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Abstract: The self-contained breathing apparatus (SCBA) is an integral part of the structural
firefighting personal protective equipment (PPE) ensemble. However, when donned, it
adds significant weight and restriction, interfering with the fit of the turnout suit and the
ventilation within the clothing system. This may result in a reduction of air gaps within the
clothing microclimate, quickening the onset of heat strain. Therefore, the purpose of this
study was to assess the impact of the SCBA on air gaps in structural firefighting turnout
suits. Nine active-duty male firefighter participants were scanned in a three-dimensional
body scanner in four garment configurations (compression, base layers, turnout suit, and
turnout with SCBA). Torso volume, surface area, and air gaps were calculated alongside
ease measurements. Findings demonstrated a 59% increase in torso volume when donning
the turnout suit over base layers compared to a 1.2% reduction in torso volume when
donning the SCBA. The change in torso air gap volume and distance were also found to
be negligible when donning the SCBA. This study lays the foundation for full systems
ensemble research needed to better understand how the design, weight, and fit of the SCBA
impacts the thermal comfort, mobility, and protection of structural firefighters.
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1. Introduction

Air acts as an insulator and in excess can lead to heat stress in certain applications,
such as in structural firefighting turnout suits [1]. Air gaps, which can be defined as the
volume of air occupied between the body and clothing, or between clothing layers, are
essential for thermal protection [2]. Air gaps within a multi-layer firefighting turnout
suit work to slow heat transfer from the fireground to the skin. However, overly large
air gaps can exacerbate the onset of heat stress as they reduce the body’s ability to lose
excess metabolic heat produced during intense physical activities such as firefighting [2].
Coupled with hot and humid conditions, an optimized balance in air gap thickness must
be struck when donning a full systems firefighting ensemble, including personal protective
equipment (PPE) such as the self-contained breathing apparatus (SCBA) [1].

While essential for air way protection, the SCBA often has a negative impact on
firefighters’ physiological strain [3]. Current designs may significantly hinder firefighter
mobility and increase the difficulty of performing job-related tasks as the SCBA places an
additional weight-bearing load on the body, especially in the shoulders and hips [4]. This
cumbersome load leads to quicker onset of heat stress which, over an extended period, can
result in increased cardiovascular strain, the leading cause of acute firefighter fatalities [5,6].

Appl. Sci. 2025, 15,6

https:/ /doi.org/10.3390/app15010006


https://doi.org/10.3390/app15010006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1792-6761
https://orcid.org/0000-0002-6216-3791
https://doi.org/10.3390/app15010006
https://www.mdpi.com/article/10.3390/app15010006?type=check_update&version=1

Appl. Sci. 2025, 15, 6

20f11

The SCBA may also interfere with personal protective clothing (PPC) fit in certain areas
where it is synched. McQuerry (2020) studied the effects of the SCBA, and other ensemble
elements, on static range of motion and found that mobility progressively worsened as
additional PPE was donned. In the same study, McQuerry (2020) also assessed how PPC
fit impacted ease measurements between the base layer and turnout suit [4]. Due to
three-dimensional body scanning limitations, the previous study could not quantify the
same impact when donning a SCBA. To the authors” knowledge, no previous work has
specifically quantified the direct effect of donning an SCBA on fit, ease measurements, or
air gaps. Given air gaps provide essential protection but may also exacerbate the leading
cause of firefighter fatalities, it is critical for researchers to better understand the impact
of SCBA design on air gaps within the full systems firefighting ensemble to optimize fit,
physiological comfort, and protection.

The above tradeoffs between protection and comfort underscore the importance of
conducting research within a functional design framework, such as the portable clothing
environment by Susan Watkins [7]. The functional design process involves considering
how changing one design or material component impacts all others. Employing the
functional design matrix as part of this process is essential [7]. While design and material
recommendations are outside the direct scope of this work, as findings lend themselves to
these potential improvements, such suggestions will be included.

1.1. Structural Firefighter Turnout Ensemble

The PPC worn by structural firefighters is often referred to in the fire service as
‘turnout’ or ‘bunker’ gear and typically consists of a multi-layer coat and pants, suspenders
or belt, gloves, boots, thermal hood, helmet, and SCBA [8]. The SCBA contains multiple
components including an air tank that supplies a constant flow of positive air pressure
into a face mask to prevent contaminated air from entering [8]. The face mask is worn in
conjunction with the thermal hood and helmet to prevent as much ingress of thermal and
chemical exposure as possible.

The turnout suit consists of the coat and pants constructed from three garment layers
including the outer shell, moisture barrier, and thermal linear [9]. The outer shell is often
made from heat-resistant aramid or polybenzimidazole (PBI) fibers in a woven ripstop
construction to provide protection from sharp objects, flame, and other hazards. The middle
inner layer consists of a semi-permeable water repellant membrane to provide protection
from steam burns while simultaneously allowing water vapor (e.g., sweat) to evaporate
to the external environment. Finally, a thermal liner consisting of an aramid nonwoven
layer(s) quilted to an aramid facecloth is placed closest to the body or base layers. Together,
the moisture barrier and thermal liner provide 75% of the ensemble’s thermal protection [9].

Altogether, firefighters may don upwards of 34 kg of PPE [8]. Of that, the SCBA
cylinder weighs almost half, anywhere between 9 and 13.6 kg depending on the specific
model and tank capacity [10]. Further, when loaded, this weight can increase up to an
additional 20 kg, placing significant strain on the wearer [10]. This weight may also
significantly affect garment fit and clothing microclimate air gaps, potentially altering the
thermal protection and physiological comfort of the turnout suit. While previous studies
have considered the impact of the turnout suit (coat and pants) on fit, air gaps, heat loss,
thermal protection, and ergonomic mobility [4,11-13] few studies have assessed the impact
of wearing the full systems ensemble, including SCBA [14,15]. Specifically, little is known
about how the SCBA impacts turnout suit fit in terms of ease and air gaps.
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1.2. Ease Allowance and Fit of Turnout Gear

Ease allowance may be defined as the amount of additional material (or fabric) added
to a garment (or pattern) for appropriate spacing to allow one to perform routine move-
ments [16]. Garments with appropriate ease allowance drape over the body easily, improv-
ing overall fit and comfort. Ease allowance also directly affects the volume of air between
garment layers and the amount of heat transferred through the clothing system [12,17].

The multi-layer garment construction of structural firefighter turnout suits creates mul-
tiple air gaps between each clothing layer, reducing the ease with which the garment drapes
over the body [18]. Thus, turnout suits tend to be thicker, bulkier, and heavier garments
with reduced flexibility, limited ease, and an often restrictive range of motion. In addition,
a complex system is formed when worn on a three-dimensional human body, leading
to inconsistent air gap volumes between air layers as physical activity is performed [11].
Furthermore, donning the SCBA likely alters the size and distribution of the air gaps due
to the variation in human body geometry [19].

Some studies have evaluated the impact of the SCBA on the overall thermoregulation
of firefighters via the interaction of ventilation [20], thermal insulation [17], and heat
flux [19]. To the authors” knowledge, no studies have attempted to quantify air gap volume
or garment ease when wearing an SCBA with structural firefighting turnout gear. Thus,
a large gap in the literature exists regarding how the SCBA affects air gaps and ease
allowances when wearing a turnout suit, especially when considering design, fit, and
mobility. Therefore, the purpose of this research was to determine the impact of the SCBA
on the garment ease and air gaps of structural firefighting PPC.

2. Materials and Methods
2.1. Participants

A sample of 9 active-duty male firefighters (age: 32 years £ 8 years; height:
181 cm + 11 cm; weight: 107 kg + 25 kg; and experience: 8 years + 6 years) were re-
cruited to participate in this study. Scanning sessions took place in a three-dimensional
body scanning laboratory located on a university campus. Upon arrival, participants
were briefed on the IRB-approved study protocol (Florida State University IRB #00000249)
and signed an informed consent form. All participants were active-duty, male structural
firefighters from local fire departments.

2.2. Procedure

After providing informed consent, participants were familiarized with the body scan-
ning protocol by a member of the research staff. A Size Stream SS20 three-dimensional
body scanner (Research Triangle Park, NC, USA) with a scan time of six seconds, a pro-
cessing time of two minutes, circumferential accuracy of £ five mm, and a surface data
density of two million points was used to scan participants when wearing each garment
configuration [21]. Participants donned four different garment configurations including: a
compression layer (CO; tight-fit underwear), base layers (BL; provided t-shirt and athletic
shorts), a turnout suit (TS; coat and pants), and the turnout suit with SCBA (TS w/SCBA)
(Figure 1). The same SCBA was used for all participants. For the turnout suit, participants
wore their individual department-issued coat and pants that were selected for them using
sizing sets and /or hand measurements performed by a manufacturer sales representative.
Prior to scanning, participants were asked to remove all materials, including tools, from
the pockets and other compartments of their gear. In a matter of 15 s or less, more than
240 body measurements were collected for each participant when wearing each ensemble.
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Figure 1. A side view gray-scale avatar from the Size Stream 5520 body scanner of a male firefighter
participant wearing (a) a turnout suit and (b) a turnout suit with a provided self-contained breathing
apparatus (SCBA).

2.3. Measurements

More than 240 body measurements were collected in each body scan including the
torso surface area and torso volume of each garment configuration. To determine the air gap
formed between each clothing configuration and the nude body (CO) for the torso (where
the SCBA is worn), Equation (1) was used to calculate the air gap distance in millimeters.
This equation was previously established by [NO_PRINTED_FORM] [11] to quantify air
gaps between clothing layers utilizing 3D body scanning technology and has since been
used to assess garment ease based on variations in sizing and fit of firefighting PPE [12].

Torso Agap = Torso V girgap/ Torso SAco 1)

where

Torso Agqp = the average distance between the nude body and the clothing layer worn over
the surface area of the torso (mm),

Torso Viyirgap = the torso volume of the clothing layer minus the torso volume of the com-
pression/nude body (cm?),

Torso SAq = the torso surface area of the nude participant in the compression garment
(CO) (cm?).

In addition to torso air gap distance, an additional methodological approach was
utilized to more specifically investigate the impact of the SCBA on garment ease and
the formation of air gaps in specific upper body areas. Of the 240+ body measurements
collected in each scan, only the front torso measurements of the upper body were considered
to avoid interference from the SCBA tank. This included the following 10 individual upper
body measurements: front shoulder width, across chest tape measure, across axilla chest
front length, front waist tape measure, left bust prominence, right bust prominence, left
stomach circumference tape measure, right stomach circumference tape measure, left
waist circumference tape measure front, and right waist circumference tape measure front.
From these measurements, garment ease was calculated by subtracting the measurement
in the TS from the same measurement in the TS-with SCBA, per previously established
methodologies in the literature [4,12]. All measurements are reported in centimeters.
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2.4. Statistical Analysis

To determine the statistical significance of the differences in ease measurements and air
gap distances between the clothing configurations (CO, BL, TS, and TS-with SCBA), a one-
way, single-factor ANOVA was conducted for the torso volume and surface area, torso air
gap distance, and the garment ease for each of the 10 upper front torso body measurements.
In addition, for cases where significant differences were observed (p < 0.05), a two-sample
t-test was performed to determine the statistical significance between pairs of garment
configurations. A p-value of less than 0.05 was selected to indicate statistical significance.

3. Results
3.1. Average Torso Volume and Surface Area

The average torso surface area and volume of all participants when wearing each
garment configuration are presented in Figure 2. Both surface area and volume increased
as additional clothing ensemble layers were donned, with the only exception being the
torso volume when donning the SCBA. This negligible difference in volume is likely due to
the cinching of the waist and shoulder straps of the SCBA when worn overtop the turnout
coat. The SCBA pack straps increased the overall torso surface area, but did not increase
the overall torso volume, on average.
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Figure 2. The (a) average torso surface area and (b) average torso volume of the measured participants
for the compression (CO), base layer (BL), turnout suit (TS), and turnout suit with SCBA (TS w/SCBA)
garment configurations. Error bars represent standard error.

One-way ANOVAs found significant differences (p < 0.05) between garment configura-
tions for both torso surface area and volume. Differences in torso surface area and volume
were statistically significant for all garment configuration pairwise comparisons except for
the CO when compared to BL and the TS when compared to the TS w/SCBA.

The change in torso volume between the BL, TS, and TS w/SCBA, when compared to
the CO, was calculated and compared. The greatest change in torso volume was observed
between the CO and the TS (76%; p < 0.01), followed by the TS with SCBA (74%; p < 0.01),
with the smallest difference observed for the BL (11%; p = 0.35). When comparing the
change in torso volume between TS configurations, the largest increase occurred when
donning the TS overtop the BL (59%; p < 0.01). Wearing the SCBA overtop the TS led to
a reduction in torso volume but only by 1.2% (p = 0.89). For the torso surface area, the
greatest difference when compared to the CO was observed for the TS w/SCBA (64%;
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p <0.01), followed by the TS (50%; p < 0.01), and the BL (5%; p = 0.36). Similar to the torso
volume, when comparing the change in torso surface area between TS configurations, the
largest increase occurred when donning the TS over the BL (43%; p < 0.01). The SCBA
contributed to an additional 9% (p = 0.15) increase in torso surface area when worn overtop
the turnout coat, however, this was not found to be statistically significant.

3.2. Calculated Torso Air Gap Volume and Distance

Using the raw torso volume and surface area data, torso air gap volume and air
gap distance were calculated for the BL, TS, and TS w/SCBA configurations. These
findings are presented in Figure 3. The TS and TS w/SCBA configurations had similar
torso air gap volume and distance measures, regardless of the SCBA. Differences between
garment configurations were statistically significant (p < 0.001) for the TS and TS with
SCBA when compared to the BL. However, donning the SCBA on top of the turnout
suit did not significantly change the torso air gap volume or distance within the clothing
microclimate (p > 0.5). The addition of the SCBA decreased the torso air gap volume for
five of the nine participants by an average of 12.1%. Conversely, the other four participants
exhibited an increase in torso air gap volume of 15.3%, on average. This variability in
air gap volume between participants could be indicative of individual body composition
differences, variations in PPE sizing, and fit preferences (e.g., a looser fit versus slim fit).
Future research should expand the sample size and data collected to include participant
body composition, turnout suit size, and a subjective fit survey for further analysis.
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Figure 3. The (a) average torso air gap volume and (b) average torso air gap distance of the measured
participants for the base layer (BL), turnout suit (TS), and turnout suit with SCBA (TS w/SCBA)
garment configurations. Error bars represent percentage error.

While these findings are the first of their kind to quantify air gaps in firefighting
PPE when donning an SCBA, it should be noted that three-dimensional body scanning
limitations still exist. Many scanners lack the ability to adequately distinguish the SCBA
tank from the clothed form. Therefore, to provide further insights, garment ease analysis of
10 individual upper front torso body measurements was performed.

3.3. Upper Torso Front Body Garment Ease

A descriptive comparison was made between the upper front torso measurements
when wearing the TS with and without the SCBA for each participant. Garment ease
was calculated for each of the 10 measurements for all nine participants between the TS
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versus the TS w/SCBA to better understand the effect of the SCBA on isolated microclimate
air gaps. On average, when the SCBA was donned over top of the turnout suit, most of
the body measurements included in this study decreased across the front torso. A bar
graph was plotted to illustrate the average change in ease measurements for all participants
(Figure 4).
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Figure 4. The average front torso measurements of all nine participants when wearing the turnout
suit with (TS w/SCBA) and without the SCBA (TS). Error bars indicate standard deviation.

After donning the SCBA, garment ease decreased for seven of the ten body measure-
ments by an average of 2.76 cm, or 5.64%. Three of the body measurements: front shoulder
width, across axilla chest front, and front left waist circumference deviated from this trend
as garment ease increased, on average, by as much as 3.69 cm (5.68%) in these areas after
donning the SCBA. Differences in the across axilla chest front length (p = 0.02) and front
waist tape measure (p = 0.04) were found to be statistically significant when donning the
SCBA. A statistically significant change in garment ease was not found for the other eight
front torso body measurements.

These findings, especially those areas which experienced an increase when the SCBA
was donned, likely correlate to the presence of the SCBA straps, however, more research
is needed on a larger sample size to determine the potential causation. It is also possible
that personal fit preferences and synching of the SCBA straps bunched up the turnout coat
material in these areas impacting garment ease and air gaps.

4. Discussion

While wearing an SCBA is essential for firefighter respiratory protection, it should not
interfere with the fit of the PPC such that it compromises mobility or physiological comfort.
For example, reduced range of motion requires the body to work harder to complete the
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same task, increasing metabolic heat production which can exacerbate overexertion and
heat strain, the leading acute cause of firefighter fatalities. Prior to this research, the impact
of the SCBA’s weight, bulk, and design on the fit of structural firefighting turnout suits had
not been specifically studied. Air gaps have previously been quantified for various turnout
suit materials and designs [11,22-24], however, the effect of donning the SCBA on top of
the turnout coat has not been considered. This study aimed to quantify the air gaps and
garment ease between firefighting ensembles when wearing an SCBA.

4.1. Outer Torso Volume and Surface Area

On average, the torso volume and surface area increased as each garment layer was
added, except for torso volume when the SCBA was donned. Minimal, insignificant
differences were identified (Figure 1) between the CO and the BL, which is to be expected
as base layers are often single layer garments worn close to the skin in a more form fitting
fashion [25]. The TS, however, is a multilayered garment comprised of multiple fabric and
clothing layers including the outer shell, moisture barrier, and thermal liner [20]. These
layers create additional air gaps in between, contributing to the significantly large jump in
torso volume from 11% (CO-BL) to 76% (CO-TS) when wearing a turnout suit. A similar
increase in torso surface area, from 5% (CO-BL) to 50% (CO-TS), was also determined.

When donning the SCBA, torso volume slightly decreased, on average, compared
to the TS (—1.2%). This reduction was both statistically and meaningfully insignificant.
These findings may be explained, in part, by the synching of the SCBA straps around the
shoulders, waist, and front chest which compresses internal air gaps, reducing overall
torso volume compared to the TS alone. Interestingly, torso volume increased for four
of the nine individual participants when donning the SCBA. This may be caused by the
addition of the SCBA straps and pack, which may also explain the increase in torso surface
area, on average, as well. These findings highlight the need for additional research as 3D
scanning limitations remain when trying to distinguish between various parts of the SCBA
(e.g., straps, pack, and tank). Overall, results demonstrate minimal impacts to overall torso
volume and surface area when donning an SCBA in a static, standing position. However,
significant changes to internal microclimate air gaps may still be present. Therefore, air gap
volume and distance were calculated.

4.2. Microclimate Air Gaps

When donning the TS, torso air gap volume and distance significantly increased
(p <0.001) compared to the BL. When donning the SCBA, however, air gaps slightly de-
creased, on average. This reduction is likely due to the added weight of the air tank and
pack, along with the synching of the straps. Individual participant variations in torso
air gap volume and distance were observed, however, none of these changes were found
to be significant. These slight increases or decreases to the air gap when donning the
SCBA could be due to physical differences in body weight and composition, as well as the
individual sizing and fit of the turnout suit. Collection of these measures was outside the
scope of the current study, thus, future research should consider collecting participant body
composition, turnout suit size, and fit perceptions for additional correlation analysis with
torso air gap volume and distance. This would inform whether these differences are due
to any of the aforementioned factors. Further, while a decrease in microclimate air gaps
suggests potential improvement of heat transfer through the clothing system [26], it also
suggests potential points of mobility restriction which correlates to previous studies that
reported reduced range of motion when wearing an SCBA [4,27].

Similar to volume, torso air gap distance had a mean decrease of 2% when wearing
the SCBA. Individual variations were also noted with five participants experiencing a 12%
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reduction in air gap while the remaining four participants experienced an increase of 15%.
Ultimately, the average reduction in air gap distance when donning an SCBA was negligible
and did not significantly change the torso air gap. Variations in air gap behaviour (increase
versus decrease) exhibited via individual participants needs further evaluation. Both a
larger sample size and scans in dynamic postures should be studied.

4.3. Front Torso Garment Ease

Findings indicate a decrease in upper front torso measurements, on average across
all participants, when donning the SCBA. This further suggests reductions in garment
ease and air gaps occurred, potentially leading to realized fit restrictions in the upper
body. These upper body reductions in garment ease could limit firefighters” ability to work
overhead during such activities as overhaul or climbing a ladder. In addition, donning
the SCBA should allow for a reasonable amount of air gap to promote heat loss within
and through the clothing system [26]. Some individual increases in ease measurements
were found amongst the nine participants when wearing the SCBA. However, based on
the limited number of participants in this study, more research is needed to decisively
determine the impact of the SCBA on air gaps, garment ease, and wearer physiological
comfort [12]. This work should also entail the use of human subjects performing dynamic,
realistic movements to measure the effect on ergonomic mobility. While a reduction in air
gap volume has been linked to more efficient heat loss within the clothing system [26], it
has also been suggested to cause mobility restrictions [4,27].

5. Conclusions

To the authors’ knowledge, this study is the first of its kind to investigate the impact of
wearing an SCBA on garment fit, ease, and the subsequent reduction in air gaps. Therefore,
this study only begins to quantify the realized impact of SCBA fit, weight, and design on
firefighter performance. Although negligible differences were found for torso volume, air
gap volume, and air gap distance when donning an SCBA, additional research is needed to
expand the sample size and include a more representative group of body types and PPE (e.g.,
turnout suit manufacturers and SCBA models). Body scanning should also be conducted in
dynamic postures to represent more realistic use scenarios. Further, correlation analysis of
air gaps with heat loss and ergonomic mobility measures would better inform the design
of both the SCBA and the turnout suit. This type of data would require the implementation
of human wear trials, which were outside the scope of this study.

As an understudied area of firefighting PPE, future research would benefit from the
adoption of a full systems ensemble approach in which all elements of the ensemble are
considered together, including the SCBA pack and mask. The impact on protection must
also be considered as a reduction in air gaps may significantly decrease thermal protection
in some areas; therefore, flash fire manikin testing with an SCBA pack should be performed
to ensure minimum thermal protective performance is maintained.

Ultimately, this study lays the foundation for full systems ensemble research to better
understand how the design, weight, and fit of the SCBA impacts the thermal comfort,
mobility, and protection of structural firefighters. Much more work is needed in this area
to be able to provide SCBA manufacturers and PPE product developers with specific
design improvements related to strap and pack design, material selection, and weight
distribution to optimize SCBA fit. Limitations of this study include the small sample size,
consideration of front torso measurements only, and scanning technology constraints when
donning an SCBA. Further, as technology allows, the use of more dynamic postures should
be considered.
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