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Sustained-till-exhaustion effects of firefighter helmets on neck muscle
fatigue mechanism
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ABSTRACT

This study investigates how helmet inertial properties—mass and centre of mass (COM)—influence
neck muscle fatigue to support the biomechanical design of firefighter helmets. Thirty-six
firefighters (18 males, 18 females) performed sustained neck flexion and extension tasks under
three conditions: no-helmet, US, and European-style (EU) helmets. Neck angles, endurance time,
discomfort ratings, and electromyography (EMG) data from eight neck muscles were collected.
Fatigue was assessed as an increase in normalised mean absolute value (NMAV) and decrease in
median frequency (MF) of EMG signals, segmented into four intervals (0-25%, 26-50%, 51-75%,
76-100%).Piece-wise regression and ANOVA analyses of NMAV and MF slopes for each interval
showed that the US helmet led to greater muscle activation, faster fatigue, and reduced endurance.
These findings highlight the importance of optimising COM location—not just the weight—when
designing a helmet to reduce neck injury risks.
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Practitioner summary: Results indicated that although US-style helmets are lighter than
European-style helmets, their high-profile design—with a COM shifted superiorly and anteriorly—
resulted in more rapid neck muscle fatigue, suggesting practitioners to prioritize placing the
helmet COM location closer to the head COM alongside reducing its weight during helmet design
process.

Introduction Muscle fatigue is a complex physiological state of a
muscle, primarily developed during prolonged volun-
tary muscle contractions through two mechanisms: 1)
the accumulation of metabolites (e.g., lactic acid) within
muscle fibers and 2) a reduction in the brain motor
drives (Enoka and Duchateau 2008). The progression of
muscle fatigue during a task performance alters muscle
synergy (aka motor modules) (i.e., coordinated activa-
tion of muscle groups for specific movements (Cordo,
Bell, and Harnad 1997) and creates proprioceptive defi-
cits in joints, thus impairing the stability of a joint.

According to the Global Burden of Disease Report,
neck pain ranks fourth among the most prevalent
musculoskeletal disorders (MSDs), affecting more than
220 million individuals from 1990 to 2016 (2.9% of the
total population) globally (GBD 2019). This high occur-
rence has been associated with various work and rec-
reational activities involving prolonged sustained
postures (Lin et al. 2020), awkward neck position
(Nourollahi-Darabad et al. 2024), and repetitive neck

movements (Falla, Farina, and Graven-Nielsen 2007).
One such activity is the prolonged use of helmets in
occupations such as firefighting (Lee et al. 2015), mili-
tary operations (Siyeon and Wonyoung 2020), and air-
force piloting (Murray et al. 2016). Especially, any
adverse changes in the helmet’s inertial properties—
mass, centre of mass (COM), and moment of inertia
(MOIl)—can impose injury-prone loading on the cervi-
cal spine, strain neck passive tissues, and accelerate
muscle fatigue.

Consequently, muscle fatigue has been identified as a
precursor of inflammatory-type spinal MSDs (Larsson,
Segaard, and Rosendal 2007; Gallagher and Barbe
2022). As helmets impose an added load on the head
and cervical spine regions, several previous studies
investigated the effects of helmet inertial properties on
neck muscle activity and fatigue. For instances, Phillips
and Petrofsky (1983) and Bunketorp et al. (1985) found
that the greater the helmet’s inertia, the higher the
rate of muscle fatigue in neck extensors muscles.
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Gallagher et al. (2008) investigated prolonged usages
of Airforce helmets, wherein they observed a helmet
with an anterior COM displacement to yield more neck
discomfort than a regular helmet of similar weight. In
contrast, Barrett et al. (2023) observed that helmet
weight imposes a greater load on the cervical spine
than its COM location. However, they did not study the
effects on neck muscle fatigue. As first responders fre-
quently engage in tasks requiring awkward and
extreme neck postures, such as ceiling breaching (Dos
Santos et al. 2025), bending over and crawling in con-
fined spaces (Davis et al. 2014), and overhead work
(Farooq 2022) it is essential to investigate the effects of
heavyweight and/or imbalanced helmets on neck mus-
cle fatigue, particularly at those awkward neck pos-
tures, in order to understand how such helmets could
place substantial strain on the neck muscles.

In addition, modern helmets also serve as a plat-
form for supporting additional functional accessories,
such as communication devices, face-shield, lighting
equipment, etc.,, leading to increased helmet weight
and potential COM shift (Harrison et al. 2016). Prior
studies on helmets (with functional accessories) used
in military, law enforcement, and airforce settings
reported increased neck musculature strain (Murray
et al. 2016; Siyeon and Wonyoung 2020; Healey et al.
2021), adverse changes in neck posture (Forde et al.
2011; Mills, Tvaryanas, and Wade 2019), and muscle
fatigue (Barker and Albery 2010; Mills, Tvaryanas, and
Wade 2019). Similarly, firefighter helmets are bulkier
and heavier (Wang, Chen, and Yu 2022) than afore-
mentioned professional helmets because of the
requirement of a two-layered helmet shell to with-
stand extreme heat and provide impact protection
(NFPA 2018). Heavier weight can alter the COM of hel-
mets, leading to increased MOI. This elevated MOI
requires greater muscular effort to control head move-
ments during flexion and extension, thereby increasing
torque demands on the neck. Over time, these height-
ened demands can accelerate muscle fatigue and ele-
vate the risk of neck-related injuries. Several survey-
based studies on firefighters reported that helmet size
and weight primarily contribute to neck discomfort
(Lee et al. 2015; Wang, Chen, and Yu 2022) and reduced
neck mobility (Park et al. 2014; Wang, Park, and Wang
2021). Between 2016 and 2020, about 23% (27,150 out
of 118,070 cases) of firefighting injuries occurred in
head and neck regions, with 5.5% linked to sprain-type
injuries (Campbell and Molis 2022). Despite this, the
biomechanical investigation of firefighter helmets has
remained underexplored, with only one previous study
addressing the effects on cervical spinal kinematics
(Paulon et al. 2024). As firefighters often work in

awkward postures and wear heavy and bulky helmets
for a prolonged duration (Gentzler and Stader 2010), it
is essential to explore how prolonged helmet use
affects neck muscle fatigue to uncover the patho-
mechanism of associated neck MSDs.

Therefore, this study aimed to investigate how the
sustained-till-exhaustion use of two firefighter helmets
with distinct inertial properties influences neck muscle
activation and fatigue mechanisms at maximum flex-
ion and extension positions. We hypothesised that a
helmet with heavier mass and a COM further away
from the atlantooccipital joint (CO-C1 joint), the center
of head rotation, would affect the neck muscle fatigue
process. These findings are expected to provide action-
able insights to practitioners in order to design a bio-
mechanically optimised helmet, thereby reducing the
risk of neck injuries among firefighters.

Materials and methods
Participants

We recruited 36 firefighters (18 males and 18 females)
who were in good health and did not have any recent
history of musculoskeletal injuries, disorders, or surger-
ies. Their average age, weight, height, and BMI were
respectively as follows (meanzstandard deviation):
35.14+£8.91years (male: 39.18+7.23 years; female: 31.33+
8.83years), 79.27+19.01kg (male: 93.22+16.68kg;
female: 66.78+10.36kg), 171.12+9.60cm (male: 178.82+
6.35cm; female: 164.23+6.10cm), and 26.84+4.8kg/m?
(male: 28.8+5.39kg/m?; female: 24.2 +2.85kg/m?). Before
the experimental tasks, they signed a study consent
form approved by the local Institutional Review Board
(IRB2020-708).

Experimental protocol and instrumentation

Task design

Participants performed two sustained-till-exhaustion
tasks in maximum neck flexion and extension postures
under three different helmet conditions in a randomised
order: no-helmet (NH), US traditional firefighter (US)
helmet, and European firefighter (EU) helmet.

We first acquired each participant’s maximum
(static) neck flexion and extension postures for five
seconds, by instructing them, respectively, to flex and
extend their head-neck system as far as possible with-
out invoking active stretching of passive tissues such
as fascia or ligaments. These postures served as the
baselines for the main tasks of sustained-till-exhaustion
neck flexion and extension exertions. During sustained
flexion tasks, participants bent their heads forward



until the chin approached their chest in order to adopt
the baseline maximum neck flexion position. They
were encouraged to hold this position until exhaustion
(Figure 1A). Similarly, during maximum extension tasks,
they were instructed to extend their heads backward
as far as comfortably possible, i.e., adopting the base-
line maximum neck extension posture (Figure 1B), and
hold the posture until exhaustion. These postures were
chosen to simulate extreme yet active cervical posi-
tions without entering a fully passive or end-range
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stretch, which could reduce muscular engagement and
confound fatigue-related measurements. Each partici-
pant performed two repetitions of the sustained-till-ex-
haustion task for each helmet condition. To minimise
carryover fatigue, rest intervals were set at least twice
the duration of the preceding exertion. The subjective
discomfort levels were assessed using Borg’s CR-10
scale (Borg 1998) before and at the end of each trial.
Only when the subjects rated Borg's score of 0 and 1,
they were allowed to perform the next trial. All

Figure 1. A schematic presentation of data acquisition process: (a) electromyography (EMG) electrodes placed on infrahyoid (IHY)
and sternocleidomastoid (SCM) muscles, (b) EMG electrodes placed on upper trapezius (UTR) and cervical trapezius (CTR) muscles,
(c) subject performing sustained-till-exhaustion flexion tasks using a US-style firefighter (US) helmet (model: Bullard UM6WH;
integrated accessories: visor), (d) subject performing sustained-till-exhaustion extension tasks with a European-style firefighter (EU)
helmet (Model: Cairns XF1; integrated accessories: visor, face-shield, communication, and lighting device).
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firefighter helmets were securely fastened using both
the chin strap and internal retention system to comply
with the National Fire Protection Association (NFPA)
guidelines. These systems prevent any relative move-
ment between helmet and head as well as ensure con-
sistent alignment across subjects during data collection
(Figure 1C and D).

Surface Electromyography (EMG)

We used a surface EMG system (Delsys Inc, Natick,
Massachusetts, USA) with Trigno Quattro sensors
(12x25x7mm bar electrode, 10mm inter-electrode
distance, Ag-AgCl materials; 2222Hz sampling rate;
and 300 gain factor) to acquire muscle activity data
from four neck flexor muscles-left and right sternoclei-
domastoid (SCM) and infrahyoid (IHY)-and four neck
extensor muscles—left and right cervical-trapezius at
C4-C5 level (CTR) and upper-trapezius (UTR) (Figure 1C
and D). These muscles were chosen due to their rele-
vance in facilitating neck mobility and are widely used
to study neck strength, endurance, and fatigue
(Sommerich et al. 2000; Chowdhury et al. 2022). EMG
sensors were positioned on respective muscle bellies
in alignment with the muscle fibres, in accordance
with previous studies (Vasavada, Peterson, and Delp
2002; Netto and Burnett 2006). Briefly, electrodes were
placed over the upper trapezius muscle approximately
midway between the acromion and the spinous pro-
cess of C7, the cervical trapezius muscle along the
posterolateral aspect of the neck at the level of C3-C5,
the sternocleidomastoid muscle in the anterolateral
region of the neck, and the infrahyoid muscle group in
the anterior neck region, beneath the hyoid bone and
superficial to the thyroid cartilage.

Prior to EMG sensor placement, muscle skins were
properly shaved and cleaned with 70% isopropyl alco-
hol. A total of three five-second maximum voluntary
contractions (MVC) for each pair of bilateral neck mus-
cles were performed, with the maximum EMG value of
the highest MVC exertion considered for normalisation.
To collect MVC data, participants were seated upright
in a chair with their arms resting parallel to their trunk
in a relaxed position and their feet elevated off the
ground and performed forward and backward static
neck exertions while their head was securely restrained,
in accordance with the MVC protocols mentioned in
previous studies (Vasavada, Li, and Delp 2001;
Chowdhury et al. 2022). Briefly, the MVC protocols
include performing forward head exertions for the
neck extensor muscles and maximum backward head
exertions for the neck flexor muscles against resistance
in neutral head-neck postures. During MVC exertions,
verbal encouragement was provided to the participants

to exert with their maximum efforts. Each MVC trial
was followed by at least a two-minute rest between
the MVC trials.

Head-neck kinematics and helmet imaging

We recorded full-body kinematics using a 10-camera
Kestrel-1300 motion capture system (Motion Analysis
Corporation, Rohnert Park, CA, USA) with a sampling
rate of 60Hz, which was time-synchronized with the
EMG system. We used a full-body plug-in gait
marker-set protocol (Vicon 2023). During helmet trials,
head markers were placed on the outer shell of the
helmet. Furthermore, we imaged each helmet using a
handheld 3D scanner (EinScan HX, Shining 3D,
Hangzhou, China; sampling rate: 20Hz).

Data analysis

EMG analysis

Data from 32 participants (15 males and 17 females)
were analysed, with four participants being excluded
due to EMG acquisition issues. EMG analysis focused
on the period from maximum neck flexion or exten-
sion to the point of task termination. EMG signals were
filtered using a band-pass filter (10-500Hz) and a
notch filter to remove the powerline noise (60Hz) and
its harmonics. The filtered signals were then analysed
in both frequency and time domains, where a simulta-
neous increase in amplitude and a decrease in fre-
quency was identified as muscle fatigue biomarkers
(Luttmann et al. 1996; Chowdhury et al. 2013; Wei and
Chowdhury 2025). We calculated median frequency
(MF) using Fast Fourier Transform (FFT) and mean
absolute value (MAV) by using a moving window of
125 milliseconds. The MAV of each muscle was then
normalised by the maximum amplitude of each mus-
cle’s maximum MVC trial, yielding the normalised
mean absolute value (NMAV) for each muscle. EMG
data from both left and right muscle pairs were pooled
due to similar magnitudes and trends.

Kinematics analysis

Neck kinematics were calculated from raw marker data
using Cortex-9 software (Motion Analysis Corporation,
California, USA). A total of four markers’ positions
placed on the head—right orbitrate (RORB), left
orbitrate (LORB), right back head (RBHD), and left back
head (LBHD)—were exported to perform angle calcu-
lations during sustained flexions and extension neck
postures. Once the markers were exported, we first
defined a transverse plane at the initial (neutral) pos-
ture that passed through the four head markers.



At each increment of neck flexion or extension, a
Frankfurt plane—defined as the plane passing through
the RORB, LORB, and the midpoint between RBHD and
LBHD—was calculated. Over time, the angles between
the Frankfurt plane and the transverse plane were
computed to determine flexion (a) and extension (f)
angles (Figure 2). For helmet tasks, we positioned the
markers of the head on the helmets and the angles
were calculated in a similar way.

Furthermore, we reverse-engineered 3D scanned
images of both helmets and created their CAD models.
We used ANSA finite-element (FE) platform (Beta CAE,
Lucerne, Switzerland) to estimate helmet inertial prop-
erties, such as mass, COM, and MOI (Figure 3a and b),
by inputting their geometric and material properties
and mounting each helmet FE model onto an
MRI-based FE head model of one of our study partici-
pant’s head (height: 1.84m; weight: 121.3kg). The hel-
met COM locations were calculated relative to the
C0-C1 joint.

Statistical analysis

Previous research showed that the progression of mus-
cle fatigue follows a nonlinear pattern, with a cubic
model displaying the fatigue progression with more
precision than the linear models, especially the MF
drifts occurring more predominantly at 25%, 50%, and
75% of task duration (Chowdhury and Nimbarte 2015).
However, it is challenging to interpret and locate the
causality of muscle fatigue development using contin-
uous cubic model. To address this, it is essential to dis-
cretize the nonlinear trend by approximating linear
trends at key time intervals where distinct behaviours
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emerged. Therefore, this study conducted piecewise
linear regression analyses to estimate both MF and
NMAV slopes in four-time intervals —0~25% (l,),
25~50% (I,), 50~75% (l;), and 75~100% (l,) of task
completion time (Equation 1):

Y, =B+ BX + B, (Xi _25)D25 +ﬂ3(xi _SO)DSO
+ B, (X, —=75)D,s M

where y, is the dependent measure at each (=1, 2,
3,...100) time point; x,; is the percent task completion
time; D, are dummy variables
(0if x; <iand1if x, >i); B,,3,. B, and B, are slopes coef-
ficients for 0-25%, 25-50%, 50-75%, and 75-100%
time intervals (quartiles) of the task, respectively; and
B, is the intercept.

We calculated descriptive statistics (mean and stan-
dard deviation) of MF, NMAV, MF slope, NMAV slope,
and neck angle, in addition to the percentage of total
trials displaying positive or negative NMAV and MF
slopes at each interval for each muscle and helmet
type. As a regression trend can be influenced by out-
liers or a few extreme cases, we calculated the per-
centage of trials showing positive NMAV slopes and
negative MF slopes to ensure that the observed fatigue
trends are consistent across trials as well as to inter-
pret the trends with more distribution-aware infer-
ences. Before statistical tests, we verified data normality
and homoscedasticity assumptions with Shapiro-Wilk
and Levene’s tests (@=0.05), respectively. As some data
violated the assumption of homogeneity of variances
as assessed by Levene’s test, a log transformation was
applied to stabilise the variance. Once the data met
Levene's test criteria, we performed a repeated

Figure 2. Schematic representation of head marker placement and angle calculation procedure during neutral, neck flexion, and
extension postures. Markers were positioned at four locations: right orbitrate (RORB), left orbitrate (LORB), right back head (RBHD),
and left back head (LBHD). The transverse plane was defined at the neutral head posture, while the Frankfurt plane was estab-
lished at each time step, passing through the RORB, LORB, and the midpoint between RBHD and LBHD. The angles between these
planes were computed to determine flexion (a) and extension (f3) angles.
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Figure 3. Representation of the COM position and moment of inertia information for (a) the US Helmet and (b) the EU Helmet

with respect to the C0O-C1 joint modelled in the FE model.

measures analysis of variance (ANOVA) to analyse the
effects of helmet condition (NH, US, EU), interval (I;; 1;
I;; 1,), and helmet X interval interaction on NMAV and
MF slopes and average neck angle, MF, and NMAV val-
ues for individual muscle groups. We calculated eta
squared (n?) as a measure of effect size to quantify the
proportion of variance explained by each factor. Values
of n? were interpreted as small (0.01), medium (0.06),
and large (0.14), based on conventional thresholds
(Cohen 2013; Lakens 2013). If significance was reached,
we proceeded with post-hoc analysis using Tukey's
test. Furthermore, we also performed univariate
ANOVAs to test the effect of helmet condition on sec-
ondary variables such as subjective discomfort and
endurance time (ET). All significance tests were per-
formed at a 95% confidence level (a=0.05), and
Bonferroni correction was used for the pairwise com-
parisons. All statistical analyses were performed at
SPSS 29.0 (SPSS Inc., Chicago, lllinois, U.S.A.).

Results
Neck angle

Significant helmet effects on neck angles were observed
during flexion and extension tasks across all time inter-
vals (Figure 4). Both US (55.29+1.12°) and EU
(55.37+2.12°) helmets resulted in significantly (p-value
< 0.01, n? = 0.29) greater neck angles—by 17.41% and
17.58%, respectively—compared to the NH condition
(47.09+£1.35°) during sustained neck flexion tasks.
However, no statistically significant difference was

found between the US and EU helmet conditions
(p>0.05). During neck extension, the NH condition
exhibited significantly (p<0.01, n° = 0.15) higher neck
extension angles (67.17+2.33°), about 12.83% and
12.80% greater than US (59.53+1.26) and EU
(59.55+0.92) helmet conditions, respectively. No statis-
tically significant time interval effects were reported.
Nevertheless, subtle increasing trends were observed in
neck kinematics during both sustained neck flexion
and extension tasks. Between the first- and fourth-time
intervals during flexion tasks, neck angles increased by
1.93% in the NH condition and 4.63% in the US Helmet
condition, whereas they decreased slightly by 0.54%
for the EU Helmet condition. Nonetheless, during
extension tasks, all conditions exhibited an increase in
neck angles between the first and fourth intervals, with
corresponding increases of 2.57%, 1.69%, and 0.84%
for NH, US, and EU Helmet conditions, respectively.

UTR and CTR muscle activity during neck flexion
tasks

NMAYV and MF slopes and interval averages of UTR
muscle

No significant helmet and interaction effects were
observed for either NMAV or MF slopes. However,
overall interval effects were highly significant for MF
slopes (p-value = 8.49e-5, n? = 0.05), with post-hoc
tests (Table 1) and the trends in Figure 5 showing
decreases in MF across all helmet conditions, particu-
larly between I, vs. I,, I, vs. I;, and |, vs. |, intervals.
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Figure 4. Neck angle during sustained-till-exhaustion flexion (left) and extension (right) tasks for No-helmet, US-style firefighter
(US) helmet, and European-style (EU) helmet conditions. Solid lines represent the average neck angle over time, and shaded

regions show the standard error.

In contrast, helmet use significantly affected interval
averages of NMAV (p-value = 6.64e-5, n? = 0.03), with
EU helmets displaying lower NMAV values than the NH
condition (about I; = —=8.9%, I, = =11.3% |; = —12.1%,
and I, = —=15.6% less), while the US helmets showed
the highest values, specifically in the |, interval (p-value
= 0.04, n? = 0.02). The interval effect significantly influ-
enced the interval averages of MF, with significant
decreases between |, vs. |; and |, vs. |,.

NMAYV and MF slopes and interval averages of CTR
muscle

Significant interval effects were observed for NMAV
(p-value = 0.01, n? = 0.02) and MF (p-value = 9.21e-4,

n? = 0.03) slopes. Post-hoc results (Table 1) and trends
(Figure 6) demonstrated significant decreases in MF
slopes and increases in NMAV slopes between |, vs. |,
and |, vs. |, intervals across all helmet conditions.
Helmet xinterval interaction effects were also signifi-
cant for NMAV (p-value = 2.00 e-4, n?> = 0.05) and MF
slopes (p-value = 6.00 e-3, n? = 0.03). Specifically, NMAV
slopes showed significant increases under the US hel-
met in the I;, |, and |, intervals and under the EU hel-
met in the |, interval. On the contrary, in comparison
to the NH condition, helmet use significantly increased
interval averages of NMAV values (p-value = 9.55e-16,
n? = 0.04) under both US (I, = 21.2%, |, = 27.8%, |, =
25.3%, |, = 15.9%) and EU (I, = 21.2%, |, = 28.7%, |, =
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Table 1. Analysis of variance results (p-values) displaying the effects of helmet, interval, and helmet xinterval interaction on
NMAV and MF Slopes (top) and NMAV and MF averages (bottom) of neck extensor muscles during sustained-till-exhaustion neck

flexion tasks.

NMAV Slopes MF Slopes
Upper Trapezius (UTR) Cervical Trapezius (CTR) Upper Trapezius (UTR) Cervical Trapezius (CTR)
Helmet ANOVA 0.40 0.46 0.25 0.32
Post-hoc - - - -
Interval ANOVA 0.20 0.01* 8.49e-5** 9.00 e-4**
Post-hoc - I, vs. I, = 0.04* I, vs. I, = 2.08 e-6** I, vs. I, = 0.03%
I, vs. 1, = 0.02* Iy vs. |3 = 521 e-4** I, vs. |, = 8.00 e-4**
I, vs. |, = 4.08 e-3**
Helmet ANOVA 0.25 2.00 e-4** 0.18 6.00 e-3**
X Post-hoc - UST vs. US2=5.00 e-3** - NH1 vs. NH4=0.02
Interval NH2 vs. EU2=0.01*
US2 vs. NH2=5.00 e-3**
US4 vs. US2=0.04*
Average NMAV values Average MF values
Upper Trapezius (UTR) Cervical Trapezius (CTR) Upper Trapezius (UTR) Cervical Trapezius (CTR)
Helmet ANOVA 6.64e-5** 9.55e-16** 0.08 2.00 e-3**
Post-hoc NH vs. EU = 1.33 e-7%*, NH vs. EU = 6.70 e-13*¥, - NH vs. EU = 1.27 e-3**
US vs. EU= 1.63 e-3** US vs. NH = 1.76 e-11**
Interval ANOVA 0.149 0.757 0.0001** 0.135
Post-hoc - I, vs. Iy = 0.05% -
I, vs. 1,=7.23 e-4**
Helmet ANOVA 0.99 0.99 0.99 0.90
X Post-hoc - - -
Interval

The p-values below 0.05 and 0.01 are respectively marked with single and double asterisks. The first, second, third, and fourth interval levels are denoted
by I, I,, I, and 1, respectively. The no-helmet, US-style firefighter helmet, and European-style helmet conditions are indicated by NH, US, and EU, respec-
tively, and their significance level at any of the four intervals with 1, 2, 3, and 4. For example, EU2 refers to the effect of a European-style helmet in the

second interval.

21.4%, 1, = 11.6%) helmets, while decreased interval
averages of MF (p-value = 2.00 e-4, n? = 0.02), particu-
larly under US (I, = —4.4%, |, = —-4.3%, I; = —2.9%, |,
=-0.8%) helmet conditions (Table 1; Figure 6).

Percentage of trials with positive NMAV and
negative MF slopes

In UTR muscles, about 55% =+ 4.4%, 55.75% =+ 4.99%,
and 55.75% * 5.68% of trials with positive NMAV slope
values and 50.5% + 8.96%, 50.25% = 8.89%, and
55.25% + 4.65% of trials with negative MF slope values
were observed across all intervals under NH, US, and
EU helmet conditions, respectively (Table 2). Likewise,
for CTR muscles, approximately 54.5% + 11.62%, 53.5%
+ 8.35%, and 53.75% * 11.24% of trials with positive
NMAV slope values and 55.25% * 7.37%, 55.25% =+
6.18%, and 48.25% =+ 9.03% of trials with negative MF
slope values were respectively found across all inter-
vals for the same helmet conditions.

IHY and SCM muscle activity during neck
extension

NMAYV and MF slopes and interval averages of IHY
muscle

No significant effects of helmet or interaction were
detected for either NMAV or MF slopes. However,

interval effects were significant for both NMAV (p-value
= 9.53e-9, n? = 0.07) and MF slopes (p-value = 2.34e-7,
n? = 0.06), with post-hoc results indicating a significant
increase in NMAV slopes and a decrease in MF slopes
across the majority of time intervals (Table 3; Figure 7).
On the contrary, helmet effects on interval averages of
NMAV were significant (p-value = 2.00e-16, n? = 0.23)
across all intervals (US: I}, = +144%, |, = +152%, |; =
+133%, |, = +73.61%; EU: |, = +33.89%, |, = +38.60%,
l; = +33.89%, |, = +37.50%). Though no significant
interval or interaction effects were detected for the MF
interval averages, they trended towards significance
(p-value = 0.05, n? = 7.34 e-3).

NMAV and MF slopes and averages of SCM muscle

Significant interval effects were observed for NMAV
(p-value = 1.03 e-10, n?> = 0.1) and MF (p-value = 5.00
e-4, n? 0.04) slopes, characterised by increasing
NMAV slopes and decreasing MF slopes from |, to I,
intervals (Table 3). The interaction was significant for
NMAV slopes (p-value = 1.20 e-3, n? = 0.04), with sig-
nificant increases from I, to I, for US helmets and |, to
I, for EU helmets. In contrast, interval averages of both
NMAV and MF showed significant effects of helmet
(p-value = 7.48e-5, n?> = 0.01) and interval (p-value =
2.00 e-4, n? = 0.02), with consistently higher NMAV
values (US: I, = +24.58%, |, = +32.52%, |; = +34.73%,
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Figure 5. Piecewise linear regression plots of normalised mean absolute value (NMAV) and median frequency (MF) of upper
trapezius (UTR) muscles during sustained-till-exhaustion flexion tasks under no helmet, US-style firefighter (US) helmet, and
European-style (EU) helmet conditions. Boxplots represent descriptive data (average and standard deviation) of NMAV and MF
averages and slope values of the corresponding time intervals. The abbreviations I;, I,, I;, and |, represent the sequential time
intervals used in the analysis, corresponding to each quartile of the task duration.

I, = +18.80%; EU: I, = +42.42%, |, = +35.63%, |,
+34.63%, |, = +33.52%) and lower MF values (US: I,
—-7.54%, 1, = —6.91%, 1; = =5.09%, 1, = —1.25%; EU: |,
= —252%, |, = -0.73%, |; = —0.47%, |, = —1.10%)
under helmet conditions than the NH conditions
(Table 3, Figure 8).

Percentage of trials with positive NMAV and
negative MF slopes

Across all time intervals, approximately 53.75% =+
10.72%, 54.5% + 7.55%, and 50.0% + 2.16% of trials
exhibited positive NMAV slopes, while 50% + 13.19%,
52.25% + 12.23%, and 54.5% =+ 13.40% of trials showed
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Figure 6. Piecewise linear regression plots of normalised mean absolute value (NMAV) and median frequency (MF) of cervical
trapezius (CTR) muscles during sustained-till-exhaustion flexion tasks under no helmet, US-style firefighter (US) helmet, and
European-style (EU) helmet conditions. Boxplots represent descriptive data (average and standard deviation) of NMAV and MF
averages and slope values of the corresponding time intervals. The abbreviations I, I,, I;, and |, represent the sequential time
intervals used in the analysis, corresponding to each quartile of the task duration.

negative MF slopes in SCM muscles for NH, US, and EU NMAV slopes, and 51.0% + 2.83%, 53.75% + 4.57%,
helmet conditions, respectively (Table 2). Similarly, for and 50.5% * 8.96% of trials respectively exhibited neg-
IHY muscles, about 57.25% + 11.62%, 51.0% + 8.18%, ative MF slopes across all time intervals for the same
and 53.75% * 18.69% of trials demonstrated positive helmet conditions.
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Table 2. The percentage of trials with positive normalised mean absolute value (NMAV) or median frequency (MF) slopes, %pos-
itive (4), and the percentage of trials with negative NMAV or MF slopes, %negative (-), are estimated for all four muscles across

all four time intervals.

%positive (+) / %negative (-) trials per time interval

Muscle Helmet Conditions Parameters 0-25% 25-50% 50-75% 75-100%
Upper Trapezius (UTR) No Helmet NMAV Slope (+60%/-40%) (+57%/-43%) (+53%/-47%) (+50%/-50%)
MF Slope (+39%/-61%) (+45%/-55%) (+60%/-40%) (+45%/-55%)
US Helmet NMAV Slope (+61%/-39%) (+49%/-51%) (+56%/-44%) (+57%/-43%)
MF Slope (+37%/-63%) (+58%/-42%) (+52%/-48%) (+51%/-49%)
EU Helmet NMAV Slope (+60%/-40%) (+60%/-40%) (+48%/-52%) (+55%/-45%)
MF Slope (+45%/-55%) (+56%/-44%) (+48%/-52%) (+50%/-50%)
Cervical Trapezius (CTR) No Helmet NMAV Slope (+39%/-61%) (+66%/-34%) (+53%/-47%) (+60%/-40%)
MF Slope (+50%/-50%) (+49%/-51%) (+46%/-54%) (+34%/-66%)
US Helmet NMAV Slope (+63%/-37%) (+43%/-57%) (+52%/-48%) (+56%/-44%)
MF Slope (+40%/-60%) (+53%/-47%) (+46%/-54%) (+40%/-60%)
EU Helmet NMAV Slope (+63%/-37%) (+39%/-61%) (+51%/-49%) (+62%/-38%)
MF Slope (+40%/-60%) (+53%/-47%) (+62%/-38%) (+52%/-48%)
Infrahyoid (IHY) No Helmet NMAV Slope (+41%/-59%) (+64%/-36%) (+57%/-43%) (+67%/-33%)
MF Slope (+45%/-55%) (+49%/-51%) (+51%/-49%) (+51%/-49%)
US Helmet NMAV Slope (+41%/-59%) (+60%/-40%) (+49%/-51%) (+55%/-45%)
MF Slope (+45%/-55%) (+47%/-53%) (+52%/-48%) (+41%/-59%)
EU Helmet NMAV Slope (+29%/-71%) (+71%/-29%) (+43%/-57%) (+61%/-39%)
MF Slope (+55%/-45%) (+44%/-56%) (+59%/-41%) (+40%/-60%)
Sternocleidomastoid (SCM) No Helmet NMAV Slope (+38%/-62%) (+57%/-43%) (+58%/-42%) (+62%/-38%)
MF Slope (+34%/-66%) (+65%/-35%) (+46%/-54%) (+55%/-45%)
US Helmet NMAV Slope (+54%/-46%) (+44%/-56%) (+60%/-40%) (+60%/-40%)
MF Slope (+30%/-70%) (+58%/-42%) (+52%/-48%) (+51%/-49%)
EU Helmet NMAV Slope (+51%/-49%) (+47%/-53%) (+52%/48%) (+50%/-50%)
MF Slope (+36%/-64%) (+56%/-44%) (+58%/-42%) (+32%/-68%)

Table 3. Analysis of variance results (p-values) displaying the effects of helmet, interval, and helmet xinterval interaction on
normalised mean absolute value (NMAV) and median frequency (MF) Slopes (top) and average NMAV and MF values (bottom) of

neck flexor muscles during sustained-till-exhaustion neck extension tasks.

NMAV Slopes MF Slopes
Infrahyoid (IHY) Sternocleidomastoid (SCM) Infrahyoid (IHY) Sternocleidomastoid (SCM)
Helmet ANOVA 0.71 0.49 0.51 0.69
Post Hoc - - - -
Interval ANOVA 9.53 e-9** 1.03 e-10** 2.34 e-7** 5.00 e-4**
Post Hoc I, vs. I, = 0.02* I, vs. I,= 2.28 e-6** I, vs. I, = 3.08 e-3** I, vs. I, = 0.02%
I, vs. |, = 9.80 e-9** I, vs. |3 = 3.75 e-7** I, vs. 1, = 1.97 e-3** I, vs. I3 = 0.03%
I, vs. |, = 8.53 e-3** I, vs. |, = 6.55 e-10** I, vs. I; = 3.35 e-5** I, vs. |, = 7.07 e-3*%,
Iy vs. I, = 1.95 e-5** Iy vs. I, = 0.01%
Helmet x Interval ANOVA 0.42 1.22e-3** 0.39 0.23
Post Hoc - UST vs. US2=3.37 e-7** - -
EU2 vs. EU4=3.02 e-4**
US2 vs. US3=2.52 e-7**
US2 vs. US4=5.36 e-6**
Average NMAV values Average MF values
Infrahyoid (IHY) Sternocleidomastoid (SCM) Infrahyoid (IHY) Sternocleidomastoid (SCM)
Helmet ANOVA 2.00e-16** 7.48 e-5** 0.09 8.97e-9**
Post Hoc US vs. EU = 3.55 e-13** US vs. EU = 5.52 e-3** - US vs. EU = 6.23 e-7%*
US vs. NH = 3.30 e-13** US vs. NH = 1.09 e-7**
Interval ANOVA 0.54 0.09 0.05 2.00 e-4**
Post Hoc - - - I, vs. I; = 0.03%
I, vs. |, = 2.03 e-4**
I, vs. I, = 9.19 e-3**
Helmet x Interval ANOVA 0.99 1.00 0.93 0.96
Post Hoc - - - -

The p-values below 0.05 and 0.01 are respectively marked with single and double asterisks. The p-values below 0.05 and 0.01 are respectively marked
with single and double asterisks. The first, second, third, and fourth interval levels are denoted by I, I,, |5, and |,, respectively. The no-helmet, US-style
firefighter helmet, and European-style helmet conditions are indicated by NH, US, and EU, respectively, and their significance level at any of the four
intervals with 1, 2, 3, and 4. For example, EU2 refers to the effect of the European-style helmet in the second interval.

Borg’s perceived discomfort

Helmet use led to significantly higher subjective effort
than the NH condition (p-value <0.01). During flexion,
discomfort was respectively 25.81% and 38.71% higher

for EU (3.9+1.8) and US (43+1.9) helmets than NH
(3.1+£1.6) conditions. During extension, discomfort
increased by 16.67% and 33.33% for EU (4.2+2.0) and
US (4.8+2.0) helmets, respectively, compared to NH
(3.6+1.8) conditions.
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Figure 7. Piecewise linear regression plots of normalised mean absolute value (NMAV) and median frequency (MF) of infrahyoid
(IHY) muscles during sustained-till-exhaustion extension tasks under no helmet, US-style firefighter (US) helmet, and European-style
(EU) helmet conditions. Boxplots represent descriptive data (average and standard deviation) of NMAV and MF averages and
corresponding slope values for the individual time intervals. The abbreviations I, 1,, |5, and |, represent the sequential time inter-
vals used in the analysis, corresponding to each quartile of the task duration.

Endurance time (ET)

ET data showed no significance for helmet uses in
flexion (p-value = 0.61) or extension (p-value =
0.10). Participants respectively endured about
22.28% and 15.10% longer with NH conditions

(182.54+138.02s) than US (149.28+110.67s) and EU
(158.58+109.02s) helmets during flexion, while
about 58.51% and 33.34% longer with NH condi-
tions (144.93+109.11s) than US (91.43 +70.45s) and
EU (108.69+81.37s) helmets. EU helmets produced
6.23% and 18.88% longer ET than US helmets for
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Figure 8. Piecewise linear regression plots of normalised mean absolute value (NMAV) and median frequency (MF) of sternoclei-
domastoid (SCM) muscles during sustained-till-exhaustion extension tasks under no helmet, US-style firefighter (US) helmet, and
European-style (EU) helmet conditions. Boxplots represent descriptive data (average and standard deviation) of NMAV and MF
averages and corresponding slope values for the individual time intervals. The abbreviations I;, 1, |5, and |, represent the sequen-
tial time intervals used in the analysis, corresponding to each quartile of the task duration.

flexion and extension tasks, respectively. Across all Discussion

helmet conditions, flexion trials showed longer ET
than extension trials (NH: 25.95%, US: 63.27%, EU:  This study examined how the sustained-till-exhaustion

45.90%). use of two firefighter helmets with diverse inertial
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properties—1) a US helmet with far superiorly-shifted
COM location relative to the CO0-C1 joint (i.e,
high-profile design) and 2) an EU helmet with COM
location closer to the CO0-C1 joint (i.e, low-profile
design)—affect neck muscle fatigue, endurance, and
discomfort during maximum neck flexion and exten-
sion positions. The results demonstrated that a
lower-profile helmet (i.e.,, EU helmet), which has a cen-
tre of mass (COM) located closer to the CO-C1 joint
and thus a lower moment of inertia (MOI), resulted in
lower neck muscle activity, less fatigue, improved per-
ceived discomfort, and higher endurance time than a
lighter-weight helmet (US helmet).

The fatigue progression, characterised by an
increase in NMAV and a decrease in MF, was evident
across all neck muscles. Notably, the US helmet
induced faster fatigue despite being lighter (12.4%;
2509) than the EU helmet. This may be attributed to
its COM location—15.2cm superiorly away from the
C0-C1 joint—which is approximately 38.2% more
superior than that of the EU helmet (9.4cm).
Consequently, the US helmet imposed about 17.4%
greater MOI on the cervical spine, thereby increasing
muscular demand. Our findings align with previous
research demonstrating that high-profile helmets
impose greater biomechanical loads on the cervical
spine compared to low-profile helmets (Harms-Ringdahl
et al., 1986; Paulon et al. 2024). Similarly, Phillips and
Petrofsky (1983) reported a greater increase in NMAV
and a decrease in MF during prolonged use of Air
Force helmets compared to no helmet use, further
supporting our results. Despite these findings, we
observed a seemingly contradictory result—lower
muscle activation during helmet conditions compared
to the no-helmet condition. This outcome is likely due
to the fact that the helmet further flexed the head-neck
system, forcing participants to achieve extreme neck
flexion angles. Because participants were required to
maintain maximum neck flexion and extension pos-
tures to induce muscle fatigue, passive resistance
structures of the cervical spine (e.g., ligaments and
joint capsules) became engaged to relieve the load,
thereby shifting part of the support from active mus-
cle contraction to passive elements. Harms-Ringdahl
et al. (1986) similarly found that EMG activities of both
flexor and extensor muscles were reduced during
extreme neck positions, suggesting a shift towards
passive support. Nevertheless, maintaining these posi-
tions for an extended period required more than min-
imal activation from both agonist and antagonist
muscle groups, indicating that active muscular engage-
ment remained essential despite the contribution of
passive elements.

Muscle fatigue was more pronounced in the first
and second intervals, reflecting an initial phase of
increased muscle involvement (and thus muscle
fatigue) before the load shifted to passive structures
such as ligaments, cervical spine, and intervertebral
discs (Panjabi 1992; Colloca and Hinrichs 2005). As
muscles become fatigued, neural drive to muscles
decreases, and the passive tissues assume a greater
load (McGill and Kippers 1994; Choi et al. 2020).
Consequently, muscle fatigue was not consistent in
the third interval. However, in the fourth interval, mus-
cle involvement partially resumed, likely due to affer-
ent feedback from muscles and cervical joints to the
brain to adopt compensatory strategies to maintain
spinal stability and mitigate the risk of impairment to
the spine (Norasi et al. 2023). These findings reinforce
the nonlinear time-specific progression of muscle
fatigue (Chowdhury and Nimbarte 2015), and the
appropriateness of piece-wise regression analysis to
understand time-specific progression of muscle fatigue
and passive-active tissue load-sharing dynamics.
Additionally, as fatigue progressed, our results showed
a slight graduate increase in neck angle over time,
indicating increased viscoelastic deformation of pas-
sive components due to a decrease in agonist muscle
activity and their fatiguing contractions (Chen, Chan,
and Alexander 2024). Interestingly, the results demon-
strated that helmet use significantly reduced the total
neck extension angle compared to the no-helmet con-
dition. This reduction can likely be attributed to the
physical constraints imposed by helmet structures—
particularly those with bulkier designs, such as fire-
fighting helmets. During extension, the posterior
portion of the helmet can come into contact with the
upper back, cervical region, or shoulder, thereby phys-
ically impeding further neck range of cervical exten-
sion. In contrast, during sub-maximal neck flexion,
there is no anatomical or structural obstruction limit-
ing the motion. The additional mass and elevated cen-
tre of mass introduced by the helmet increased the
flexion torque, imposing a greater load that drives the
head downward. As a result, neck flexion angles were
found to be greater under helmet conditions.

Interestingly, the UTR muscles exhibited a distinct
muscle activation pattern. Unlike other muscles, it
showed lower NMAV values under both helmets com-
pared to the NH condition. This may result from a
myoelectric inhibition mechanism during full neck flex-
ion (Troiano et al. 2008; Nimbarte, Zreigat, and
Chowdhury 2014). The increased moment at the CO-
C1 joint under helmet use likely compelled further
neck flexion, intensifying the UTR inhibition further.
This is consistent with a previous study that reported



higher neck muscle activation under NH condition
than the helmet condition during neck flexion tasks
(Callaghan, Laing, and Dickerson 2014). In contrast, the
CTR muscle demonstrated higher NMAV values with
helmet use, possibly due to additional loading on the
nuchal ligament, which both counterbalances moments
on the neck joint (Wang et al. 2014) and limits the
range of motion during flexion tasks (Takeshita et al.
2004). Additionally, when the nuchal ligament over-
stretches, it transfers more load to the CTR, thereby
increasing CTR muscle activity. The IHY and SCM mus-
cles, being involved in neck extension, displayed
increased NMAV and greater fatigue under helmet use.
Not to mention, neck angles during extension were
smaller than during its flexion under all helmet condi-
tions. This can be attributed to the fact that neck flex-
ors (IHY and SCM) are smaller and weaker than neck
extensors (Uhlig et al. 1995; Chowdhury et al. 2022).
Additionally, they aremore fatigue-prone (Miller et al.
1993; Billeter and Hoppeler 2003). To mitigate injury
risks during extension, posterior passive tissues trigger
a compensatory mechanism by increasing their stiff-
ness, which can result in further reduction in neck
extension angle (McGill, Seguin, and Bennett 1994;
Niewiadomski et al. 2019). ET and discomfort data fur-
ther supported that sustained extension tasks under
helmet use were more physically demanding than sus-
tained flexion tasks.

This study has several limitations. The assessment of
neck muscle fatigue under helmet use was limited to
neck flexion and extension tasks. Since unintentional
compensatory movements involving neck lateral bend-
ing or rotation may occur during daily operational
tasks (Niewiadomski et al. 2019), future research should
explore helmet effects under these movements.
Additionally, deeper neck muscles were not analysed
due to the use of surface EMG. Age and sex, which
influence neck muscle endurance and fatigue (Hunter
2014), were not considered. Future research incorpo-
rating these variables may offer broader insights into
the underlying physiological mechanisms driving
fatigue progression across diverse populations. Lastly,
despite acquiring EMG data from both flexor and
extensor muscles, we did not include antagonist mus-
cle activity and coactivation between agonist-
antagonist muscle groups in this study. We planned to
report them in future studies, focusing on the
head-neck flexion-extension phenomenon and visco-
elastic dynamics of neck passive tissues during sus-
tained helmet use. In summary, though minimising
helmet weight is essential to reduce the risk of devel-
oping neck injuries, our findings suggest that a
low-profile helmet design, characterised by a COM
close to CO0-C1 joint, should be equally prioritised,
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especially when a helmet is used for prolonged dura-
tion in awkward postures.

Acknowledgment

We acknowledge the Department of Homeland Security &
Technology (Award # 70RSAT21CB0000023) for supporting
this study. We would also like to thank the local firefighters
for participating in this study.

Author contributions

Leonardo H. Wei: Conceptualisation, Methodology, Data
Preparation, Writing. Gustavo M. Paulon: Literature Review,
Writing, Data Analysis, Pramiti Sarker, Ph.D.: Reviewing,
Writing, and Editing. Suman K. Chowdhury, Ph.D.:
Conceptualisation,  Supervision,  Funding  Acquisition,
Investigation, Reviewing, and Editing.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

We acknowledge the Department of Homeland Security &
Technology (Award # 70RSAT21CB0000023) for supporting
this study.

References

Barker, D. J.,, and C. Albery. 2010. Neck Fatigue and Comfort
Effects Due to the Extended Wear of Law Enforcement
Representative Head-Borne Personal Protective Equipment.
Research and Technology Directorate, Edgewood Chemical
Biological Center. DTIC.

Barrett, J. M., L. A. Healey, C. D. McKinnon, A. C. Laing, C. R.
Dickerson, S. L. Fischer, and J. P. Callaghan. 2023. “Head
Supported Mass, Moment of Inertia, Neck Loads and
Stability: A Simulation Study.” Journal of Biomechanics 146:
111416. doi:10.1016/j.jbiomech.2022.111416.

Billeter, R, and H. Hoppeler. 2003. “Muscular Basis of
Strength!” Strength and Power in Sport 50-72. Wiley Online.

Borg, G. 1998. Borg’s Perceived Exertion and Pain Scales.
Human Kinetics.

Branch, B. 2008. Neck Muscle Fatigue Resulting from
Prolonged Wear of Weighted Helmets. (No.
AFRLRHWPTR20080096). DTIC.

Bunketorp, A., Lindstroem, L., Peterson, L., & Oertengren, R.
1985. Heavy protective helmets and neck injuries--a theo-
retical and electromyographic study. In Proceedings of the
International Research Council on the Biomechanics of
Injury conference, 13, 129-138). International Research
Council on Biomechanics of Injury.

Callaghan, J. P, A. Laing, and C. Dickerson. 2014. The Influence
of Neck Posture and Helmet Configuration on Neck Muscle
Demands. (Report No. DRDC-RDDC-2014-C188). DTIC.


https://doi.org/10.1016/j.jbiomech.2022.111416

16 L. H.WEI ET AL.

Campbell, R, and J. L. Molis. 2022. Firefighter Injuries on the
Fireground. National Fire Protection Association (NFPA).
https://www.nfpa.org/education-and-research/research/
nfpa-research/fire-statistical-reports/patterns-o
f-firefighter-fireground-injuries.

Chen, Y-L, Y-C. Chan, and H. Alexander. 2024. “Gender
Differences in Neck Muscle Activity during near-Maximum
Forward Head Flexion While Using Smartphones with
Varied Postures.” Scientific Reports 14 (1): 12994. doi:10.1038/
s41598-024-63734-0.

Choi, K.-H., M.-U. Cho, C.-W. Park, S.-Y. Kim, M.-J. Kim, B. Hong,
and Y.-K. Kong. 2020. “A Comparison Study of Posture and
Fatigue of Neck according to Monitor Types (Moving and
Fixed Monitor) by Using Flexion Relaxation Phenomenon
(FRP) and Craniovertebral Angle (CVA)” International
Journal of Environmental Research and Public Health 17
(17): 6345. doi:10.3390/ijerph17176345.

Chowdhury, S. K., A. D. Nimbarte, M. Jaridi, and R. C. Creese.
2013. “Discrete Wavelet Transform Analysis of Surface
Electromyography for the Fatigue Assessment of Neck and
Shoulder Muscles” Journal of Electromyography and
Kinesiology: Official Journal of the International Society of
Electrophysiological ~ Kinesiology ~ 23  (5):  995-1003.
doi:10.1016/j.jelekin.2013.05.001.

Chowdhury, S. K., and A. D. Nimbarte. 2015. “Comparison of
Fourier and Wavelet Analysis for Fatigue Assessment
during  Repetitive Dynamic  Exertion” Journal of
Electromyography and Kinesiology: Official Journal of the
International Society of Electrophysiological Kinesiology 25
(2): 205-213. doi:10.1016/j.jelekin.2014.11.005.

Chowdhury, S. K., Y. Zhou, B. Wan, C. Reddy, and X. Zhang.
2022. “Neck Strength and Endurance and Associated
Personal and Work-Related Factors” Human Factors 64 (6):
1013-1026. doi:10.1177/0018720820983635.

Cohen, J. 2013. Statistical Power Analysis for the Behavioral
Sciences. Routledge.

Colloca, C. J, and R. N. Hinrichs. 2005. “The Biomechanical
and Clinical Significance of the Lumbar Erector Spinae
Flexion-Relaxation Phenomenon: A Review of Literature.
Journal of Manipulative and Physiological Therapeutics 28
(8): 623-631. doi:10.1016/j.jmpt.2005.08.005.

Cordo, P. J, C. C. Bell, and S. R. Harnad. 1997. Motor Learning
and Synaptic Plasticity in the Cerebellum. Cambridge
University Press.

Davis, J., R. Tang, R. Sesek, and S. Gallagher. 2014. “Evaluating
Firefighter Crawling Performance in a Controlled
Environment.” Advances in Safety Management and Human
Factors 10 (3): 615-620.

Dos Santos, M. L., R. G. Lockie, R. Orr, T. Dinyer-McNeely, D.
Smith, S. McDonald, and J. Dawes. 2025. “The Metabolic
Demand of Firefighting: A Systematic Review." Physiologia
5 (2): 12. doi:10.3390/physiologia5020012.

Enoka, R. M., and J. Duchateau. 2008. “Muscle Fatigue: What,
Why and How It Influences Muscle Function!” The Journal
of Physiology 586 (1): 11-23. doi:10.1113/jphysiol.2007.
139477.

Falla, D., D. Farina, and T. Graven-Nielsen. 2007. “Experimental
Muscle Pain Results in Reorganization of Coordination
among Trapezius Muscle Subdivisions during Repetitive
Shoulder Flexion.” Experimental Brain Research 178 (3):
385-393. doi:10.1007/500221-006-0746-6.

Farooq, H. 2022. Prevalence of Musculoskeletal Disorders and
Ergonomic Risk Factors Among Firefighters. [Master’s

Thesis, Chulalongkorn University]. Repository. https://
digital.car.chula.ac.th/cgi/viewcontent.cgi?article=7012&con
text=chulaetd.

Forde, K. A, W. J. Albert, M. F. Harrison, J. P. Neary, J. Croll,
and J. P. Callaghan. 2011. “Neck Loads and Posture
Exposure of Helicopter Pilots during Simulated Day and
Night Flights.” International Journal of Industrial Ergonomics
41 (2): 128-135. doi:10.1016/j.ergon.2011.01.001.

Gallagher, S., and M. F. Barbe. 2022. Musculoskeletal Disorders:
The Fatigue Failure Mechanism. John Wiley & Sons.

Gentzler, M., and S. Stader. 2010. “Posture Stress on
Firefighters and Emergency Medical Technicians (EMTs)
Associated with Repetitive Reaching, Bending, Lifting, and
Pulling Tasks” Work (Reading, Mass.) 37 (3): 227-239.
doi:10.3233/WOR-2010-1075.

Global Burden of Disease Collaborative Network. Global
Burden of Disease Study 2019 (GBD 2019) Demographics
1950-2019. Seattle, United States of America: Institute for
Health Metrics and Evaluation (IHME), 2020.

Harms-Ringdahl, K., J. A. N., Ekholm, K., Schildt, G., Németh,
& Arborelius, U. P. (1986). Load moments and myoelectric
activity when the cervical spine is held in full flexion and
extension. Ergonomics, 29 (12), 1539-1552.

Harrison, M. F, K. A. Forde, W. J. Albert, J. C. Croll, and J. P.
Neary. 2016. “Posture and Helmet Load Influences on Neck
Muscle Activation” Aerospace Medicine and Human
Performance 87 (1): 48-53. doi:10.3357/AMHP.4301.2016.

Healey, L. A, A. J. Derouin, J. P. Callaghan, D. S. Cronin, and
S. L. Fischer. 2021. “Night Vision Goggle and Counterweight
Use Affect Neck Muscle Activity during Reciprocal
Scanning.” Aerospace Medicine and Human Performance 92
(3): 172-181. doi:10.3357/AMHP.5673.2021.

Hunter, S. K. 2014. “Sex Differences in Human Fatigability:
mechanisms and Insight to Physiological Responses” Acta
Physiologica (Oxford, England) 210 (4): 768-789. doi:10.1111/
apha.12234.

Lakens, D. 2013. “Calculating and Reporting Effect Sizes to
Facilitate Cumulative Science: A Practical Primer for t-Tests
and ANOVAs." Frontiers in Psychology 4: 863. doi:10.3389/
fpsyg.2013.00863.

Larsson, B, K. Sggaard, and L. Rosendal. 2007. “Work Related
Neck-Shoulder Pain: A Review on Magnitude, Risk Factors,
Biochemical Characteristics, Clinical Picture and Preventive
Interventions.” Best Practice & Research. Clinical Rheumatology
21 (3): 447-463. doi:10.1016/j.berh.2007.02.015.

Lee, J.-Y, J. Park, H. Park, A. Coca, J.-H. Kim, N. A. Taylor, S.-Y.
Son, and Y. Tochihara. 2015. “What Do Firefighters Desire
from the Next Generation of Personal Protective Equipment?
Outcomes from an International Survey. Industrial Health
53 (5): 434-444. doi:10.2486/indhealth.2015-0033.

Lin, C.-C,, S.-H. Hua, C-L. Lin, C.-H. Cheng, J.-C. Liao, and C.-F.
Lin. 2020. “Impact of Prolonged Tablet Computer Usage
with Head Forward and Neck Flexion Posture on Pain
Intensity, Cervical Joint Position Sense and Balance Control
in Mechanical Neck Pain Subjects!” Journal of Medical and
Biological Engineering 40 (3): 372-382. doi:10.1007/
s40846-020-00525-8.

Luttmann, A, M. Jager, J. Sokeland, and W. Laurig. 1996.
“Electromyographical Study on Surgeons in Urology. Il
Determination of Muscular Fatigue! Ergonomics 39 (2):
298-313. doi:10.1080/00140139608964460.

McGill, S. M., and V. Kippers. 1994. “Transfer of Loads between
Lumbar Tissues during the Flexion-Relaxation Phenomenon.”


https://www.nfpa.org/education-and-research/research/nfpa-research/fire-statistical-reports/patterns-of-firefighter-fireground-injuries
https://www.nfpa.org/education-and-research/research/nfpa-research/fire-statistical-reports/patterns-of-firefighter-fireground-injuries
https://www.nfpa.org/education-and-research/research/nfpa-research/fire-statistical-reports/patterns-of-firefighter-fireground-injuries
https://doi.org/10.1038/s41598-024-63734-0
https://doi.org/10.1038/s41598-024-63734-0
https://doi.org/10.3390/ijerph17176345
https://doi.org/10.1016/j.jelekin.2013.05.001
https://doi.org/10.1016/j.jelekin.2014.11.005
https://doi.org/10.1177/0018720820983635
https://doi.org/10.1016/j.jmpt.2005.08.005
https://doi.org/10.3390/physiologia5020012
https://doi.org/10.1113/jphysiol.2007.139477
https://doi.org/10.1113/jphysiol.2007.139477
https://doi.org/10.1007/s00221-006-0746-6
https://digital.car.chula.ac.th/cgi/viewcontent.cgi?article=7012&context=chulaetd
https://digital.car.chula.ac.th/cgi/viewcontent.cgi?article=7012&context=chulaetd
https://digital.car.chula.ac.th/cgi/viewcontent.cgi?article=7012&context=chulaetd
https://doi.org/10.1016/j.ergon.2011.01.001
https://doi.org/10.3233/WOR-2010-1075
https://doi.org/10.3357/AMHP.4301.2016
https://doi.org/10.3357/AMHP.5673.2021
https://doi.org/10.1111/apha.12234
https://doi.org/10.1111/apha.12234
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1016/j.berh.2007.02.015
https://doi.org/10.2486/indhealth.2015-0033
https://doi.org/10.1007/s40846-020-00525-8
https://doi.org/10.1007/s40846-020-00525-8
https://doi.org/10.1080/00140139608964460

Spine 19 (19): 2190-2196. doi:10.1097/00007632-199410000-
00013.

McGill, S., J. Seguin, and G. Bennett. 1994. “Passive Stiffness of
the Lumber Torso in Flexion, Extension, Lateral Bending, and
Axial Roatation: Effect of Belt Wearing and Breath Holding.”
Spine 19 (6): 696-704. doi:10.1097/00007632-199403001-
00009.

Miller, A. E. J., J. MacDougall, M. Tarnopolsky, and D. Sale.
1993. “Gender Differences in Strength and Muscle Fiber
Characteristics.” European Journal of Applied Physiology and
Occupational Physiology 66 (3): 254-262. doi:10.1007/
BF00235103.

Mills, E., A. Tvaryanas, and M. Wade. 2019. Comparing the
Effects of USAF Helmets on Neck Kinematics and Fatigue
(Report No. AFRL-RH-WP-TR-2019-0113). El Segundo: Wyle
Laboratories, Inc. DTIC.

Murray, M., B. Lange, S. S. Chreiteh, H. B. Olsen, B. R.
Ngrnberg, E. Boyle, K. Segaard, and G. Sjggaard. 2016.
“Neck and Shoulder Muscle Activity and Posture among
Helicopter Pilots and Crew-Members during Military
Helicopter Flight” Journal of Electromyography and
Kinesiology: Official Journal of the International Society of
Electrophysiological Kinesiology 27: 10-17. doi:10.1016/j.
jelekin.2015.12.009.

National Fire Protection Association. (2006). NFPA 1971
Standard on Protective Ensembles for Structural Fire Fighting
and Proximity Fire Fighting (pp. 126). Quincy, MA: NFPA.

Netto, K. J., and A. F. Burnett. 2006. “Reliability of Normalisation
Methods for EMG Analysis of Neck Muscles.” Work (Reading,
Mass.) 26 (2): 123-130.

Niewiadomski, C., R.-J. Bianco, S. Afquir, M. Evin, and P-J.
Arnoux. 2019. “Experimental Assessment of Cervical Ranges
of Motion and Compensatory Strategies.” Chiropractic &
Manual Therapies 27 (1): 9. doi:10.1186/512998-018-0223-x.

Nimbarte, A. D., M. M. Zreiqat, and S. K. Chowdhury. 2014.
“Cervical Flexion-Relaxation Response to Neck Muscle
Fatigue in Males and Females.” Journal of Electromyography
and Kinesiology: Official Journal of the International Society
of Electrophysiological Kinesiology 24 (6): 965-971.
doi:10.1016/j.jelekin.2014.09.002.

Norasi, H., M. S., Hallbeck, & G. A., Mirka. (2023, September).
“Neck extensor fatigue: Comparing the effect of 45 de-
grees of neck flexion to the effect of 45 degrees of trunk
flexion” In Proceedings of the Human Factors and
Ergonomics Society Annual Meeting (Vol. 67, No. 1, pp.
2353-2358). Sage CA: Los Angeles, CA: SAGE Publications.

Nourollahi-Darabad, M., D. Afshari, S. Mohipour, and G-A.
Shirali. 2024. “The Effect of Awkward Upper Body Postures
on the Prevalence of Musculoskeletal Disorders in Office
Workers Based on Objective Techniques!” Journal of Health
and Safety at Work 13 (4): 685-700.

Panjabi, M. M. 1992. “The Stabilizing System of the Spine. Part
I. Function, Dysfunction, Adaptation, and Enhancement”
Journal of Spinal Disorders 5 (4): 383-389; discussion 397.
doi:10.1097/00002517-199212000-00001.

Park, H., J. Park, S.-H. Lin, and L. M. Boorady. 2014. “Assessment
of Firefighters' Needs for Personal Protective Equipment”
Fashion and Textiles 1 (1): 1-13. d0i:10.1186/540691-014-0008-3.

Paulon, G. M., S. Sudeesh, L. H. Wei, and S. K. Chowdhury.
2024. “Firefighter Helmets and Cervical Intervertebral

ERGONOMICS . 17

Kinematics: An OpenSim-Based Biomechanical Study”
Journal of Biomechanics 176: 112364. doi:10.1016/j.jbio-
mech.2024.112364.

Phillips, C. A, and J. Petrofsky. 1983. “Quantitative
Electromyography: response of the Neck Muscles to
Conventional Helmet Loading.” Aviation, Space, and
Environmental Medicine 54 (5): 452-457.

Siyeon, K, and J. Wonyoung. 2020. “Physiological and
Psychological Neck Load Imposed by Ballistic Helmets during
Simulated Military Activities.” Fashion and Textiles 7 (1): 7-27.

Sommerich, C. M., S. M. Joines, V. Hermans, and S. D. Moon.
2000. “Use of Surface Electromyography to Estimate Neck
Muscle  Activity” Journal of Electromyography and
Kinesiology: official Journal of the International Society of
Electrophysiological Kinesiology 10 (6): 377-398. doi:10.1016/
s1050-6411(00)00033-x.

Takeshita, K., E. T. Peterson, D. Bylski-Austrow, A. H. Crawford,
and K. Nakamura. 2004. “The Nuchal Ligament Restrains
Cervical Spine Flexion! Spine 29 (18): E388-E393.
doi:10.1097/01.brs.0000138309.11926.72.

Troiano, A., F. Naddeo, E. Sosso, G. Camarota, R. Merletti,
and L. Mesin. 2008. “Assessment of Force and Fatigue in
Isometric Contractions of the Upper Trapezius Muscle by
Surface EMG Signal and Perceived Exertion Scale! Gait &
Posture 28 (2): 179-186. doi:10.1016/j.gaitpost.2008.04.002.

Uhlig, Y., B. R. Weber, D. Grob, and M. Miintener. 1995. “Fiber
Composition and Fiber Transformations in Neck Muscles of
Patients with Dysfunction of the Cervical Spine!” Journal of
Orthopaedic Research: official Publication of the Orthopaedic
Research Society 13 (2): 240-249. doi:10.1002/jor.1100130212.

Vasavada, A. N. B. W. Peterson, and S. L. Delp. 2002.
“Three-Dimensional Spatial Tuning of Neck Muscle
Activation in Humans.” Experimental Brain Research 147 (4):
437-448. doi:10.1007/5s00221-002-1275-6.

Vasavada, A. N, S. Li, and S. L. Delp. 2001. “Three-Dimensional
Isometric Strength of Neck Muscles in Humans.” Spine 26
(17): 1904-1909. doi:10.1097/00007632-200109010-00018.

Vicon. 2023. Plug-in Gait Reference Guide. Vicon Motion
Systems. Yarnton, Oxfordshire, England.

Wang, H., F. Zou, J. Jiang, F. Lu, W. Chen, X. Ma, X. Xia, and
L. Wang. 2014. “The Correlation between Ossification of
the Nuchal Ligament and Pathological Changes of the
Cervical Spine in Patients with Cervical Spondylosis.” Spine
39 (26 Spec No): B7-11. doi:10.1097/BRS.0000000000000430.

Wang, S., J. Park, and Y. Wang. 2021. “Cross-Cultural
Comparison of Firefighters’ Perception of Mobility and
Occupational Injury Risks Associated with Personal
Protective Equipment.” International Journal of Occupational
Safety and Ergonomics: JOSE 27 (3): 664-672. doi:10.1080/1
0803548.2019.1607027.

Wang, X., J. Chen, and R. Yu. 2022. “Exploring the Comfort of
Head Personal Protective Equipment for Chinese
Firefighters: An Interview Study” International Journal of
Occupational Safety and Ergonomics: JOSE 28 (4): 2686-
2693. doi:10.1080/10803548.2021.2024359.

Wei, L. H., and S. K. Chowdhury. 2025. “An Electromyography-
Based Multi-Muscle Fatigue Model to Investigate
Operational Task Performance” Computer Methods in
Biomechanics and Biomedical Engineering: 1-17. doi:10.108
0/10255842.2025.2510369.


https://doi.org/10.1097/00007632-199410000-00013
https://doi.org/10.1097/00007632-199410000-00013
https://doi.org/10.1097/00007632-199403001-00009
https://doi.org/10.1097/00007632-199403001-00009
https://doi.org/10.1007/BF00235103
https://doi.org/10.1007/BF00235103
https://doi.org/10.1016/j.jelekin.2015.12.009
https://doi.org/10.1016/j.jelekin.2015.12.009
https://doi.org/10.1186/s12998-018-0223-x
https://doi.org/10.1016/j.jelekin.2014.09.002
https://doi.org/10.1097/00002517-199212000-00001
https://doi.org/10.1186/s40691-014-0008-3
https://doi.org/10.1016/j.jbiomech.2024.112364
https://doi.org/10.1016/j.jbiomech.2024.112364
https://doi.org/10.1016/s1050-6411(00)00033-x
https://doi.org/10.1016/s1050-6411(00)00033-x
https://doi.org/10.1097/01.brs.0000138309.11926.72
https://doi.org/10.1016/j.gaitpost.2008.04.002
https://doi.org/10.1002/jor.1100130212
https://doi.org/10.1007/s00221-002-1275-6
https://doi.org/10.1097/00007632-200109010-00018
https://doi.org/10.1097/BRS.0000000000000430
https://doi.org/10.1080/10803548.2019.1607027
https://doi.org/10.1080/10803548.2019.1607027
https://doi.org/10.1080/10803548.2021.2024359
https://doi.org/10.1080/10255842.2025.2510369
https://doi.org/10.1080/10255842.2025.2510369

	Sustained-till-exhaustion effects of firefighter helmets on neck muscle fatigue mechanism
	ABSTRACT
	Introduction
	Materials and methods
	Participants
	Experimental protocol and instrumentation
	Task design
	Surface Electromyography (EMG)
	Head-neck kinematics and helmet imaging

	Data analysis
	EMG analysis
	Kinematics analysis

	Statistical analysis

	Results
	Neck angle
	UTR and CTR muscle activity during neck flexion tasks
	NMAV and MF slopes and interval averages of UTR muscle
	NMAV and MF slopes and interval averages of CTR muscle
	Percentage of trials with positive NMAV and negative MF slopes

	IHY and SCM muscle activity during neck extension
	NMAV and MF slopes and interval averages of IHY muscle
	NMAV and MF slopes and averages of SCM muscle
	Percentage of trials with positive NMAV and negative MF slopes

	Borgs perceived discomfort
	Endurance time (ET)

	Discussion
	Acknowledgment
	Author contributions
	Disclosure statement
	Funding
	References


