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ABSTRACT

Crawling is recommended for accessing breathable air and avoiding gases during severe fire evacuations. Few
studies have evaluated the physiological burden associated with crawling, but those that have agree that
crawling places high physiological demands on the body. Furthermore, with the exception of walking upright,
the effect of locomotion modalities on the speed of evacuation is sparsely researched. This study evaluated
distance, velocity, and the physiological costs of evacuating using different locomotion methods. Twenty-four
(24) college students (12 M/12F) traveled up to 91.44 m (m) in different postures: Upright Walking (UW), Stoop-
Walking (SW), Foot and Hand Crawling (FHC), Knee and Hand Crawling (KHC), and Low Crawling (LC).
Crawling velocities were significantly slower than bipedal velocities (p < 0.05). Of the three crawling postures,
FHC was faster (p < 0.05) than both KHC and LC. Average velocities for FHC, KHC, and LC were 1.20, 0.84, and
0.77 m/s (m/s), respectively. Velocities in all crawling postures decreased substantially after the first 9.14 m of
travel. The average maximum crawling distance measured in this study was < 76.2 m. Physiological results
demonstrated that crawling was more physically demanding than walking, represented by higher heart rates
(HR), rates of oxygen consumption (VO,), ventilation rates (Vy), and respiratory exchange ratios (RERs).
Crawling was perceived by subjects to be much more difficult than walking, with many subjects unable to
complete the 91.44 m course. Results of this study should be considered in the evaluation of current evacuation
recommendations and in the design of future evacuation routes.

1. Introduction

According to the National Fire Protection Association (NFPA)
(2015), most fatalities associated with fires are caused by smoke in-
halation rather than direct burns. An analysis of fire deaths between
2003 and 2007 suggested that more than 80% of fatalities were the
result of toxic and hot gas inhalation, resulting in respiratory tract
damage or asphyxia due to insufficient oxygen. As fire propagates in-
side a structure, it consumes most of the available oxygen and generates
hot toxic gases, which rise and begin to fill the habitable space from the
ceiling down. OSHA (2015) has defined breathing zone as an area “...
within a 25.4 cm (cm) radius of the worker’s nose and mouth.” The
deterioration of environmental conditions in terms of toxic gases, heat
and smoke, alters occupants breathing zones, potentially impeding
them from using normal bipedal locomotion to evacuate. In such cir-
cumstances, humans are forced to seek and adopt atypical locomotive
behaviors for survival.

The NFPA (2015) advises evacuees to avoid toxic gas inhalation and
access breathable air by crawling low under smoke during evacuation
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from severe fires. Staying low under smoke also provides evacuees with
improved vision to search for exit routes. A handful of previous studies
have considered crawling activities in an evacuation context (Cao et al.,
2014; Kady and Davis, 2009a,b; Muhdi et al., 2006; Nagai et al., 2006).
These studies agree that crawling causes a significant decrease in ve-
locity compared to walking. Muhdi et al. (2006) reported normal knee
and hand crawling speed at 0.71 m/s (m/s), and maximum knee and
hand crawling speed at 1.47 m/s. Nagai et al. (2006) reported average
individual knee and hand crawling speed at 0.73 m/s, which was sig-
nificantly slower than the upright walking speed (1.20 m/s) measured
in their study. With the exception of knee and hand crawling, no other
crawling techniques applicable to evacuation have been reported. Un-
derstanding the performance capabilities and limitations of various
locomotive techniques is critical for designing optimal evacuation
routes. Recent International Building Code (ICC) (2015) standards re-
quire that the distance to an exit should not exceed 76.2m (m) if a
sprinkler system is in place. However, there is no clear evidence that
humans can actually crawl such a distance. Accordingly, one purpose of
this study was to investigate the effects of different locomotive postures,
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required by breathing zone restrictions, on velocity and maximum
travel distance.

Similarly, limited research has examined the physiological effects of
atypical locomotion on evacuees. Previous studies that investigated
physiological demands of bipedal activities (walking, jogging or run-
ning) established that walking is much less physiologically demanding
than other bipedal locomotive techniques (Dill, 1965; Flynn et al.,
1994; Francis and Hoobler, 1986; Jones et al., 1984; Fudge et al.,
2007). Oxygen consumption rates (VO,) for walking in most previous
studies were reported at approximately 20 mL/(kg-min ") and average
heart rates (HR) measured approximately 100 bpm (Dill, 1965; Jones,
et al., 1984; Mattsson et al., 1997; Martin et al., 1992).

Literature also suggests that crawling results in significant physio-
logical demands as well as physical discomfort (Moss, 1934). Gallagher
et al. (2011) observed significant differences in locomotion perfor-
mance and physiological demands among stoop-walking, 2-point
crawling (only knees), and 4-point crawling (using knees and hands),
when moving in restricted spaces. Average HR for 4-point crawling
measured in their study was significantly higher than stoop-walking
and 2-point (knees only) crawling. A study entitled, “Metabolic Costs of
Stoop Walking and Crawling” performed by Morrissey et al. (1985)
demonstrated that as the task posture became more stooped, there were
marked increases in metabolic costs. A master’s thesis by Davis (2011)
entitled, “A Comparison of Physiological Effects of Traditional Walking
Locomotion to Crawling” measured the metabolic costs of walking and
knee and hand crawling activities. Davis (2011) conducted this study
on a treadmill and evaluated HR, VO,, ventilation rate (Vg) and the
rating of perceived exertion (RPE) for crawling and walking. Results
indicated that HR, VO, and Vg were all significantly (statistically and
practically) higher when crawling compared to walking. Quantifying
the physiological demands using different locomotive strategies during
evacuation provides a means to evaluate human evacuation perfor-
mance (e.g., how far are evacuees able to travel during emergency si-
tuations). Accordingly, a second purpose of this study was to investigate
the effects of different locomotive postures on physiological demands.

2. Methodology
2.1. Subjects

Twenty-four (24) subjects (12M/12F) were recruited from the
Auburn University, Alabama community. All subjects were free of
documented musculoskeletal injuries and cardiovascular diseases.
Subject (M/F) data included [mean (SD)]: age-years [25.67 (2.02)/24.5
(1.73)]; height-cm [177.75 (2.96)/164.33 (2.53)]; weight-kg [76.5
(3.12)/56.25 (3.91)]; and BMI [24.21 (0.6)/20.81 (1.03)]. The study
was approved by the Auburn University Institutional Review Board
(IRB) and all subjects provided written informed consent.

2.2. Equipment

A 91.44 m (slightly curved) concrete test track was established using
safety cones and barriers, on the third floor concourse of the Auburn
University Coliseum. The test track was marked every 9.14 m to detect
potential velocity changes. The start and finish lines were set 3.05m
from the beginning and the end of the track to control for any accel-
eration or deceleration effects. A digital video camera (Canon FS300)
was mounted on a wheeled cart which followed subjects to record their
movement. A COSMED K4b2 (COSMED, Rome, Italy) was used to
measure VO,, Vg, and respiratory exchange ratio (RER). The COSMED
K4b2 is a wireless, portable metabolic cart that allows accurate mea-
surement of VO,, Vg, and RER (Duffield et al., 2004; McLaughlin et al.,
2001). It is light-weight (~2.3kg) and may be easily transported and
operated. A Garmin Forerunner 110 (Garmin International, Inc.,
Olathe, Kansas) was used to continuously measure HR. The Garmin
Forerunner 110 provides one of the easiest and most accurate methods
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Fig. 1. Evacuation postures.

to track continuous heart rate in beats per minute. Subjects were re-
quired to wear knee pads, elbow pads, and gloves while performing the
crawling activities.

2.3. Procedure

After providing informed consent, each subject’s age, gender, height
and weight were recorded. Subjects were then instrumented with a
COSMED K4b2 unit and a HR monitor. The COSMED K4b2 was cali-
brated (room air, reference gas, turbine, and gas delay) prior to each
test. Subject resting VO, and resting heart rate (HR,cs) were recorded
before starting each trial. Each subject participated in five separate
trials (up to 91.44 m each) using five different postures including: (1)
Upright Walking (UW), (2) Stoop-Walking (SW), (3) Foot and Hand
Crawling (FHC), (4) Knee and Hand Crawling (KHC) and (5) Low
Crawling (LC) (Fig. 1). The five postures were assigned in randomized
order to negate potential order effects (i.e., learning and fatigue).
Subjects were provided an opportunity to familiarize themselves with
the study postures and equipment through completion of a 10-min pre-
experiment practice session. Participants were instructed to be well
rested, well hydrated, and caffeine free for at least 3 h prior to the ex-
periment. Subjects were instructed that all trials were simulating an
evacuation scenario and that they should complete the trials as rapidly
as possible while maintaining the tested postures.

The test track was 91.44m in length and divided into ten (10),
9.14m segments (Fig. 2). Subject travel time to pass each marked-
segment and segmental velocity was determined by reviewing the video
recordings captured during each trial. The reference for passing time
was when each subject’s entire body passed the line of each segment.
For the stooped walking posture, subjects were instructed to stoop
down while keeping a tennis ball attached to a handheld stick in contact
with the ground approximately 0.6 m directly in front of them. Subjects
were instructed to maintain this posture during the entirety of the stoop
walking trial.

During the experiment, an investigator closely followed each subject
while pushing a cart with a digital video camera mounted to record
each trial (Fig. 3). Subjects were asked to report their ‘whole body’
rating of perceived exertion (RPE) using Borg's perceived exertion scale
(0-10) (Borg, 1998) after each trial. Recorded videos were used to
determine intermediate times and velocities, as subjects passed over
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Fig. 2. Test track.

each track section. During each trial, subjects had the ability to stop
and/or request rest at any time. Subjects were provided sufficient rest
to ensure that their post-trial resting HR returned to within 10% of their
initial HR,s; between successive trials. All subjects performed the test
individually on the same day and no subject saw others performing the
test. Total experiment time for each subject was approximately 2.5h
including the time to put on experimental instruments (heart rate
monitor and portable metabolic system). Stopping criteria (Dwyer and
Davis, 2005) for the trials were: Onset of angina or angina-like symp-
toms; signs of poor perfusion: light-headedness, confusion, ataxia,
pallor, cyanosis, nausea, or cold and clammy skin; physical or verbal
manifestations of severe fatigue; injury; test equipment failure;
reaching 85% of subject age-adjusted HR,,x (220-age); or a trial ter-
mination request by the subject.

3. Statistical analysis

Statistical hypotheses were developed to determine differences in
‘Velocity’ (m/s), ‘Distance’ (m), ‘Heart Rate’ (bpm), ‘Volume of Oxygen
Consumption’ (mL/(kg-min_l)), ‘Ventilation Rate’ (L/min),
‘Respiratory Exchange Ratio’, and ‘Rating of Perceived Exertion’ among
the two walking (UW, SW) and three crawling (KHC, FHC, LC) postures.
Independent variables included the five postures and gender.
Dependent variables were time, distance, VO,, Vi, RER, HR, and RPE.

Potential differences in velocity, VO,, Vg, RER, HR and RPE across the
different postures were analyzed using analysis of variance (ANOVA).
Post-hoc tests were performed using Tukey’s Honestly Significant
Difference (HSD).

In this study, travel distances for different postures were treated as
censored data (subjects’ maximum travel distances were partially
known). Travel distance was analyzed using survival analysis with the
Kaplan-Meier estimator (Kaplan and Meier, 1958). Multivariate sur-
vival analyses were conducted using the Cox Proportional Hazards
method (Cox, 1972). Cox Proportional Hazards Method is the appro-
priate way to treat censored data. It is used to investigate the effect of
different variables upon the time a specified event takes to occur. In this
study, the event for the Cox Proportional Hazards Model was defined as
when the subjects’ stopped the trial. Type I error rates were set at 0.05
for all statistical tests.

4. Results

All twenty-four (24) subjects completed the 91.44 m UW and SW
trials. The average completion times for UW and SW were
49.75 = 11.05 and 52.38 + 11.52s, respectively. As expected, pos-
tures affected completion distance. Only one (1) male subject com-
pleted all three 91.44 m crawling (FHC, KHC, LC) trials. Table 1 sum-
marizes the number of completions (# of males/# of females) and

Fig. 3. Digital camera to record the entire trial.



L. Cao et al.

Table 1
Completed trials and average travel distances for different postures.
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Table 2
Results of Cox Proportional Hazards Regression Analysis.

uw SW FHC KHC LC
Completed the trial 24 24 1 2 1
(12M/12F) (12M/12F) (1M/OF) (2M/OF) (1M/OF)
Gave up voluntarily 0 0 12 10 9
(OM/OF) (OM/0OF) (7M/5F) (7M/3F) (6M/3F)
Reached 85% age- 0 0 11 12 14
adjusted HR;ax ~ (OM/OF) (0OM/0OF) (4M/7F) (3M/9F) (5M/9F)
Reached 70% age- 0 0 14 14 14
adjusted (OM/0F) (0M/0F) (6M/8F) (5M/9F) (5M/9F)
HRreserve
Average travel 91.44 91.44 45.784 55.75 52.60

distance (m) +19.06 +19.51 +17.22

average travel distances for different postures. Reasons for not com-
pleting the entire 91.44 m crawling trial in this study were voluntarily
giving up or reaching 85% of subject-specific age-predicted maximum
HR (220-age). Survival analysis indicated that only 4.17%, 8.33% and
16.67% of participants completed the 76.2 m distance to an exit for a
building enforced by the ICC for FHC, LC and KHC, respectively (Fig. 4).

Multivariate survival analyses using the Cox Proportional Hazards
method (Table 2) indicated that the FHC completion rate per unit dis-
tance was significantly lower than LC (p =.044, Hazard
Ratio = 1.841). No significant difference was detected between KHC
and LC (p = .425). Additionally, gender demonstrated a significant
decrease in trial completion distance (p < .001). Completion rate per
unit distance for females was significantly lower than the completion
rate for males (p < .001, Hazard Ratio = 16.95). Average crawling
completion distances (FHC, KHC, LC) for male subjects were more than
60.96 m, while average crawling completion distances for female sub-
jects were less than 45.72m (Fig. 5).

Results demonstrated that different postures affected velocities
(F4,88 = 132.71, p < .001). Walking was much faster than crawling.
Average UW speed in this study was measured at 1.93 + 0.43m/s and
average SW speed was measured at 1.84 = 0.45m/s. Velocities for all
three types of crawling were less than 1.22m/s. Gender exhibited a
significant effect on travel velocity (Fig. 6). Males moved faster than
females in UW (F;2,=52.87, p < .001), SW (F;22 = 17.70,
p < .001), FHC (F;2;=53.68, p < .001), KHC (F;22=57.59,
p < .001) and LC (F; 22 = 43.66,p < .001). Post-hoc Tukey HSD tests
showed that FHC speed was significantly faster than KHC (p < .05)
and LC (p < .05). KHC was significantly faster than LC (p < .05).

Product-Limit Survival Estimates

1.0 1 1

=
Lﬁu

0.6

Sunvival Probability

0.2

0.0

0 20 40 60

Meters
Type FHC KHC

Parameter Parameter Chi-square p Hazard ratio (95%
estimate Ccn

Gender, female 2.83 45.25 < 0.001 16.95

(7.43, 38.67)
Posture, FHC 0.61 4.03 0.04 1.84

(1.02, 3.34)
Posture, KHC —0.24 0.64 0.43 0.79

(0.44, 1.42)

Average FHC speed was measured at 1.20 + 0.29m/s. A post hoc
Tukey HSD test also indicated that there was no significant difference
between UW and SW (p > .05).

Velocities for all crawling postures decreased significantly after the
first 9.14 m of travel. Fig. 7 shows the average track segmental velo-
cities for different postures. Lines in the graph represent the track
segmental velocity and columns represent the number of subjects that
passed each segment.

Over the entire study, the average time that subjects were willing
and capable of crawling was less than 1 min. Results indicated that
postures had a significant effect on physiological demands. Average
heart rate (HR,y) was significantly affected by posture (F4 g5 = 115.41,
p < .001). During UW and SW, subject’s HR increased slightly as
walking commenced and never achieved 70% of their age-adjusted
HR,.x- Conversely, in the three crawling trials, HR, VO,, Vi and RER
dramatically increased soon after initiation of crawling. All subjects
reached 70% of their age-adjusted HR,,x during the crawling trials.
Most subjects reached 70% of age-adjusted HR,.x between 25s and
40s of crawling (Fig. 8). The American College of Sports Medicine
(ACSM) (2007) states: “During low-intensity physical activities, HR will
be below 50% of HR,.x; during moderate-intensity physical activity,
HR will be around 50-70% of HR,,»x; and during high-intensity physical
activity, HR will be around 70-85% of HRy,.x.” In this study, the test
was stopped immediately if the subject reached 85% of his/her age-
adjusted HR,x. ACSM has defined two stopping criteria for sub-
maximal tests. The first criterion is if subjects’ HR reaches 85% of their
age-adjusted HR,.x. The second criterion is if subjects reach 70% of
their age-adjusted heart rate reserve (HR eserve) (Dwyer and Davis,
2005). The average 70% of age-adjusted HRieserve Was calculated at
161.35 + 3.01 bpm, which was slightly lower than 85% of age-ad-
justed HR.x (165.68 = 1.64 bpm). Table 1 includes the number of

Fig. 4. Survival curve (completion rate) for

crawling postures.
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subjects that reached 85% of their age-adjusted HRy,ax and the number
of subjects that reached 70% of their age-adjusted HR eserve- Fig. 8 is an
example of a single subject’s HR responses in different postures. This
subject’s 70% age-adjusted HR cserve (162 bpm) and 85% age-adjusted
HRyax (168.3 bpm) are indicated in the figure.

Fig. 9 shows HR,,g by time based on the remaining subjects. A post
hoc Tukey HSD test indicated that HR,,; during FHC was significantly
higher than HR,,; during KHC (p < .05) and LC (p < .05). HR,yg
during KHC and LC were not significantly different (p > .05). HR,, for
UW and SW in this study were 92 bpm and 93 bpm, respectively, while
HR,yg for FHC, KHC and LC were 134 bpm, 128 bpm and 130 bpm,
respectively.

Posture also significantly affected the time that subjects required to
return to their resting HR (F4g5 = 93.54, p < .001). It took a sub-
stantially longer time (seconds) for subjects to return to their HR; e
after crawling [KHC (386), LC (415), FHC (556)] compared to
walking [UW (73), SW (11 5)]. A post hoc Tukey HSD test showed that
time to return to HR . after FHC was significantly longer than the time
to return to HR ¢ after KHC (p < .05) and LC (p < .05). On average,
it took subjects 9min and 165 to return to their HR,; after FHC. No
significant difference was detected between KHC and LC (p > .05).
Figs. 10 and 11 show VO, and Vg during different types of locomotion.
The average VO, and Vg for each time point in Figs. 10 and 11 were
based on the remaining subjects. Posture significantly affected VO,
(F4,33 =89.1,p < .001) and Vg (F4,88 =103.5,p < .001). VO, was
significantly higher during crawling than during walking (p < .05),
with Vg exhibiting a similar trend. On average, Vi during the FHC trials
was 51.12L/min higher than the UW trials. VO, during FHC was
28.10 mL/(kg-min~ ') higher than during the UW trials. However, a

3.00
2.28
2.13

2.00
Q
£ 1.44
B
3
< 1.00
>

0.00
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KHC

0.94

KHC
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Fig. 5. Average travel distances for different postures.

67.06

LC

statistically significant gender effect on VO, and Vi was not detected.

RER is the ratio of the volume of carbon dioxide production to the
volume of oxygen consumption (VCO,/VO,). Average RER for FHC,
KHC and LC in this study was measured at 1.09 + 0.09, 1.05 + 0.10
and 1.06 * 0.05, respectively. Average RER during walking trials was
measured lower than 0.9. According to ACSM (2007) for resting con-
ditions, a person’s RER is around 0.8, whereas a RER higher than 1.0,
suggests a high intensity level exercise. During the FHC trials, 15 out of
24 subjects’ RER reached 1.2. Results also indicated that gender did not
show a significant effect on RER during crawling trials. Ratings of
Perceived Exertion (RPE) (0-10) also displayed a much higher response
during crawling [KHC (6.29), LC (7.08), FHC (8.13)] in comparison to
the walking trials [UW (0.83), SW (2.50)].

Locomotive postures also significantly affected the amount of time
that subjects required to return to their Resting Heart Rate (HRyest)
(F4,88 = 93.54, p < .001). It took significantly longer for subjects to
return to their Resting Heart Rate (HR,es) after crawling compared to
walking (Fig. 12).

5. Discussion

This study demonstrated clear performance decrements associated
with the adoption of crawling postures, the recommended method for
exiting burning structures during a severe fire emergency. Most no-
tably, only one male subject of the 24 healthy, approximately college-
aged males and females who participated in this study completed all
three 91.44 m crawling (FHC, LC, KHC) trials. Moreover, only 4.17%,
8.33% and 16.67% of participants were able to crawl the 76.2m dis-
tance to an exit for a building (sprinkler system is in place) enforced by

Fig. 6. Average travel velocities for different postures.
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the ICC during FHC, KHC and LC before being forced to stop (by the
researcher per IRB restriction) due to reaching 85% of their age-ad-
justed HR .. These findings suggest that current ICC (2015) standards
that enforce a maximum distance to an exit for a building may be too
great for even healthy individuals. When considering the rapidly ex-
panding number of elderly and obese individuals and the physiological
decrements already affecting those populations (Ogden et al., 2015; He
et al., 2016), it is imperative that further research investigate evacua-
tion routes for emergency situations.

Average UW velocity (1.93 m/s) measured in this study was faster
than normal walking velocities, but very similar to the maximum
walking velocities measured in previous studies (Bohannon, 1997;
Browning et al., 2006; Knoblauch et al., 1996). Average KHC speed was
measured at (0.84 m/s) which was like the four-point crawling speed
measured by in several crawling evacuation studies (Muhdi et al., 2006;
Kady and Davis, 2009a,b). Velocities during UW and SW were ap-
proximately twice as fast as crawling in this study. Of the three crawling
postures, FHC has the advantage of higher speed compared to the other
two, but the FHC completion distance was significantly shorter than
KHC and LC. It can be clearly understood by these results that a re-
duction in breathing zone height due to smoke during a fire emergency
may create potentially dire consequences for an evacuee for several
reasons. Not only is the smoke a threat to the lungs and vision of the
evacuee, the reduced ceiling height due to the smoke slows the escape
and shortens achievable evacuation distance. The reduction in velocity
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24 Fig. 7. Velocities and number of completions by track
segment.

20

16

H
N
# of Subjects

8
4

82.26 914

and travel distance while crawling makes it more difficult to success-
fully evacuate.

The reasons why differences exist in velocity and travel distance
among the crawling postures cannot be explained by this study. No
learning effect on travel velocity was detected in this study. Fatigue
during crawling, characterized by a decrease in segmental travel velo-
city and an increase in physiological demand was observed after 9.14 m
of travel in this study. Participants did not experience fatigue during
UW and SW. During UW and SW, most participants maintained their
velocity throughout the entire travel. One potential explanation for
participants experiencing fatigue during crawling but not walking is
that a greater number of muscle are required for crawling than for
walking. However, muscle activity was not measured in the current
study. Further study in analyzing muscle activation levels and patterns
during crawling and walking is needed to clarify the reason why
crawling causes fatigue more frequently than walking.

Unlike previous studies which only investigated KHC and UW, this
study reports physiological demands for three different crawling pos-
tures (FHC, KHC, LC) and two walking postures (UW and SW) re-
presenting different potential breathing zone heights during evacua-
tion. All dependent variables (HR, VO,, Vg, RER and RPE) in this study
were significantly different between postures. Crawling was more
physically demanding than walking, represented by higher: HR,yg, VO,
Vg, and RER. Physiological demands of UW and KHC found in this study
were similar to those reported in previous crawling studies (Morrissey

180 Fig. 8. Single subject heart rate response.
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et al., 1985; Gallagher et al., 2011; Davis, 2011). HR,y, for crawling
was approximately 71% higher than walking, and the average VO, for
crawling was approximately 87% higher than walking. For all three
crawling (FHC, KHC and LC) tasks, individual HR and VO, dramatically
increased after crawling for approximately 20s. All subjects reached
70% age-adjusted HR,,x during crawling and 14 of 24 subjects were
forced to stop after reaching 85% of their age-adjusted HRpax. How-
ever, in the UW and SW trials, no subject reached 70% age-adjusted
HRy.x. Heart rate responses recorded in this study indicates that
crawling is a high-intensity activity. As expected, Vi exhibited a similar
pattern to HR and VO, in this study.

Previous research indicated that RER increased with exercise in-
tensity. RER is typically around 0.8 at rest and can exceed 1.0 during
intense exercise. A high RER indicates that carbohydrates are being
predominantly used, whereas a low RER suggests lipid oxidation
(Simonson and DeFronzo, 1990). Average RER for FHC, KHC and LC in
this study are larger than 1.0 and very close to 1.1, implying crawling is
a very physically demanding method of locomotion.

Atypical postures (stoop-walking and crawling) are frequently used
by emergency responders (e.g., firefighters), in deteriorating environ-
ments such as severe fire conditions. Several previous studies examined
firefighters’ physiological demands when performing firefighting or
rescuing (Barnard and Duncan, 1975; Sothmann et al., 1990; Davis and
Gallagher, 2014; Davis et al., 2014). Sothmann et al. (1990), studied
twenty (20) firefighters while monitoring HR, VO,, and Vg during
crawling rescue tasks and found that the subject group had an average
VO, of 39.9 mL/(kg'min), an average Vg of 46.7 L/min, and an average
HR of 173 bpm. A more recent study by Davis and Gallagher (2014)
examined the physiological demands of crawling for fourteen (14)
firefighter trainees. Those firefighter trainees were performing crawling
search exercises with durations ranging between 14.4 and 21.0 min.
They found that the HR,,x during crawling averaged 174 bpm, about
97 bpm higher than their resting HR. The volume of air consumed from
the SCBA's averaged 52.9 L/min. The other firefighter trainee study by
Davis, et al., (2014) had a very similar pattern in physiological demands
for crawling activities. Physiological demands during crawling mea-
sured in the present study are similar to previous firefighting research.
Finally, crawling was perceived to be much more difficult than walking
in this study. All subjects rated FHC as the most difficult to perform
among all five postures as evidenced by RPE.

There were several limitations to this study. First, the recruited
subjects were college students (‘normal’ Body Mass Index (BMI):
18.5-24.9 and aged between 19 and 30). No consideration was given to
other age groups or BMI groups. Physiological measurements may have
been substantially different had alternative age groups or subjects with
higher BMIs participated. Second, subjects were instrumented with a
COSMED K4b2 unit (~2.3 kg in total) and a face mask to record their
respiratory responses. The COSMED K4b2 unit and respiratory face
mask may affect natural behaviors (i.e., increased discomfort, potential
vision degradation, etc.). Third, all experimental trials were conducted
in a controlled environment (normal, room-temperature, smooth dry
flat surface, and fairly straight track (slightly curved, no turns) condi-
tions). In real evacuation scenarios, performance may be affected by
factors such as obstacles, thermal stress, limited visibility, solo/group
evacuation, and varying building geometries, among others. A recent
study by Dias et al., (2014) reported the impact of solo and collective
bipedal movement through various turning angles (Dias et al., 2014).
Fourth, subjects wore protective padding to avoid injury which is not
representative of real evacuation scenarios). Finally, crawling trials
were immediately stopped if subjects reached their 85% age-predicted
maximum heart rate. While this safety measure is necessary in a re-
search environment, reaching 85% age-predicted maximum heart rate
may not accurately represent a subjects’ maximum crawling distance in
a life threatening environment.
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6. Conclusions

Findings from this study suggest that a reduction in breathing zone
height due to smoke or toxic gases creates potentially dire consequences
for an evacuee for several reasons. Not only is the smoke a threat to the
lungs and vision of the evacuee, the reduced ceiling height due to the
smoke slows the escape and shortens achievable evacuation distance.
The reduction in velocity and travel distance while crawling makes it
more difficult to successfully evacuate.

The following conclusions may be drawn from the current study:

(1) Crawling is significantly slower than walking. Crawling velocities
decrease significantly as travel distance increases. The average
maximum crawling distance is less than 76.2 m.

(2) Gender has a significant effect on crawling velocity and maximum
crawling distance. Males move faster and attain longer distances
than females in all crawling postures.

(3) Crawling is more physically demanding than walking, evidenced by
higher HR,g, higher VO,, higher Vg, and higher RERs, each dra-
matically increasing after crawling for approximately 20 s.

(4) Crawling is an intense activity (RER > 1.0) that takes subjects
more time to recover compared to walking, and is perceived to be
more physically demanding than walking on an identical course.

(5) Gender has no significant effect on HR, VO,, Vg, and RER during
crawling.
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