. When ﬁreﬁghters enter
an environment that may be immediately dangerous to
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life and health, the PPE also includes a selfcontained breathing apparatus (SCBA) that provides
an external air supply. Fireﬁghters are expected to
wear their SCBA at each ﬁre (more than 1.5 million
ﬁres occurred in the USA in 2007 (Karter and Molis
2008)) and at investigations (smoke, odour, CO, false
alarms). The typical components of a SCBA are a
back-mounted frame, air bottle, gauges, regulators and
a face piece.
Wearing PPE with SCBA has been found to
negatively impact physical performance and balance
(Louhevaara et al. 1985, Kong et al. 2010). The
addition of the SCBA has been shown to increase
fatigue (Louhevaara et al. 1985), reduce maximal
exercising time and maximal inclined walking speed
(Louhevaara et al. 1995) and decrease postural and
functional balance (Punakallio et al. 2003). Heineman
et al. (1989) found that continual use of SCBA was
signiﬁcantly associated with fall occurrences among
ﬁreﬁghters. It is not known, however, how speciﬁc
aspects of the SCBA, such as the mass and size,
contribute to balance and fall-related problems
(Heineman et al. 1989).
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Fire departments generally struggle with the type
of air bottle to choose, balancing expense with mass
and size. Newer lightweight and compact air bottles
made from composite materials have a higher cost of
ownership (due to the more rigorous testing and rapid
replacement schedules); however, older and less costly
low pressure steel or aluminium designs are heavier
and larger. The goal of this study was to examine
whether the reduced mass and size of these composite
bottles signiﬁcantly improves mobility and reduces
slip, trip and/or fall risk, thus potentially compensating
for their increased cost.
Gait stability has been found to be inﬂuenced by
the weight of an externally carried load (Tilbury-Davis
and Hooper 1999, Birrell et al. 2007). In general,
studies on gait and load carriage have shown that
walking velocity decreases and double support time
increases when individuals carry heavier loads (Singh
and Koh 2009). To date, the inﬂuence of particular
air bottle mass and conﬁguration on ﬁreﬁghter gait
performance has not been addressed. Based on past
research, it is expected that increasing the mass of the
air bottle would lead to a decrease in gait performance
(Tilbury-Davis and Hooper 1999, Lloyd and Cooke
2000, Birrell et al. 2007). Thus, the ﬁrst objective of this
study was to examine the eﬀect of diﬀerent bottle
masses on ﬁreﬁghter gait performance.
Reducing bottle size generally decreases the mass of
the bottle, but it also may result in a shift in the
magnitude and location of the centre of mass (CoM)
of the whole body, which may lead to improved gait
behaviour. Lowering the CoM of an external load
decreases the moment arm from the load to the hip
joint or moment of inertia about the hip joint, which in
turn may reduce hip joint resistive moment. Inverse
dynamic analysis has shown that greater hip joint
moments result in higher ground reaction forces
(GRFs) (Winter 2005). It has been hypothesised that
lowering the CoM of an external load might lead to
reduced GRF. However, to the present authors’
knowledge, there have been no studies showing how
changes in the CoM of a carried load aﬀects kinetic
and kinematic parameters during gait. Therefore, the
second objective of the present study was to explore
the eﬀects of diﬀerent bottle sizes on ﬁreﬁghter gait
performance.
Two challenging gait conditions that could negatively aﬀect ﬁreﬁghter gait performance are walking at
a fast speed and walking over obstacles. Prior research
has investigated slip and fall risk of ﬁreﬁghters during
walking on a slippery surface (Punakallio et al. 2005),
showing that slip risk increased with walking speed.
However, crossing or moving over objects is one of the
most common origins of slip, trip and fall injury on the
ﬁre ground (Karter 2003). A decline in the ability to
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avoid obstacles may result in increased fall risk (Chou
et al. 2004, Weerdesteyn et al. 2005). It is unknown
how the SCBA air bottle conﬁguration aﬀects a
ﬁreﬁghter’s obstacle-crossing ability and fall risk.
Therefore, the purpose of this study was to explore
the eﬀects of diﬀerent bottle conﬁgurations (bottle
mass and size) on gait performance, as assessed by
kinetic and kinematic gait parameters, while walking
over obstacles and at diﬀerent walking speeds. It was
expected that reductions in mass and size of the air
bottle would improve gait performance, reduce
likelihood of slips and trips and reduce fall risk.
Methods
Participants
A total of 24 young male ﬁreﬁghters participated in
this study (mean age 26 + 5 years, height
177 + 8 cm, weight 86 + 19 kg and 5.6 + 4.3 years
(range 1–14 years) of ﬁreﬁghter experience). In total,
90% classiﬁed themselves as a volunteer and 10% as a
career. Since there were only two career ﬁreﬁghters
among the subjects, all analyses were performed for all
ﬁreﬁghters combined. No subjects reported any
previous history of balance and gait impairments,
neurological disease or vision problems. Each subject
signed an informed consent form approved by the
university Institutional Review Board. All subjects
completed the experiment successfully, but kinetic
data from two subjects were not included in the
analysis due to technical problems.
Air bottle conﬁgurations
Four 30-min air bottles were tested (Figure 1). The
aluminium (AL) bottle (DOT# E6498–2216, Scott)

Figure 1. Air bottle dimensions (cm) and weights for
aluminium (AL), ﬁbreglass (FG), carbon ﬁbre (CF) and
redesigned (RD) bottles. Length dimensions are measured
from the pack attachment clip on the bottle regulator to the
tip of the bottle.
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represented a commonly used and commercially
available low pressure (2250 psi) design for a lifetime
cylinder that is heavy and large. The carbon ﬁbre (CF)
bottle (DOT# E10915–4500; The Luxfer Group,
Salford, UK) represented current and commercially
available light and small designs. However, these
bottles (and the associated reﬁlling infrastructure)
are typically more expensive, have limited service
lifetimes and require high pressure (4500 psi) compared to AL bottles. A high pressure ﬁbreglass (FG)
bottle (DOT# E8059–4500, ISI) with similar size as
the CF bottle was constructed to have the same mass
as the AL bottle, in order to examine the eﬀect of
mass only. To examine the eﬀect of CoM location, a
fourth ‘redesign’ (RD) bottle was constructed. The
RD bottle was made from a high pressure 60-min CF
bottle (DOT# E10915–4501; Luxfer) that was cut
such that the ﬁnal air volume and mass was similar to
the CF bottle. This design resulted in the lowering of
the RD bottle’s CoM location relative to the CF
bottle on the ﬁreﬁghter’s back by approximately
7.6 cm. Due to the larger diameter of the 60-min
bottle vs. the 30-min bottle, the CoM location moved
slightly posterior by approximately 2.6 cm. Thus, the
RD bottle provides a light, short design that sat lower
on the back. This redesign was selected as it would
require less retooling for air bottle manufacturers
since a 60-min diameter mandrel could be used to
create shorter bottles. This study used unpressurised
bottles due to safety issues. Since unpressurised
bottles have a signiﬁcantly reduced mass, the mass
for 30 min air (1.7 kg) was added into all four bottles.
Steel rods were used to supplement the missing air
weight (and added weight for the FG bottle). For
each bottle, a rod of uniform cross section was
screwed into the valve end of the bottle and aligned
along the centre line of the cylinder.

using a 1.5 cm diameter polyvinylchloride pipe to
create a stick-ﬁgure frame that would fall away if
contacted to reduce the likelihood of falls during the
study (Ramachandran et al. 2007). Two trials for each
walking speed and obstacle condition were performed.
Bottle conﬁguration order was randomised. However,
within each bottle conﬁguration, obstacle condition
order was always presented as no obstacle, 10 cm
obstacle and 30 cm obstacle. For the same obstacle
condition, normal speed was presented ﬁrst and then
fast speed. For each condition, practice trials were
given to familiarise subjects with the various gait
tasks (diﬀerent speed and obstacle conditions). The
starting position during practice trials was adjusted
without the subject’s knowledge so that, for the noobstacle condition, one foot cleanly contacted the
force plate during the natural course of gait. For the
obstacle condition, the starting position was adjusted
such that the trailing foot cleanly landed on the force
plate. GRF data were sampled at 1000 Hz. Each
subject wore his own bunker coat, trousers and boots
assigned and ﬁtted by his home department. Helmet
(Lite Force Plus; Morning Pride) and SCBA pack
(50i SCBA; Scott) were provided (Figure 2). The SCBA

Experimental procedure
The participants walked along a 9.8 m walkway
embedded with a 60 6 90 cm2 force plate (BP600900;
AMTI). Subjects wore PPE with one of four SCBA
bottles. The subjects were instructed to walk at either of
two speeds (normal ‘walk at a comfortable pace’ or fast
‘walk as fast as possible without running’) and in
obstacle trials step over the obstacle in the path.
Three obstacle conditions were tested: no obstacle;
10 cm obstacle; 30 cm obstacle. The lower height
obstacle (10 cm) was representative of debris or a ﬁre
hose on the ﬁre ground. The 30 cm obstacle was
designed to simulate a challenging balance situation but
within the range that subjects were well able to walk
over (Rosengren et al. 1998). Both obstacles were 10 cm
in width and 113 cm in length and were constructed

Figure 2. Standard personal protective equipment
(PPE) with a self-contained breathing apparatus (SCBA).

Ergonomics
face piece and associated hose were not used during
the experiment.
Kinematic data were recorded from a six-camera
motion capture system (Datastation 460; Vicon Motion Systems, Oxford, UK) at a sampling frequency of
100 Hz. A total of 35 markers were attached to the
PPE, helmet, SCBA pack and bottle; however, only the
heel and toe markers on the boot and the anterior
superior iliac spine markers on left and right sides were
used for this analysis. To recognise obstacle position, a
marker was attached to each of the top corners of the
obstacle.
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Data analysis
Six kinematic parameters were collected using similar
procedures as in Ramachandran et al. (2007): overall
gait speed (GS), time in single leg support while
crossing the obstacle, anterior–posterior clearance
from the obstacle of the trailing toe and leading
heel (HCL) at the time of the heel strike of the
respective foot, and minimum vertical clearance of the
trailing (VCT) and leading (VCL) foot. Overall GS
was calculated using temporal data for the midpoint
of the anterior superior iliac spine markers on left and
right sides over a distance of 3.5 m on the walkway.
Single leg support time (SLST) was deﬁned as the
time period that the trailing limb was in single leg
support while crossing the obstacle. For the noobstacle trials, SLST was estimated using the
comparable foot placement steps near the obstacle
position in the obstacle trials. The horizontal clearance for the trailing toe (HCT) was determined as the
distance between the obstacle front and the toe
marker on the trailing limb at the instant of the
heel strike of the trailing foot. HCL was the distance
between the obstacle back and the leading heel at the
instant of heel strike of the leading foot. VCL and
VCT were determined from the minimum distance
out of four measurement combinations related to the
front or back top edge of the obstacle and the toe or
heel of the given foot.
Kinetic gait data consisted of GRF parameters of
peak magnitude and impulse. These parameters
provide insight into the mechanics of gait and forces
acting on the foot (Barela et al. 2006, Birrell et al.
2007, Barela and Duarte 2008). These parameters
were calculated either for the trailing foot during
obstacle crossing trials or the foot that landed
cleanly on the force plate during the no-obstacle
trials. GRF peak magnitude and impulse were analysed for the anterior–posterior, lateral and vertical
directions. From the anterior–posterior and vertical
GRF data, total peak force and total impulse over
the entire gait cycle and also peak force and impulse

885

during both early and late stance were calculated.
Impulse is the integral of contact force with regard to
time:
Z
I ¼ Fdt;
ð1Þ
where I is impulse, F is the contact force and t is
time. Therefore, impulse provides insight into the
eﬀect of both the magnitude of GRF as well as the
duration of foot contact time. Both GRF peak
magnitude and impulse parameters were normalised
by subject’s body weight (mass of subject
(kg) 6 9.81 (m/s2)).
The diﬀerentiation between early and late stance
was deﬁned from the breaking (heel-strike) and
propulsion (toe-oﬀ) portions of the anterior–
posterior and the vertical GRF curve, respectively
(Figures 3 and 4). The anterior–posterior GRF
curve was divided into early and late stances based
on the crossover time that force changes from the
anterior to posterior direction. In the vertical GRF,
early and late stances were determined based on the
local minimum of the data. Since there were no
distinct points to determine early and late stance for
the lateral GRF, only total peak force and total
impulse were recorded for the lateral GRF
(Figure 5). Both kinematic and kinetic data used
for the analysis were ﬁltered using a forward–
backward fourth-order Butterworth ﬁlter with cutoﬀ frequencies of 9 Hz for the kinematic data and
8 Hz for the kinetic data.

Figure 3. Kinetic gait parameters for vertical ground
reaction force (GRF) normalised by body weight (BW).
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Kinematic parameters

Figure 4. Kinetic gait parameters for anterior–posterior
ground reaction force (GRF) normalised by body weight
(BW). (Data used for this ﬁgure were the no-obstacle
trials at normal speed of one subject.) AL ¼ aluminium;
RD ¼ redesigned.

Figure 5. Kinetic gait parameters for lateral ground
reaction force (GRF) normalised by body weight (BW).

Statistical analysis
Statistical analyses of all outcome parameters were
averaged over two trials per condition. Repeatedmeasures multivariate ANOVA (MANOVA) tests
examined whether bottle conﬁguration, obstacle height
and walking speed aﬀected the kinetic and kinematic
parameters. Signiﬁcance was determined at a ¼ 0.05.
LSD post-hoc analyses were used to compare diﬀerences among signiﬁcant treatments. Statistical analyses
were run on SPSS (v15; SPSS Inc., Chicago, IL, USA).

The bottle mass, but not size, was found to aﬀect
kinematic parameters (Table 1). The MANOVA tests
on kinematic parameters indicated a signiﬁcant main
eﬀect for bottle conﬁguration on HCL (p ¼ 0.047) and
a signiﬁcant interaction eﬀect for bottle 6 obstacle
height for VCL (p ¼ 0.034) (Table 1). Post-hoc tests
revealed that the lighter CF bottle resulted in
signiﬁcantly longer HCL than the heavier FG bottle.
The interaction eﬀect on VCL indicated that subjects
wearing all bottles except the RD cylinder had
signiﬁcantly lowered VCL when crossing the higher
obstacle (30 cm) than the lower one (10 cm). When
participants wore the heavy and large AL bottle, they
exhibited the greatest diﬀerence between the two
obstacle heights (e.g. VCL was 15.8 + 0.7 cm vs.
12.5 + 0.8 cm for 10 cm vs. 30 cm obstacle height).
Overall GS and single leg stance time during obstacle
crossing were not signiﬁcantly inﬂuenced by bottle
conﬁguration. No signiﬁcant interactions between
instructed walking speed and bottle conﬁguration were
found. Main eﬀects of instructed walking speed and
obstacle height statistically aﬀected (p 5 0.05) all gait
parameters except vertical clearances (Table 1).
Signiﬁcant interactions between instructed walking
speed and obstacle height were found for GS, VCT and
VCL (p  0.001).
In total, 10 subjects (42%) hit the 30 cm obstacle
during the crossing step while wearing one of the
heavier bottles (AL, FG). Seven of these subjects
contacted the obstacle during both normal walking
speed trials. Three of these seven also hit the obstacle
during fast walking. Overall, the 30 cm obstacle was
contacted in 28 out of 384 trials (14%). Contact
occurrence was even distributed between normal and
fast speeds (14 trials each). On the other hand, no
obstacle contact was observed for lighter bottles
(CF, RD). All obstacle contacts were made by the
trailing foot. The 10 cm obstacle was not contacted
during any condition.
Kinetic parameters
Similar to the kinematic results, bottle mass
signiﬁcantly aﬀected kinetic parameters, whereas
bottle size did not. The MANOVA on the kinetic
parameters revealed that bottle conﬁguration
had signiﬁcant main eﬀects on anterior–posterior peak
force and impulse and vertical peak force in both
early and late stance (Figures 6, 7 and 8, Table 2).
Obstacle height signiﬁcantly aﬀected all kinetic
parameters (p 5 0.001) such that all increased with
increasing obstacle height. Fast walking speed

Kinematic gait parameters.

AL (C)
1.56 (0.03)
0.57 (0.02)
19.6 (0.7)
28.0 (0.8)
17.4 (1.2)
14.2 (0.6)

RD (B)
1.55 (0.03)
0.59 (0.02)
20.2 (0.9)
28.2 (0.7)
18.5 (0.9)
14.2 (0.6)

CF (A)
1.56 (0.03)
0.56 (0.02)
19.5 (1.0)
28.7D (0.7)
17.7 (0.6)
14.5 (0.6)

Bottle

1.53 (0.03)
0.56 (0.02)
19.8 (0.9)
26.7A (0.9)
17.7 (1.1)
14.6 (0.7)

FG (D)
1.61 (0.03)
0.44FG (0.01)
NA

FG

0 cm (E)
1.56 (0.03)
0.58EG (0.02)
17.8G (0.9)
27.2G (0.7)
18.2 (0.7)
15.5G (0.6)

EG

10 cm (F)

Obstacle

1.48 (0.03)
0.69EF (0.02)
21.7F (0.8)
28.6F (0.7)
17.5 (1.2)
13.3F (0.6)

EF

30 cm (G)

1.29 (0.02)
0.60J (0.02)
17.6J (0.8)
24.4J (0.6)
18.3 (1.1)
14.3 (0.5)

J

Normal (H)

Fast (J)
1.81H (0.04)
0.54H (0.02)
21.9H (0.9)
31.4H (0.9)
17.4 (0.7)
14.4 (0.7)

Speed

CF ¼ carbon ﬁbre; RD ¼ redesigned; AL ¼ aluminium; FG ¼ ﬁbreglass; HCT horizontal clearance for trailing toe; HCL ¼ leading heel clearance; VCT ¼ vertical clearance of trailing foot;
VCL ¼ vertical clearance of leading foot.
Note: Values represent mean (SE). A superscript letter denotes signiﬁcant diﬀerence from indicated condition (p 5 0.05).

Overall gait speed (m/s)
Single leg support time (sec)
Horizontal clearance (cm) HCT
HCL
Vertical clearance (cm)
VCT
VCL

Parameter

Table 1.
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Figure 6. Anterior–posterior peak force at early and
late stance. Error bars are based on pooled within cell
variance. Capital letters denote signiﬁcant diﬀerence from
indicated bottle conﬁguration (carbon ﬁbre (CF), redesigned
(RD), aluminium (AL) and ﬁbreglass (FG)) (p 5 0.05).
BW ¼ body weight.

Figure 7. Vertical peak forces at early and late stance.
AL ¼ aluminium; FG ¼ ﬁbreglass; CF ¼ carbon ﬁbre;
RD ¼ redesigned; BW ¼ body weight.

signiﬁcantly led to greater anterior–posterior and
vertical peak GRF (p 5 0.005). In contrast, anterior–
posterior and vertical impulse signiﬁcantly decreased
(p 5 0.005) with increasing walking speed except
anterior–posterior impulse at early stance.
Bottle 6 obstacle interaction eﬀects were also found
for anterior–posterior peak force and impulse at early
stance, such that peak force and impulse increased with
obstacle height and FG, followed by AL, had the
greatest rate of increase. There were no signiﬁcant
diﬀerences in medial–lateral peak force and impulse
due to bottle conﬁguration. No signiﬁcant eﬀects on
any kinetic parameters were found between the bottle
conditions that had the same mass but diﬀerent

0.342D (0.02)
0.362C (0.021)
0.062D (0.004)
0.055CD (0.003)
0.386D (0.023)
0.117CD (0.007)
1.67C (0.09)
1.56CD (0.06)
0.41 (0.03)
0.41 (0.03)
1.71CD (0.09)
0.82 (0.06)

0.347D (0.028)
0.365CD (0.026)
0.062D (0.005)
0.059CD (0.004)
0.39CD (0.028)
0.116CD (0.008)
1.66CD (0.09)
1.59CD (0.08)
0.38 (0.01)
0.38 (0.02)
1.72CD (0.09)
0.76 (0.03)
0.359 (0.026)
0.381AB (0.027)
0.063D (0.004)
0.059AB (0.004)
0.404A (0.031)
0.121AB (0.008)
1.75AB (0.1)
1.64AB (0.07)
0.4 (0.02)
0.39 (0.01)
1.79AB (0.1)
0.79 (0.03)

0.363AB (0.028)
0.381A (0.028)
0.066ABC (0.005)
0.057AB (0.003)
0.404AB (0.029)
0.123AB (0.008)
1.71A (0.1)
1.65AB (0.08)
0.4 (0.01)
0.4 (0.02)
1.78AB (0.09)
0.80 (0.03)

FG (D)

0.288FG (0.025)
0.309FG (0.024)
0.044FG (0.003)
0.043FG (0.003)
0.322FG (0.026)
0.087FG (0.007)
1.58FG (0.08)
1.49FG (0.07)
0.36G (0.02)
0.33G (0.02)
1.63FG (0.09)
0.70G (0.04)

0 cm (E)

0.35EG (0.023)
0.394EG (0.026)
0.061EG (0.004)
0.057EG (0.004)
0.414EG (0.027)
0.119EG (0.008)
1.71EG (0.09)
1.61EG (0.06)
0.4G (0.02)
0.37G (0.01)
1.76EG (0.09)
0.77G (0.03)

10 cm (F)

Obstacle

0.42EF (0.029)
0.415EF (0.028)
0.083EF (0.006)
0.069EF (0.004)
0.453EF (0.031)
0.152EF (0.01)
1.8EF (0.1)
1.73EF (0.08)
0.44EF (0.02)
0.48EF (0.02)
1.85EF (0.1)
0.91EF (0.03)

30 cm (G)

0.296J (0.024)
0.341J (0.026)
0.062 (0.004)
0.059J (0.004)
0.351J (0.027)
0.121 (0.008)
1.55J (0.09)
1.56J (0.08)
0.43J (0.02)
0.47J (0.02)
1.61J (0.09)
0.89J (0.04)

Normal (H)

Fast (J)
0.409H (0.027)
0.403H (0.025)
0.064 (0.005)
0.054H (0.003)
0.441H (0.029)
0.118 (0.008)
1.84H (0.1)
1.66H (0.07)
0.37H (0.02)
0.32H (0.01)
1.89H (0.1)
0.69H (0.03)

Speed

CF ¼ carbon ﬁbre; RD ¼ redesigned; AL ¼ aluminium; FG ¼ ﬁbreglass.
Note: Values represent mean (standard error). Ground reaction force (GRF) peak and impulse values are normalised by body weight. A superscript letter denotes signiﬁcant diﬀerence from
indicated condition (p 5 0.05).

GRF Anterior– Early peak
Late peak
Posterior
Early impulse
Late impulse
Total peak
Total impulse
GRF Vertical Early peak
Late peak
Early impulse
Late impulse
Total peak
Total impulse

RD (B)

Discussion

CF (A)

AL (C)

conﬁguration. No signiﬁcant interaction eﬀects between walking speed and bottle conﬁguration were
found for any kinetic parameter. Signiﬁcant interactions between instructed walking speed and obstacle
height were found for anterior–posterior peak force
and impulse at early stance (p  0.02).
Peak GRFs in both the anterior–posterior and
vertical directions were greater for the heavier bottles
(AL, FG) (Figures 6 and 7). Signiﬁcant diﬀerences in
early and late stance vertical peak forces were found
between the lightweight bottles (CF, RD) and the
heavier and larger AL bottle (p 5 0.001). Early, late
and total maximum anterior–posterior peak force
increased with increasing bottle mass, speed and
obstacle height (p 5 0.039, Table 2). Late stance
anterior–posterior impulses of the heavier bottles
(AL, FG) were signiﬁcantly greater than the lighter
bottles (CF, RD) (p 5 0.001, Figure 8).
Bottle

Figure 8. Anterior–posterior impulse normalised by body
weight (BW) at early and late stance. FG ¼ ﬁbreglass;
AL ¼ aluminium; CF ¼ carbon ﬁbre; RD ¼ redesigned.

Parameter

Kinetic gait parameters.

In this study, kinematic and kinetic gait parameters
were examined to explore the eﬀect of ﬁreﬁghter SCBA
bottle conﬁguration (bottle mass and size) on gait
performance while walking over obstacles and at
diﬀerent walking speeds. It was hypothesised that
reductions in mass and size of the air bottle would
improve gait performance, which in turn may lead to a
reduced likelihood of slips and trips and reduced fall
risk. The clearest ﬁnding from this study was that gait
performance of ﬁreﬁghters was strongly inﬂuenced by
the mass of their SCBA air bottle. In particular, use of
the heavier bottles (AL, FG) resulted in reduced
obstacle clearance, with occasional obstacle contact,
and larger vertical and anterior–posterior peak forces
and impulses when compared with the lighter bottles
(CF, RD).

Table 2.
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Kinematic analysis
One of the most striking results was that 10 out of 24
subjects (42%) hit the taller (30 cm) obstacle with their
trailing foot at least once while wearing a heavier
bottle (AL, FG). None of the subjects made contact
with the obstacle while carrying the lightweight bottles.
In addition, a signiﬁcant bottle 6 obstacle interaction
eﬀect for VCL (p ¼ 0.034) also suggested that VCL
was smallest while wearing the heavier AL bottle and
crossing the 30 cm obstacle (VCL ¼ 12.5 + 0.8 cm).
The mean VCL for the 30 cm obstacle was smaller
than for the 10 cm obstacle (13.3 cm vs. 15.5 cm).
Instructed walking speed (normal, fast) had no eﬀect
on vertical clearance or likelihood of contacting the
obstacle. Although obstacle contact only occurred with
the trailing foot, no statistical diﬀerence in VCT was
found with regard to bottle conﬁguration (p 4 0.05);
however, non-signiﬁcant trends suggest that use of
heavier bottles was associated with smaller clearances
and greater variability in VCT (Table 1). Thus, during
trials with heavier bottles, subjects may have held their
trailing foot slightly lower and with less control than
with lighter bottles. Another potential explanation for
why VCL showed a signiﬁcant interaction eﬀect and
VCT did not may be attributed to the presence of
visual feedback to assist in controlling the location of
the lead foot. Subjects could look at their leading
limb when crossing over the obstacle, so they would be
able to adjust their lead leg clearances more eﬀectively
than their trailing limb. Since they must move their
trailing limb without any visual information, subjects
tended to lift their trailing limb higher but with less
control, such that the mean values and standard errors
were greater for VCT than VCL (Table 1). These
ﬁndings are important because they suggest that
carrying a heavier bottle may place a ﬁreﬁghter at
greater risk for a trip and a fall, particularly when
crossing over challenging obstacles.
Kinetic analysis
Signiﬁcant diﬀerences in both anterior–posterior and
vertical peak forces were found between the lighter
bottles (CF, RD) and the heavier bottles (AL, FG)
(Figures 6 and 7, Table 2). Wearing the heavier
bottles (AL, FG) resulted in a 4.8% greater anterior–
posterior peak GRF at both early and late stance
compared with the lighter bottles (CF, RD). Similarly,
greater vertical peak GRFs were noted with the heavier
bottles (AL, FG) than the lighter bottles (CF, RD).
Participants wearing the heavier bottles produced an
increase in vertical peak GRF by 3.9% at early
stance and 4.4% at late stance. Increased walking
speed also resulted in greater anterior–posterior and
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vertical peak forces (Table 2). Medial–lateral GRF
parameters, however, were not signiﬁcantly aﬀected by
bottle mass, a ﬁnding that is supported by previous
studies (Kinoshita 1985, Lloyd and Cooke 2000). The
present results support previous load-carriage studies
reporting that vertical and anterior–posterior GRF
increased proportionally with increased carrying
load weight (Kinoshita 1985, Lloyd and Cooke 2000,
Birrell et al. 2007). As a side study, kinetic parameters
were also normalised by the combination of subject
weight plus bottle weight. No signiﬁcant diﬀerences
due to bottle conﬁguration were found for these
parameters. These results support that the observed
diﬀerences in peak GRF and impulse when
normalised only by body weight were due to the
addition of bottle mass.
The larger peak forces due to increased bottle mass
could be a cause of concern for increased risk for
slipping and lower limb injury. Previous studies have
reported that the magnitude of anterior–posterior
force at heel contact increases with higher heel contact
velocity, which was considered to increase the risk
of slip-induced falls (Perkins and Wilson 1983, Mills
and Barrett 2001). Others have reported that a slip
would initiate whenever the anterior–posterior force
was greater than the frictional force (Hanson et al.
1999, Lockhart and Kim 2006). It was noted that,
during early stance, larger anterior-directed forces
were found for heavier bottles. Similarly, during late
stance, larger posterior-directed forces were found.
Given the wet and slippery environment of the ﬁre
ground, these larger horizontal forces could put the
ﬁreﬁghter wearing a heavier SCBA at greater risk for
either a backward slip during early stance or a forward
slip during late stance. Further, excessive GRFs,
especially vertically directed, are a major risk factor for
musculoskeletal (overuse) injuries to the lower
extremity (Cavanagh and Lafortune 1980, Birrell et al.
2007). Therefore, the larger peak vertical forces
associated with wearing heavier bottles may also put
ﬁreﬁghters at greater risk of lower extremity injuries.
Increase in bottle mass also resulted in larger
anterior–posterior impulse at both early and late
stance (Figure 8). Moreover, a signiﬁcant diﬀerence
between AL and FG bottles in early stance was
observed. The magnitude of the impulse will be greater
due to an increase in the duration of the foot contact as
well as an increase in GRF. Since there was no
signiﬁcant diﬀerence of anterior–posterior peak force
in early stance between AL and FG bottles, this
diﬀerence in impulse might be due to longer time in
early stance. Longer early stance time when wearing
the FG bottle might be due to subjects’ unfamiliarity
with the FG bottle, which was artiﬁcially constructed
for the current study to have the same mass as the
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AL bottle. Unexpected longer time in early stance
might be associated with diﬃculty in braking their
foot. Recognising that the majority of falls occur
during the heel contact phase of gait cycle (Hanson
et al. 1999, Lockhart and Kim 2006), insuﬃcient
control of foot braking might be related to increased
fall risk.
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Conclusions
In conclusion, increasing load carriage weight from
heavier SCBA air bottles resulted in reduced gait
performance. That is, when the ﬁreﬁghters were
wearing the heavier bottles, they exhibited a greater
likelihood of contacting a tall and challenging obstacle,
reduced obstacle clearance and greater forces between
the trailing foot and ground while crossing an obstacle.
Increasing obstacle height and walking speed also
increased both anterior–posterior and vertical peak
forces.
No signiﬁcant diﬀerences were found in the
measured gait parameters between CF and RD bottles,
which have the same weight but diﬀerent bottle size.
These results suggest that reducing the bottle height,
which lowered the location of CoM, had little eﬀect on
the gait parameters when compared with a commercially available lightweight bottle (CF). However, the
shorter bottle (RD) may have an advantage when a
ﬁreﬁghter confronts an overhanging obstacle. When a
ﬁreﬁghter tries to avoid an overhanging obstacle by
lowering the head and upper body, the shorter length
of the RD bottle may make it less likely to hit an
overhanging obstacle. Further study is necessary to
determine if there is additional merit in developing a
short and lightweight SCBA bottle.
An important implication of this study is that
ﬁreﬁghters need to be cognisant of how their PPE
may aﬀect their gait performance, especially in
challenging environments. At the same time, these
results should be considered when ﬁre departments
make future PPE purchasing decisions. Carrying a
heavier SCBA may increase the risk of tripping over
obstacles (as shown by the increased obstacle contacts
and smaller obstacle clearances) and place ﬁreﬁghters
at greater risk for slipping on wet or icy surfaces (due
to larger contact forces). This could potentially result
in one of the most common and costly injuries on the
ﬁre ground.
Acknowledgements
Support was provided by an Illinois Homeland Security
Research Center Seed Grant and the US Department of
Homeland Security (Grant # EMW-2006-FP-02459). The
authors thank Seiji Naito for testing assistance and Jason
Thomas for bottle construction.

References
Ault, R., 2002. Assessing the need for footwear with
protective toecaps for wildland ﬁre operations in Alberta.
Advantage, 3 (36), 1–8.
Barela, A.M.F. and Duarte, M., 2008. Biomechanical
characteristics of elderly individuals walking on land and
in water. Journal of Electromyography and Kinesiology,
18 (3), 446–454.
Barela, A.M.F., Stolf, S.F., and Duarte, M., 2006.
Biomechanical characteristics of adults walking in
shallow water and on land. Journal of Electromyography
and Kinesiology, 16 (3), 250–256.
Birrell, S.A., Hooper, R.H., and Haslam, R.A., 2007. The
eﬀect of military load carriage on ground reaction forces.
Gait & Posture, 26 (4), 611–614.
Cavanagh, P.R. and Lafortune, M.A., 1980. Ground
reaction forces in distance running. Journal of
Biomechanics, 13 (5), 397–406.
Chou, L.S., et al., 2004. Dynamic instability during obstacle
crossing following traumatic brain injury. Gait Posture,
20 (3), 245–254.
Cloutier, E. and Champoux, D., 2000. Injury risk proﬁle and
aging among Quebec ﬁreﬁghters. International Journal of
Industrial Ergonomics, 25 (5), 513–523.
Hanson, J.P., Redfern, M.S., and Mazumdar, M., 1999.
Predicting slips and falls considering required and
available friction. Ergonomics, 42 (12), 1619–1633.
Heineman, E.F., Shy, C.M., and Checkoway, H., 1989.
Injuries on the ﬁreground: risk factors for traumatic
injuries among professional ﬁre ﬁghters. American
Journal of Industrial Medicine, 15 (3), 267–282.
Karter, M.J., 2003. Patterns of ﬁreﬁghter ﬁreground injuries
(#USS02). Quincy, Massachusetts: National Fire
Protection Association.
Karter, M.J. and Molis, J.L., 2008. Fireﬁghter injuries for
2007. NFPA Journal, (102), 46.
Kinoshita, H., 1985. Eﬀects of diﬀerent loads and carrying
systems on selected biomechanical parameters describing
walking gait. Ergonomics, 28 (9), 1347–1362.
Kong, P.W., 2010. Eﬀect of fatigue and hypohydration on
gait characteristics during treadmill exercise in the heat
while wearing ﬁreﬁghter thermal protective clothing. Gait
& Posture, 31 (2), 284–288.
Lloyd, R. and Cooke, C.B., 2000. Kinetic changes associated
with load carriage using two rucksack designs.
Ergonomics, 43 (9), 1331–1341.
Lockhart, T.E. and Kim, S., 2006. Relationship between
hamstring activation rate and heel contact velocity:
Factors inﬂuencing age-related slip-induced falls. Gait &
Posture, 24 (1), 23–34.
Louhevaara, V., et al., 1985. Eﬀects of an SCBA on breathing
pattern, gas exchange, and heart rate during exercise.
Journal of Occupational Medicine, 27 (3), 213–216.
Louhevaara, V., et al., 1995. Maximal physical work
performance with European standard based ﬁreprotective clothing system and equipment in relation to
individual characteristics. European Journal of Applied
Physiology and Occupational Physiology, 71 (2–3), 223–
229.
Mills, P.M. and Barrett, R.S., 2001. Swing phase mechanics
of healthy young and elderly men. Human Movement
Science, 20 (4–5), 427–446.
Perkins, P.J. and Wilson, M.P., 1983. Slip resistance testing
of shoes – new developments. Ergonomics, 26 (1), 73–82.

Ergonomics

Downloaded By: [Hur, Pilwon] At: 20:26 24 June 2010

Punakallio, A., Hirvonen, M., and Gronqvist, R., 2005. Slip
and fall risk among ﬁreﬁghters in relation to balance,
muscular capacities and age. Safety Science, 43 (7), 455–
468.
Punakallio, A., Lusa, S., and Luukkonen, R., 2003.
Protective equipment aﬀects balance abilities diﬀerently
in younger and older ﬁreﬁghters. Aviation Space and
Environmental Medicine, 74 (11), 1151–1156.
Ramachandran, A.K., et al., 2007. Eﬀect of Tai Chi on gait
and obstacle crossing behaviors in middle-aged adults.
Gait Posture, 26 (2), 248–255.
Rosengren, K.S., McAuley, E., and Mihalko, S.L., 1998.
Gait adjustments in older adults: activity and eﬃcacy
inﬂuences. Psychology and Aging, 13 (3), 375–386.
Singh, T. and Koh, M., 2009. Eﬀects of backpack load
position on spatiotemporal parameters and trunk forward lean. Gait &. Posture, 29 (1), 49–53.

891

Sobeih, T.M., et al., 2006. Postural balance changes in onduty ﬁreﬁghters: eﬀect of gear and long work shifts.
Journal of Occupational and Environmental Medicine, 48
(1), 68–75.
Tilbury-Davis, D.C. and Hooper, R.H., 1999. The kinetic
and kinematic eﬀects of increasing load carriage upon
the lower limb. Human Movement Science, 18 (5), 693–
700.
Walton, S.M., et al., 2003. Cause, type, and workers’
compensation costs of injury to ﬁre ﬁghters. American
Journal of Industrial Medicine, 43 (4), 454–458.
Weerdesteyn, V., Nienhuis, B., and Duysens, J., 2005.
Advancing age progressively aﬀects obstacle avoidance
skills in the elderly. Human Movement Science, 24 (5–6),
865–880.
Winter, D.A., 2005. Biomechanics and motor control of human
movement. Hoboken, NJ: John Wiley & Sons.

