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Objective: The present study aimed to establish a 
normative database of neck strength and endurance while 
exploring personal and work- related factors that can signifi-
cantly influence neck strength and endurance.

Background: A normative database combining both 
neck strength and endurance and delineating how they are 
affected by personal and work- related factors is current-
ly lacking. It is needed for the development of tools and 
guidelines for designing work requiring head- neck exer-
tions to contain the risk of occupational neck pain.

Methods: Forty healthy participants (20 males and 20 
females) performed sustained- till- exhaustion head- neck ex-
ertions, while seated, at 50% and 100% of their maximal ef-
forts in anterior, anterior- superior, and posterior- superior 
directions in neutral, 40° extended, and 40° flexed neck 
postures. Exertion force and endurance time data from 38 
participants were recorded and analyzed using regression 
models.

Results: Overall, multiple regression analyses of the neck 
strength and endurance database revealed that head- neck pos-
ture is the most significant determinant of both neck strength 
and endurance. The time of day significantly influenced neck 
endurance. Among the personal factors, a significant sex  
effect on neck strength and significant age and body mass in-
dex (BMI) effects on neck endurance were identified.

Conclusion: The work- related factors play a more sig-
nificant role in shaping both neck strength and endurance 
than personal factors and therefore are more important 
modifiable factors in meeting the physical demands of work.

Application: The study findings can aid in work design 
as well as in pre- employment screening to reduce the inci-
dence of neck pain in the workplace.

Keywords: neck pain, strength, endurance, personal 
factors, work- related factors

INTRODUCTION

source of disability and a global health issue. 
According to the 2010 Global Burden of Disease 

million) people globally and was ranked as the 
fourth leading cause of global disability (Hoy 
et al., 2014). In a following GBD study con-
ducted in 2016, the global burden for neck pain, 
expressed in disability- adjusted life- years, was 

-
lion in 2006 to 28.9 million in 2016 (Hay et al., 
2017). Neck pain also appears to be an increas-
ingly prevalent occupational health condition 
in workplaces. A study on the Bone and Joint 
Decade 2000–2010 Task Force data reported 

per year globally (Côté et al., 2008). The 2017 
National Health Interview Survey (NHIS), 
administered by the Centers for Disease Control 
and Prevention, showed that the prevalence of 

of U.S. working adults aged 18 and over (NHIS, 
2017). As the sedentary trend of modern work 

-
trol strategies in place, neck pain will continue 
to impair the quality of life of the working pop-
ulation and pose a tremendous socioeconomic 
burden on society.

One guiding principle for preventing or mit-
igating the onset of occupational neck pain is 
to design work according to the neck functional 
capacities of the workers. A good understand-
ing along with a quantitative characterization of 
neck functional capacities has nevertheless not 
been readily available. Previous studies have 
substantiated that an individual’s neck strength 
(i.e., force- generating capacity) and endur-
ance (i.e., fatigue- resistant capacity) can be 
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factors. For neck- related occupational tasks, 
sustained exertions at a submaximal or mod-
erate force level are more common than high- 
force exertions. Thus, endurance may be more 
pertinent to neck pain causation and prevention. 
The majority of the studies to date have been 
dedicated to identifying relationships between 
neck strength and measures of personal factors 
(Cagnie et al., 2007; Catenaccio et al., 2017; 
Garces et al., 2002; Peolsson et al., 2007; Salo 
et al., 2006). For instance, some of these stud-
ies have shown that men produce more force 
but endure less time than women in the neck 
muscles and that the force production capacity 
decreases with age (Catenaccio et al., 2017; 
Garces et al., 2002; Peolsson et al., 2007); some 

-
acteristics such as posture and exertion direction 
on neck strength (Catenaccio et al., 2017; Chen 
et al., 2018; Peolsson et al., 2001; Petrofsky & 
Phillips, 1982; Vasavada et al., 2001), though 
little investigative attention has been paid to 

-
ature indeed indicates existing neck physical 
capacity databases have documented either 
neck strength data alone (Garces et al., 2002; 
Hildenbrand & Vasavada, 2013) or results from 

test alone (Domenech et al., 2011; Jarman et al., 
2017
work- related factor, diurnal variation, on neck 
strength or endurance has never been examined, 
although prior studies have observed circadian 

owing to environmental factors such as ambi-
ent temperature and solar cycle (Atkinson et al., 
1993; Reinberg et al., 1980).

Therefore, the purpose of this study was to 
establish a normative database of neck strength 
and endurance capacities and examine asso-
ciated personal and work- related factors. In 
establishing the database, we focused more 
on endurance, while recognizing its intrinsic, 
inverse relationship with varied levels of force 
exertion relative to strength. We envision such 
a database and related analytics can be incor-
porated into design tools and guidelines for 
recognition and prevention of work scenarios 
where prolonged neck exertions may challenge 

workers’ capacities and instigate the pathogen-
esis of neck pain.

METHODS
Participants

A total of 40 participants (20 males and 20 
females), aged 21–45 years and with body mass 
index (BMI) less than 30, were recruited in this 
study. The participants were in good health and 
free from any musculoskeletal abnormality, 
discomfort, neck- related disorder, or injury at 
the time of participation. The means ± standard 
deviations of age, weight, height, and BMI of 
the participants were 30.95 ± .63 years (male: 
31.65 ± 6.83 years; females: 30.25 ± 6.53 
years), 70.11 ± 2.30 kg (male: 75.62 ± 12.03 
kg; female: 64.61 ± 10.10 kg), 172.41 ± .66 cm 
(male: 175.92 ± 7.95 cm; female: 169.90 ± 8.05 
cm), and 23.63 ± .83 kg/m2 (male: 23.05 ± 2.85 
kg/m2; female: 24.58 ± 2.53 kg/m2), respec-
tively. Twenty- two participants were tested in 
the morning (before 11:00 AM) and 18 partic-
ipants in the afternoon (from 1:30 to 5:30 PM). 
Prior to undergoing any of the study procedures, 
the participants were explained the details of the 
study and its protocol, and then provided their 
written consent in a form approved by the local 
institutional review board.

Experimental Design
A custom- built workstation comprised an 

adjustable testing frame, a height- adjustable 
chair, two rails, and a triaxial load cell was used 
to allow subjects to perform the experimental 
tasks (Figures 1 and 2
computer- aided virtual design of the worksta-
tion in the SolidWorks CAD environment to 
ensure that we could simulate all the experi-
mental tasks while accommodating participants 
from a wide distribution of stature (5th–95th 
percentiles; Figure 1). The adjustable testing 
frame made of T- slotted aluminum bars of dif-
ferent widths and lengths was designed to pro-

(T1–T4) and one rotation (R1). The adjustabil-
ity of this frame was designed to accommodate 
participants from a broad range of anthropom-

-
ent directions by pressing against a tiltable load 
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cell. A height- adjustable, cushioned, and 360° 
swivel chair was constructed using wooden 
materials. The metallic swivel base of the chair 

that was placed onto two T- slotted metallic 
rails, wherein the whole platform can be moved 
forward or backward to adjust the participants’ 
sitting position. A four- strap harness secured at 
the back of the chair was designed to restrain 
the torso of the participants in performing the 
tasks. The structural design of the chair and 
the platform yielded three additional degrees- 
of- freedom: two translations (T5–T6) and one 
rotation (R2; Figure 1). The current study was 
part of a project that included simultaneous 
acquisition of a broad range of biomechanical 

and motion, muscle fatigue, and cervical skel-
etal kinematics using force measurement, 
motion capture, electromyography (EMG), and 
dynamic stereo- radiography (DSX) systems, 
respectively (Figures 1 and 2). The details of the 
dynamic x- ray system, which have been pre-
sented elsewhere (Chowdhury et al., 2017), are 
not provided in this article, as the current study 
did not involve the vertebral kinematics data.

A triaxial MTA400 load cell was positioned 
in a custom- designed and 3D- printed case 
that was tiltable to allow for alignment of the 
load cell with the intended general direction 
of force application of participants’ head- neck 
exertions (Figure 2). The sampling frequency 

Figure 1. Computer- aided “virtual” design of the custom- built workstation in an integrated experimental setup, 
consisting of (a) adjustable frame, (b) load cell, (c) helmet, (d) adjustable chair, (e) strap, (f) rail, (g) dynamic 
radiographic imaging system (data were collected but not reported in the current study), (h) electromyography 
sensors, and (i) Vicon surface markers. The workstation permits eight degrees of freedom (i.e., adjustability): 
six translations are denoted as T1–T6 and two rotations are denoted as R1–R2.
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infraorbitales (left and right), glabella, acro-
mion processes (left and right), suprasternal 

for a full capture of exertion postures of the 
participants using a 12- camera Vicon motion 
capture system (Vantage- Series, Vicon Motion 
Labs, Oxford, UK). The Cometa Wave wireless 
EMG system (sampling rate: 2160 Hz, inter- 

10–500 Hz) was used to record surface EMG 
data from 10 neck muscles (Figures 1 and 2).

A Daytona half shell helmet (Ennis Kirk, 

padding and chin straps was worn by the partic-
ipants to facilitate head- neck exertions against 
the load cell. Mounted to the front and back of 
the helmet was a plastic spherical protrusion, 
which allowed the helmet to be accurately posi-

plate attached to the outer surface of the load 
cell. The spherical mate was chosen to negate 
the likelihood of any slipping between the load 
cell and the helmet surfaces throughout the 

Figure 2. 
anterior, anterior- superior, and posterior- superior directions, while seated at three corresponding head- neck 

as the angle between Frankfurt and transverse planes in the midsagittal plane. Surface markers placed on the 
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forceful head- neck exertions while permitting a 
quick disengagement (Figure 2). We used four 

-
ference: 53.7–55.9 cm), L (56.2–58.4 cm), XL 

accommodate a broad range of head sizes.
Participants performed three types of neck 

exertions: (a) maximum voluntary isometric 
exertion (MVIE) to establish the strength base-
line; (b) sustained- till- exhaustion exertion at 

-

required the participants to press their head with 
the augmented helmet, while seated, against the 
load cell. The exertion directions at neutral, 

-
tively in (a) anterior, (b) anterior- superior, and 
(c) posterior- superior directions (Figure 2). 
The latter two directions were chosen to emu-
late real- world tasks requiring an extended or 

(i.e., gravity). For example, over- the- shoulder 
welding tasks require a worker to be in a pro-
longed extended neck posture while wearing 

observed among surgeons or dentists who per-
form prolonged operations. The extension and 

the Frankfurt plane with respect to the neutral 
posture (Figure 2 -
formed two MVIE exertions for 5–10 s at each 
posture. A rest period of at least 2 min was pro-
vided between the MVIE exertions to avoid the 

of these two exertions was used as the strength 
baseline to perform the latter two exertions. 
Each unique exertion was repeated once. Thus, 
a total of 18 exertion trials (three types, three 
postures, two repetitions) were completed by 
each participant. Inter- trial rest periods were 
administered to allow a full recovery: a period 
of 2 min or longer (if deemed necessary by the 
participant) was provided between the strength 
trials; at least twice the duration of the preced-
ing trial was provided between the endurance 

was randomized across the participants; at 

-

performed in a randomized order. Verbal feed-
back was provided during the sustained tasks to 
ensure that the participants achieved and main-

levels of endurance trials.

Data Acquisition

analysis of the load cell and Vicon surface 
marker data for the real- time feedback of exer-
tion force level and direction, respectively. The 
exertion direction was measured by the head- 

angle between the global horizontal (or trans-
verse) plane and the Frankfurt plane formed by 
four markers: left and right infraorbitales and 
left and right tragion notches (Figure 2). The 
unprocessed load cell data of the strength trials 
were smoothed using a moving 100- ms window. 
The maximum isometric force (FMVIE) level of 
each trial was estimated by averaging the force 
data of a .5- s window ranging from tmax
to tmax + .25 s; where tmax was the time instance 
of the single maximum force value of that trial. 
A MATLAB program was developed to com-
pute and display the exertion force level and 
exertion direction as real- time feedback to the 
participants.

We recorded surface EMG data from 10 neck 
muscles: the left and right infrahyoid (HYOID), 
left and right sternocleidomastoid (SCM), left 
and right cervical trapezius (TRAP) at C4–C5 
level, left and right splenius capitis (SPL), and 
left and right upper trapezius (UTRAP). Before 
placing the EMG electrode pairs, we shaved 
and cleaned the skin underneath the anatomi-
cal locations with isopropyl alcohol. The EMG 
electrodes were placed in parallel to the muscle 

by several previous studies (Joines et al., 2006; 
Nimbarte et al., 2014; Vasavada et al., 2002).

Data Analysis
The subsequent analysis used data of 38 par-

ticipants (19 male and 19 female), as data of two 
participants were excluded due to missing trials 
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or poor data quality. The raw load cell data of all 
sustained exertion trials were full- wave recti-

of 100 ms (216 data points). We considered the 
start of the exertion (Tbeg) as the time instance 

the target force level and the end of the exer-
tion (Tend) as the time instance in which the 

force level (Figure 3). The endurance time (ET) 
of each exertion was estimated as the duration 
between the start (Tbeg) and end (Tend) of the 
sustained exertion task. Similarly, the sustained 
maximal (F ) and submaximal (F ) neck 
forces were calculated by averaging the force 
data between Tbeg and Tend time instances of 
the sustained maximal and submaximal exer-
tion trials, respectively. Then, both mean neck 

 and F
the FMVIE value of the corresponding posture 
to determine maximal and submaximal neck 
exertion levels (ELs). Data from two repetitions 
were averaged into a single dataset.

The surface EMG signals of eight neck mus-
cles (left and right SCM, left and right HYOID, 
left and right TRAP, and left and right SPL) 
were used to evaluate neck muscle fatigue. A 
nonoverlapping sliding window of 500- ms 
(1080 data points) duration was employed 

between Tbeg and Tend of the sustained exer-
tion to estimate the median frequency (MF) by 
transforming the time- domain signal into the 
frequency domain using Fast Fourier Transform 
(FFT). As ET was varied across tasks and sub-

-
ferences in muscle activation between the left 
and right sides of the same muscle group since 
the participants performed the exertions in the 
midsagittal plane. Therefore, the MF data, esti-

exertion duration, were pooled from both sides 
and averaged across all subjects. We employed 
linear regression analysis to estimate the MF 
slope for each of the four muscle groups. A 

the occurrence of muscle fatigue (Chowdhury 
et al., 2013).

Multiple linear regression (MLR) models 

and work- related factors as predictors and char-
acterize their relationships with neck strength 
(F) and ET as responses. The normality and 
homoscedasticity assumptions of the mod-

Smirnov and Levene tests, respectively. Since 
the data did not meet the normality assumption, 
a logarithmic transformation of the data were 

Figure 3. Filtered load cell data to indicate the start and end of the sustained exertions. ET (data points) and 
F (N) denote endurance time and exertion force, respectively. The ET(s) is expressed in terms of ET (data 
points): 1 s = 2.16 × 103 data points.
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performed, which not only normalized their 

of variance assumptions. Moreover, the histo-

and the logarithmic data transformation to ln 
(Age) and ln (BMI) was able to bring together 
the spread- out data.

The multicollinearity assumption for the 

was also checked using the Pearson product- 
moment correlation (r) test and the value of the 

r was more than 0.30 and the value of VIF was 
more than 5, then we deemed a high degree 
of correlation between the pairs of predictor 
variables (Kutner et al., 2005). We observed a 
high degree of correlation (r

interaction terms: sex × time- of- day, head- neck 
posture × time- of- day, sex × head- neck pos-
ture, age × sex, ln (age) × time- of- day, ln (age) 
× head- neck posture, ln (age) × ln (BMI), ln 
(BMI) × sex, ln (BMI) × time- of- day, ln (BMI) 
× head- neck posture, EL × sex, EL × ln (BMI), 
EL × head- neck posture, and EL × time- of- day. 
Hence, in order to minimize the correlation, 
the continuous predictor variables were stan-
dardized (i.e., rescaled to have a mean of zero 
and a standard deviation of one), and the mul-
ticollinearity assumption was then re- checked. 

correlation (r
subsequent regression analyses were carried 
out using ln (age), sex, ln (BMI), head- neck 
posture, time- of- day, EL, head- neck posture × 
sex, and head- neck posture × EL as the predic-
tor variables and ln (FMVIE) and ln(ET) as the 
response variables. The resulting regression 
models are as follows:

 

( )
β β × β ×

β × β

× ( )
β × ( )

β

× × ε  
 (1)

 

( )
β β × β × β

× β × ( )
β

× ( )
β × ×

β × β × × ε  
 (2)

where,  β   is the intercept and  β  ,  β  ,  β  ,  β  ,  β   
 β  ,  β  , and  β   are, respectively, the regression 

neck posture (40° extended posture: 1; neutral 

(morning: 1; afternoon: 2), age (21–45 years), 
BMI (17.2–28.2 kg/m2), head- neck posture × 

EL; ε  is the random component (the rest of the 
model). Note that exertion level (EL) was only 
included in the ln(ET) regression model.

We considered the backward elimina-
tion procedure to determine if the individual 

consecutive steps of the backward stepwise 
 

(p

used Cohen’s (f 2

 −  
 

where    is the squared semi- partial correla-

  -
cient for the full model) to measure the contri-

the variance of a model (Cohen, 2013). All sta-
tistical analyses were performed in SPSS for 
Windows, version 20.0 (SPSS Inc., Chicago, 
IL), except for calculations of descriptive sta-
tistics such as mean, standard deviation (SD), 
standard error (SE
which were made in Microsoft Excel 2017 
(Microsoft Corporation, Redmond, WA).

RESULTS

strength (F ) 
sustained- till- exhaustion exertions were 

-
line strength (FMVIE), respectively (Table 1). 
The negative EMG MF trends (Figure 4) con-

-
rienced fatigue in all exertions; in particular, 
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exertions in the anterior- superior (40° extended 

-
tions in the anterior (neutral posture) direction 

for SCM, HYOID, TRAP, and SPL muscles, 
respectively.

The regression analysis results (Tables 1 and 
2
strength (p p = 
.917) on neck endurance time, with male partic-

-
imal exertion (ET ) than female participants. 

The results revealed a decreasing trend for age 

strength (Table 1
endurance time (Table 2
Among work- related factors, the results showed 

neck strength (p < .000) and endurance (p < 
.000; Tables 1 and 2) and time- of- day (p < .000) 
and head- neck posture (p < .000) on endurance 
(Table 2
that neck extensors in a posterior- superior exertion 

-
rior (at neutral posture) and anterior- superior (at 
a 40° extended posture) exertion tasks. Similar to 
neck strength results, the neck endurance data also 

TABLE 1: Descriptive Statistics (Mean ± SD) of Baseline Strength (FMVIE), 100% Strength (F100%), and 
50% Strength (F50%) and Multiple Regression Analysis Results of Neck Strength (FMVIE) Data

Predictors FMVIE (N) F50% (N) F100% (N) T- Stat p- value f 2

Sex

   Male 107.69 ± 25.44 48.11 ± 17.14 85.05 ± 33.66 −5.04 .000 0.42

   Female 70.52 ± 19.08 32.25 ± 13.38 57.54 ± 24.29

Head- neck posture

   40° extended 51.17 ± 22.25 21.80 ± 10.73 39.94 ± 20.90 5.50 .000 0.43

   Neutral 88.28 ± 31.62 41.11 ± 14.61 69.54 ± 28.11

   40° flexed 127.84 ± 37.54 57.63 ± 16.64 104.41 ± 32.29

Time- of- day

   Morning 83.83 ± 19.92 38.17 ± 14.36 66.39 ± 26.26   0.57 .573 -

   Afternoon 98.26 ± 32.88 43.63 ± 20.16 79.69 ± 38.96

Age

- - - −1.05 .297 -

BMI

- - - 1.16 .248 -

Head- neck posture × sex

  Male

   40° extended 64.16 ± 20.59 26.82 ± 14.92 48.86 ± 30.76 0.28 .779 -

   Neutral 108.03 ± 27.23 50.42 ± 17.63 83.03 ± 40.07

   40° flexed 151.06 ± 34.30 67.09 ± 20.01 123.27 ± 46.54

  Female

   40° extended 38.25 ± 15.50 16.78 ± 12.02 31.01 ± 22.62

   Neutral 68.52 ± 22.11 31.81 ± 14.18 56.04 ± 29.59

   40° flexed 104.62 ± 24.10 48.17 ± 16.70 85.56 ± 31.31

Note. A p value ≤.05 denotes statistical significance. F2 represents the measure of effect size. Approximate 
effect sizes of ≥.15 and ≥.35 signify moderate and large effect sizes, respectively (Cohen, 2013).
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showed higher endurance of neck extensors than 

and anterior- superior exertion tasks, respectively). 

muscles during anterior exertion tasks at the neu-

tasks at 40° extended posture.

time revealed that the participants tested in the 

endurance time than the participants tested in 
the afternoon during sustained submaximal 
and maximal neck exertion trials, respectively 
(Table 2). The interaction between head- neck 

predictor of neck endurance time, indicat-

time for F

 
exertion trials.

f 2) data revealed that work- 
related factors (head- neck posture, eEL, and 
time- of- day) accounted for most of the vari-
ance in both regression models as compared 
to individual factors (sex, age, and BMI; 
Tables 1 and 2
head- neck posture largely contributed to pre-
dicting neck strength (head- neck posture: 
 f 2

head- neck posture and EL in predicting endur-
ance (head- neck posture: f 2

of the variance; head- neck posture × EL: 

Figure 4. 



1022 September 2022 - Human Factors

f 2

the personal factors, sex (f 2

the variation in strength model) and age  
(f 2

neck strength and endurance time, respectively. 

BMI (f 2
of- day (f 2
endurance.

The MLR models, after stepwise elimi-

TABLE 2: Descriptive Statistics (Mean ± SD) and Multiple Regression Analysis Results of Neck 
Endurance Time (ET) Data

Predictors ET50% (S) ET100% (S) T- Stat p- Value f 2

Sex    

   Male 84.57 ± 44.63 32.62 ± 13.81    −.11 0.917 -

   Female 83.92 ± 42.35 35.33 ± 17.69

Head- neck posture

   40° Extended 58.90 ± 31.31 28.60 ± 13.75    11.78 <.000 0.62

   Neutral 85.50 ± 48.14 34.76 ± 13.93

   40° Flexed 108.34 ± 63.61 38.57 ± 22.56

Time- of- day

   Morning 89.17 ± 39.45 38.04 ± 14.79    −3.76 <.000 0.06

   Afternoon 75.81 ± 47.89 27.00 ± 14.79

Age    

- - -    −4.99 <.000 0.11

BMI    

- - -    2.28 0.023 0.02

Exertion level    

- 84.24 ± 30.64 33.97 ± 11.22    −1.13 0.261 -

Head- neck posture × Exertion level    

   40° Extended 58.90 ± 31.31 28.60 ± 13.75    −11.46 <.000 0.59

   Neutral 85.50 ± 48.14 34.76 ± 13.93

   40° Flexed 108.34 ± 63.61 38.57 ± 22.56

   Head- neck 
posture * Sex

  Male

   40° Extended 64.04 ± 56.09 30.74 ± 22.07    0.14 0.886 -

   Neutral 78.80 ± 59.98 32.44 ± 26.75

   40° Flexed 110.84 ± 97.14 34.67 ± 23.79

  Female

   40° Extended 53.74 ± 27.74 26.46 ± 16.46

   Neutral 92.19 ± 75.82 37.07 ± 30.39

   40° Flexed 105.83 ± 84.63 42.26 ± 38.22

Note. A p value ≤.05 denotes statistical significance. Sustained maximal and submaximal exertion times are 
denoted as ET100% and ET50%, respectively. F2 represents the measure of effect size. Approximate effect sizes of 
≥.15 and ≥.35 signify moderate and large effect sizes, respectively (Cohen, 2013).
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unstandardized, and taking antilog in both sides, 
take the following forms:

 
( − )

 
 (3)

 

−
− −

×  
 (4)

where    is the neck strength (N) and ET is 
the endurance time (s); sex is coded as 1 for male 
and 2 for female; head- neck posture is coded 
as 1 for 40° extended posture, 2 for neutral 

day is coded as 1 for the morning and 2 for the 
afternoon; age is in years (21–45 years); BMI 
is in kg/m2 (<30 kg/m2); and EL is in decimal 

R2 
was 0.35 and 0.51 for strength Equation (3) and 
endurance time Equation (4), respectively.

DISCUSSION

work- related and personal factors on neck strength 
and endurance as it established a normative data-
base of these two important, interrelated neck 

neck strength, and of age, BMI, head- neck pos-
ture, time- of- day, and posture- EL interaction on 
neck endurance and produced regression models 
delineating the relationships.

In general, both muscle strength and endurance 
depend on the proportion of fast (type II) and slow 

Billeter & Hoppeler, 
2003; Hickson et al., 1994; Miller et al., 1993; 
Wilson et al., 2012
higher strength but are more fatigable, whereas 

more fatigue- resistant (Wilson et al., 2012). The 

-
mines the variation of muscle strength and endur-
ance time. For example, females have a higher 

Miller et al., 
1993; Simoneau & Bouchard, 1989). That explains 

neck force- generating capacity than females. The 
female- to- male ratio of neck strength was found to 
vary from 0.6 to 0.8, which is consistent with what 
has been reported in the literature (Cagnie et al., 
2007; Catenaccio et al., 2017; Garces et al., 2002, 
Peolsson et al., 2007; Vasavada et al., 2001). While 

maximum EL, we did observe higher neck endur-
ance in females at the submaximum EL, as was 
previously reported (Peolsson et al., 2007).

The head- neck posture and EL had the most 

variance in the endurance model (Tables 1 and 2). 
A change in muscle length as a result of postural 

-

generating and enduring capacities of the muscle 
(Billeter & Hoppeler, 2003; Rassier et al., 1999; 
Wilson et al., 2012). For this reason, we observed 

force in the neutral posture than in the 40° extended 
posture as the optimal muscle length where maxi-
mum tension can be produced is likely at or near the 
neutral neck posture (Vasavada et al., 1998). For the 
same reason, we also observed higher neck endur-

the 40° extended posture. This could also be due to 
the increased torque by the gravitational force at an 
extended neck posture (e.g., 40° extended posture) 

Furthermore, we observed higher neck capacities 
(both strength and endurance) for the extensors at 
exertion tasks in the posterior- superior direction at 

in the anterior- superior direction at 40° extended 
posture and the anterior direction at the neutral 
posture. The muscle fatigue data also displayed the 

and SCM). This may be attributable to a greater 
muscle size (e.g., volume, cross- sectional area, 
length; Billeter & Hoppeler, 2003; Miller et al., 
1993) and a relatively higher proportion of type I 

(Uhlig et al., 1995).

tested in the afternoon on average had lower neck 
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endurance than those tested in the morning, indi-
-

lished that circadian rhythms govern many daily 
habits and activities (e.g., body temperature cycle, 
patterns of hormone secretion; Andrews et al., 
2010). A lack of synchronization between one’s 

-
formance (Bennie et al., 2014; James et al., 2017). 
We nevertheless must acknowledge this was a 

dedicated systematic investigation of this time- of- 
-

tional capacities may be warranted.
Our results demonstrated that the neck endur-

-
sive literature search found only one relevant 

endurance (Peolsson et al., 2007 -
cant relationship between age and neck strength 
was found in the current study, as in previous 
studies (Cagnie et al., 2007; Chiu et al., 2002). 
We, however, did observe a trend of decreas-
ing neck strength with age (Garces et al., 2002; 
Jordan et al., 1999; Peolsson et al., 2001). 

predictor of neck endurance time: participants 

endurance time than participants with a lower 

relationship between BMI and neck strength 
(Catenaccio et al., 2017; Salo et al., 2006), but 
no study could be found that explored the rela-
tionship between BMI and neck endurance.

The neck strength and endurance regression 
models derived from this study may be used 
to predict neck functional capacities for a par-
ticular neck exertion task (e.g., computer use, 
medical operations particularly with head- worn 
protective equipment, and over- the- head drill-
ing and metal work). Nevertheless, the R2 val-

model variance were left unexplained by the 
derived neck strength and endurance regression 
models, respectively. One of the reasons is that 
we considered only two interaction terms and 
excluded all others due to multicollinearity.

There are caveats associated with using 
the derived regression models. For example, 

the results represent a healthy and relatively 
young cohort: their mean age of 30.95 years 
and mean BMI of 23.63 kg/m2 were lower than 

years and 25.97 kg/m2, respectively (Marras 
& Kim, 1993). It is also important to note 

of MVIE) could not be administered in our 
experiment for practical considerations. Thus, 
extrapolation of the endurance model to much 
lower force exertions would not be prudent 
without validation based on data from comple-
mentary studies.

Finally, the regression models and related 

related factor that combined head- neck posture 
and exertion direction and a relatively moderate 

can potentially provide a rationale for setting 
priorities between work design and worker 
selection in prevention and control measures to 
curtail the incidence of neck pain.
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KEY POINTS

 The work- related factors, such as neck posture, 
exertion direction, and exertion level play 
comparatively a greater role in shaping neck 
functional capacities than personal factors, such 
as sex, age, and BMI.

 Neck extensor muscles have greater force- 
generating (strength) and fatigue- resistant 

 Participants tested in the morning session showed 
-

pants tested in the afternoon.
 Females showed a lower level of neck strength 

but a higher level of neck endurance than males.
 The neck strength and endurance of a healthy 

cohort (aged between 21 and 45 years and BMI 
between 17 and 28 kg/m2) appeared to decrease 
with age but increase with BMI.
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