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Night Vision Goggle and Counterweight Use Affect
Neck Muscle Activity During Reciprocal Scanning

Laura A. Healey; Aaron J. Derouin; Jack P. Callaghan; Duane S. Cronin; Steven L. Fischer

BACKGROUND: Mass, moment of inertia, and amplitude of neck motion were altered during a reciprocal scanning task to investigate
how night vision goggles (NVGs) use mechanistically is associated with neck trouble among rotary-wing aircrew.

METHODS: There were 30 subjects measured while scanning between targets at 2 amplitudes (near and far) and under 4 head
supported mass conditions (combinations of helmet, NVGs, and counterweights). Electromyography (EMG) was
measured bilaterally from the sternocleidomastoid and upper neck extensors. Kinematics were measured from the

trunk and head.

RESULTS: Scanning between the far amplitude targets required higher peak angular accelerations (~7% increase) and neck EMG
(between 1.2-4.5% increase), lower muscle cocontraction ratios (~6.7% decrease), and fewer gaps in EMG (up to a 59%
decrease) relative to the near targets. Increasing the mass of the helmet had modest effects on neck EMG, while

increasing the moment of inertia did not.

DISCUSSION: Target amplitude, not head supported mass configuration, had a greater effect on exposure metrics. Use of NVGs
restricts field-of-view, requiring an increased amplitude of neck movement. This may play an important role in
understanding links between neck trouble and NVG use.
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orward positioned head supported technologies, such as
night vision or virtual reality goggles, continue to emerge
to enhance and augment human vision capabilities. How-
ever, the effect that forward added mass has on neck function is
not well understood from a biomechanical perspective. For
rotary wing aircrew, the addition of night vision goggles (NVGs)
is widely accepted as a key contributor to neck trouble"!”** but
dissent remains about why. Following the helmet, NVGs are the
most commonly used head supported device and are critical for
mission effectiveness, however, their use appears to come at a
large cost for pilots. In fact, lifetime prevalence of neck pain is
75% for CH 146 Griffon helicopter aircrew,! where neck strain
may affect 90% of aircrew logging at least 150 h of night flying’
and where NVG users experiencing a 45% greater chance of
head and neck injury compared with non-NVG users.® Note
that in this paper, ‘neck trouble’ encompasses discomfort,
injury, acute pain or chronic pain.*’
Despite the large body of evidence suggesting that NVGs
have detrimental effects, little is understood about the pathway
by which added head supported mass (HSM), in the form of

NVGs, may link to underlying injury. Nevertheless, interven-
tions, such as counterweights (CW), have emerged to reduce
neck trouble in pilots,'® without underlying scientific evidence
about their effectiveness. A CW is believed to be beneficial as it
can counterbalance the forward weight of the NVGs'® in a
neutral static position; however, the effectiveness of this approach
is likely limited.>** While in theory a simple CW solution
would be effective in balancing the flexion moment caused by
NVGs when seated upright and static, in reality, pilots are rarely
static and must move their heads through a wide range of
postures about all three rotation axes. Importantly, a CW
increases the mass and moment of inertia of the helmet
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system. Because the pathway by which NVGs may lead to
injury are poorly understood, it is not known if a CW is an
effective solution, or if in fact it could contribute to neck pain in
aircrew.

In order to inform effective interventions, it is important to
understand the underlying exposure pathways by which NVG
use might relate to injury. We propose a conceptual model to
investigate potential injury pathways (Fig. 1), which consists
of three primary elements: increased mass, increased range
of motion, and increased moment of inertia. First, the use of
NVGs adds mass, which causes a destabilizing force that
requires additional muscle force to support. As a result, it is
plausible that the neck extensor muscles would increase their
activation, cocontracting with the flexor muscles to stabilize the
head in addition to balancing the forward positioned mass.
Such an increase and sustained contraction could lead to mus-
cle fatigue. Hagg'* suggested that, due to an orderly recruitment
of muscle fibers, Type I fibers are often recruited first and
remain active throughout prolonged contractions, even at a low
level. As a result of being the first muscle fibers to work, and the
last to turn off, this hypothesis is referred to as the Cinderella
Hypothesis (first to work, last to bed).!* In summary, increased
HSM may cause an increase in muscle activation as required to
stabilize against the added mass, increasing the number of Type
I fibers recruited and forced to sustain a contraction, support-
ing the plausibility of neck trouble consistent with the well-
established Cinderella hypothesis.

Alternatively, NVGs reduce the pilot’s field of vision from
140° to 40°,° thus requiring pilots to rotate the head through
a larger range of motion to actively scan the same visual
field. As a result, more extreme neck postures are required of
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pilots when using NVGs relative to when flying without
NVGs.!? At end ranges of motion, muscle moment arms are
altered, and muscle fascicles are lengthened, reducing their
force production capability and putting them at a mechani-
cal disadvantage along the force-length curve. Additionally,
as a result of more extreme postures when wearing NVGs,
there may be an increased relative muscular demand, as
more work (the product of torque and angular displace-
ment) is required to move the head when the field-of-view is
restricted by NVGs. The combination of increased muscle
demand, coupled with a decreased ability to generate force,
create a scenario where it is plausible that NVGs can increase
the likelihood of suffering from an overexertion injury.'>*

Finally, the added mass and location of the NVGs increases
the moment of inertia of the head-helmet system. The
increased moment of inertia of the system increases the resis-
tance to angular motion, where it is likely that higher magni-
tude muscle forces would be required to stop and start head
motion. Increased muscle forces result in increased stress
(force per unit area), which over time, may exceed tissue toler-
ance and possibly result in an overexertion injury or pain due
to tissue damage.”!

The effect of NVGs and CWs on the development of neck
trouble is likely multifactorial, making injury pathways dif-
ficult to understand. However, isolating potential pathways
will provide insight to prioritize what factors may be most
important to consider when designing interventions that
will mitigate flight related neck trouble. Therefore, the objec-
tive of this study was to probe how increased mass, moment
of inertia, and range of motion interdependently affect neck
function using a novel visual target acquisition task. We
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Fig. 1. A conceptual model demonstrating potential pathways of injury caused by NVGs.
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hypothesized the following: 1) that increasing mass would
increase cocontraction and decrease the number of muscu-
lar rest/gaps; 2) that increasing range of motion would
increase muscular demand; and 3) that increased moment of
inertia would increase peak muscle activity to stop and start
head motion.

METHODS

Subjects

There were 15 male and 15 female subjects (N = 30) recruited
from a university population (mean * SD; age: 24 = 4 yr,
height: 144.7 = 9.7 cm, and body mass: 79.4 = 18.6 kg). Subjects
were excluded if they had any previous history of neck pain,
neck injury, concussions, vertigo or dizziness, or fainting
during exercise. This study was approved by the University
of Waterloo ethics committee, and all subjects gave written
informed consent prior to participating in this study.

Equipment and Materials

During all experimental trials, subjects wore a properly sized
Gentex HGU-56/P with a head mounted laser pointer. The hel-
met configuration was manipulated to represent one of four
operationally relevant HSM configurations (helmet alone
(hOnly); helmet and NVGs (hNVG); helmet, NVGs and tradi-
tional CW (hCW); and helmet, NVGs, and a CW liner (hCWL))

Table I. HSM Conditions with Corresponding Mass and Moments of Inertia.

(Table I). In the hOnly (baseline) condition, light-weight 3D
printed tubes (0.04kg) were used to constrain the field of view
representative of NVG, without the additional weight of real
NVGs. The hANVG and hCW represented operationally relevant
configurations, where hNVG caused a forward shift in head-
helmet center of mass altering the moment of inertia, and where
hCW added additional mass (0.66 kg) posteriorly on the helmet
in an effort to restore a more neutral center of mass, again, alter-
ingmoment of inertia. The hCWL condition was used as an
experimental condition that maintained the weight of the hCW
condition, but independently altered the moment of inertia by
moving the CW into the liner of the helmet. The modified CWL
weighed 0.66 kg and was molded and evenly distributed across
the posterior-interior aspect of the helmet. In each NVG condi-
tion (hANVG, hCW, and hCWL) a battery pack (0.23 kg) was
also attached to the back of the helmet, as would be required
when wearing NVGs.

The visual target acquisition system (VTAS) provided a con-
sistent and objective way to elicit reciprocal head movements
akin to a scanning task performed by pilots during flight.'®
Similar to a classic Fitts’ tasks,? subjects performed rapid recip-
rocal head movements where a small head mounted laser inter-
acted with solar panels (6 V 100 mA, 100 mm diameter;
Sundance Solar, Hopkinton, NH) arranged in pairs, such that
the changing voltage signal could be used to provide subjects
with feedback via LEDs regarding successful target acquisi-
tions. The VTAS has been shown to provide a reliable approach

Helmet condition Total Mass (kg) Relative increase in moments
of inertia (%)
hOnly T 1.43 ¥iaselion
3D printed tubes
hNVG Lateral bend = 12.17
2.21 Rotation = 56.05
Battery pack Flex/ext = 63.06
hCW Lateral bend = 18.23
W —> 281 Rotation = 71.50
Battery pick NVGs Flex/ext=77.18
hCWL cwL -, Lateral bend = 14.97
2.81 Rotation = 65.33
Battery pack PI'GS Flex/ext=71.70
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to assess changes in target acquisition performance under dif-
ferent HSM conditions.® For the purpose of our experiment, we
oriented the VTAS such that we could evaluate performance,
and the corresponding function of neck muscles, in four unique
conditions comprised of two movement trajectories (yaw and
pitch) and two movement amplitudes (near and far). The four
trajectories were: 1) yaw far (70°); 2) yaw near (35°); 3) pitch far
(70°); and 4) pitch near (35°). Near amplitudes were deployed to
require a neck range of motion akin to the range of motion
required during HSM day flight where peripheral vision enables
a wider field-of-view in the absence of NVGs. For example, to
see a target deviated by 70° from neutral about the yaw axis,
under normal field of view, an individual may use a combina-
tion of neck and eye motions to see that target. Use of NVG
limits compensation by eye motion and requires larger neck
motion. The far amplitudes were deployed to require a range of
motion akin to the operational configuration of a night flight
where field-of-view is restricted and thus greater neck range of
motion is required'? (i.e., a reduced ability to use eye motion in
addition to increased neck motion to see the target).

Procedure
Subjects sat in an automobile seat equipped with a 4-point har-
ness, used to represent helicopter seating. Subjects were exposed
to HSM conditions in a random order and the presentation of
movement conditions were block-randomized within each
HSM condition. Subjects performed three repetitions in each
movement condition within each HSM condition, such that
subjects completed a total of 48 trials (4 HSM conditions X 4
movement X 3 repetitions). For each trial, subjects were told
which movement condition (trajectory and amplitude) to
acquire and were instructed to “acquire as many targets as pos-
sible” in a given movement condition in a 20-s time period.
As a result, each trial included a series of independent turns
(i.e., move from left target to right target, or right target to left
target) that could be extracted out for analysis as necessary
(described below). Subjects were given at least 30 s rest between
trials and at least an 8-min rest between helmet conditions.
Participant head and thorax kinematics were collected at
80 Hz using a 12-camera Vicon motion capture system (Vicon,
Centennial, CO, USA). Subjects were instrumented with six
reflective markers and one rigid body on their trunk, as required
to define and track motion of the trunk segment (which was
negligible due to the 4-point harness). Five markers on the hel-
met system were used to track the head. A neutral seated posi-
tion was used as a static trial and reference posture for marker
calibration. Data were visually inspected, labeled and gap filled
in Nexus 2.0. Labeled and filled data were then imported into
MATLAB R2018a (Mathworks Inc., Natick, MA) and dual
passed through a low pass, second order Butterworth filter with
an effective cut-off frequency of 6 Hz.> Euler angles were used
to determine the motion of the head relative to the trunk. A
7YX rotation matrix (flexion/extension, axial rotation, lateral
bend) was applied in accordance with the International Society
of Biomechanics recommendations for describing interverte-
bral motion.*

NVG, NECK MUSCLES & SCANNING—Healey et al.

Surface electromyography (EMG) was recorded at 2000 Hz
using wireless Trigno mini sensors (Delsys, Natick, MA)
placed bilaterally over the sternocleidomastoid (SCM), and
upper neck extensors (UNE). Prior to electrode placement the
area of interest was shaved and cleansed with 70% isopropyl
alcohol. Electrodes were positioned as follows: SCM - two-
thirds of the distance between the mastoid process and the
suprasternal notch,>® and UNE - at the level of the fourth cer-
vical vertebrae 2 cm from the midline.'*** Maximum volun-
tary contractions (MVCs) were collected for each muscle to
allow for normalization. Post collection, EMG data were
imported and processed in MATLAB R2018a (Mathworks
Inc., Natick, MA). First, EMG was de-trended to remove DC
bias. Data were high pass filtered at an effective cut-off of 30
Hz using a dual pass, second order Butterworth filter to
remove any contamination from heart rate.” Data were then
tull wave rectified, and filtered using a single pass, second
order Butterworth filter with a 4 Hz cut-off.*’ Lastly, linear
enveloped signals were normalized to the peak EMG ampli-
tude elicited from each muscle, respectively, during the MVC
trials.

Outcome measures were calculated from the third repeti-
tion of each trial. Where an error occurred in the third repeti-
tion (the same solar panel was acquired twice in a row), the
second repetition was used. We avoided use of the first trial to
mitigate risks associated with acute familiarization effects.

Neck angle data were differentiated using finite differentia-
tion to get angular velocity (deg/s) and differentiated again to get
angular acceleration (deg - s2). Peak acceleration was extracted
for each trial.

Cocontraction was calculated for each turn that occurred
within a trial. A turn was operationalized using the VTAS data
and was defined from the instant one target was acquired (i.e.,
the left or bottom target) to the instant the reciprocal target was
acquired (i.e., the right or top target). Therefore, yaw trajecto-
ries consisted of left and right turns, and pitch trajectories con-
sisted of up and down turns. All turns within a trial were
averaged specific to their direction (i.e., left and right, or up and
down), before cocontraction was calculated. The cocontraction
ratio (CCR) for was calculated using the methods described by
Cheng, Lin, and Wang.* In brief, muscles were preallocated to
agonist and antagonists for each turn and CCR was calculated
using Eq. 1 and 2 below.

_ ZNAIEMGanmgonistS
ZNAIEMGmml

Eq. 1

where: NAIEMG is the normalized average integrated EMG,
calculated as:

IEM
NAIEMG :—G Eq.2
maxEMG X t

where: IEMG is the integration of the filtered EMG signal (not
normalized to MVCs), maxEMG is the maximum EMG signal
as found in the MVCs, and t = the length of the turn, in frames.
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A gaps analysis was performed on the normalized, linear
enveloped EMG data for an entire trial. Gap frequency was
defined as the number of times EMG was below 0.5% MVC for
at least 0.5 s during a trial."®

Amplitude probability functions'® were assembled from the
normalized, linear enveloped EMG data across the entire trial
length. The 10", 50", and 90™ percentiles were calculated to
represent the static (10), median (50'), and peak (90") EMG
levels for each condition.

9

Statistical Analysis

Two-factor repeated measures analyses of variance (ANOVAs)
(o0 = 0.05, B = 0.08) were used to assess the potential influence
of amplitude (two levels: near and far), and HSM condition
(four levels: hOnly, ANVG, hCW, and hCWL). Trajectory was
not considered as a factor within the ANOVA, where separate
ANOVA models were used for each trajectory (yaw and pitch).
Main effects were assessed and pairwise comparisons were
made where necessary using Bonferroni corrections. All data
were analyzed using SPSS Version 25.0 (IBM Cor, Armonk,
NY). Statistical significance was set at a = 0.05.

RESULTS

There was a significant main effect of target amplitude on peak
acceleration of the head in both the yaw [F(1,29) = 128.411,P =
0.001, np* = 0.816)] and pitch trajectories [F(1,29) = 76.550,
P = 0.001, np? = 0.725]. Pairwise comparisons revealed that
peak head acceleration was significantly higher for far com-
pared to near target amplitudes.

There was no main effect of the HSM condition on CCR in
the pitch trajectory; however, there was a significant effect of
HSM condition on CCR in the yaw trajectory [F(3,78) = 8.992,
P = 0.001, mp®> = 0.257]. Pairwise comparisons revealed
increased CCR for the counter-weighted conditions (CW and
CWL) (Fig. 2).

There was a main effect of target amplitude on CCR in the
pitch trajectory [F(1,25) = 38.448, P < 0.001, np? = 0.606] and
in the yaw trajectory [F(1,26) = 110.557, P < 0.001, np?* =
0.810]. Pairwise comparisons revealed that CCR was signifi-
cantly lower for far amplitudes compared to near in both pitch
and yaw trajectories (Fig. 2).

The average number of gaps ranged from 0.4 to 2.6 gaps per
trial in SCML and SCMR, and 0.1 to 0 gaps for UNEL and
UNER. Table II shows the average number of gaps in each tra-
jectory for each muscle. There was a main effect of HSM condi-
tion on gap frequency for SCMR in the pitch [F(2.82,67.77) =
3.394, P = 0.025, np* = 0.124] and yaw trajectories [F(3.78) =
27.500, P = 0.022, np* = 0.115], respectively. However, sample-
size limitations did not permit sufficient statistical power to
detect specific differences post hoc using pairwise comparisons.
There were no significant main effects in the SCML, UNEL, and
UNER in either trajectory.

There was a main effect of amplitude on the number of gaps
in the pitch trajectory for SCML [F(1,24) = 5.739, P = 0.025,

Pitch Yaw

A A B
0.4
S 03
o
0.2
0.1
0.0
NVG oW NVG cw

Hel CWL Hel CWL
|

[ 2 ‘ Condition

|

0.4
=4
O 03
(]

0.2

0.1

0.0

Far Far

Near
Fig. 2. 1) The effect of HSM condition on mean CCR in both the pitch and yaw
trajectories. A and B indicate there is a significant difference between condi-
tions (P < 0.05). 2) The effect of amplitude on average CCR in both the pitch and
yaw trajectories. *Indicates significant differences (P < 0.05). Error bars repre-
sent 1SD.

Near
Amplitude

mp® = 0.193] and SCMR [F(1,24) = 7.233, P = 0.013, np*> =
0.232] (Fig. 3). Pairwise comparisons revealed that the near
amplitude had significantly more gaps than the far amplitude
for both SCML and SCMR. There was no main effect of ampli-
tude on UNEL or UNER in either trajectory.

In the pitch trajectory, HSM condition had a main effect on
muscle activity in SCMR [F(3,75) = 2.972, P = 0.037, np* =
0.106], UNEL [F(3,75) = 5.400, P = 0.002, np* = 0.178] and
UNER [F(1.766,44.158) = 4.658, P = 0.018, mp® = 0.157] in
the 10 percentile, UNER [F(2.221,55.530) = 8.194, P = 0.001,
mp® = 0.193] in the 50t percentile, and UNER [F(3,75) =
5.353, P = 0.002, np? = 0.176] in the 90" percentile. In the yaw
trajectory, HSM condition had a main effect on muscle activity
in SCMR [F(3,75) = 5.400, P = 0.002, np® = 0.178] and UNER
[F(3,75) = 5.400, P = 0.002, np* = 0.178] in the 10t percentile,
UNER [F(3,75) = 5.400, P = 0.002, np? = 0.178] in the 50"
percentile, and UNER [F(3,75) = 5.400, P = 0.002, np*> =
0.178] in the 90" percentile. Pairwise differences are shown in
Fig. 4.

In the pitch trajectory, target amplitude had a main effect
on muscle activity in all muscles in each percentile. Similarly,
in the yaw trajectory, target amplitude had a main effect on
all muscles in each percentile, with the exception of SCML
in the 10® percentile. Pairwise comparisons revealed that
EMG was significantly higher in far trajectories compared to
near.
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Table Il. Average (= 1 SD) Number of Gaps for Each Condition in the Yaw and Pitch Trajectories for Each Muscle.

PITCH YAW
hOnly hNVG hCw hCWL hOnly hNVG hCcw hCwL
SCML 20=x 34 13x26 14+30 10x20 28+ 32 27 %29 22=*31 25*28
SCMR 15x27 13x26 09=x22 09=*20 2327 24=*30 15%20 19x24
UNEL 00=x02 00=0.1 00=x00 00=x00 00=x00 0000 00=*=00 00£00
UNER 00=x00 00=x00 00=x00 00=x00 00=x00 0000 00x00 00=x00
DISCUSSION support increased mass as a secondary pathway, an average

The objective of this study was to probe how increased
mass, moment of inertia, and range of motion interdepen-
dently affected neck function using a novel visual target
acquisition task. The main findings were threefold: 1)
increased mass resulted in a modest increase in cocontrac-
tion for the monitored muscles; 2) increased amplitude of
motion generally increased neck muscle activity as mea-
sured using static (10" percentile), median (50" percen-
tile), and peak (90t percentile) EMG levels; and 3)
increasing moment of inertia had minimal effect on any of
the outcome measures evaluated in this study (as deter-
mined by assessing CW vs. CWL conditions). On average,
upper neck extensor muscles had zero rest during the scan-
ning task regardless of HSM condition or range of motion.
Overall, the current results suggest that increased range of
motion (movement amplitude), and in turn, increased
muscular demand, may be a dominant causal pathway by
which NVGs lead to neck trouble. However, as a secondary
pathway, measured data also demonstrated that increased
mass resulted in increased cocontraction. To further

Pitch
6
*
M
5 .
|
4
72}
&
80
o 3
5]
=
2
1
0 T
SCML SCMR UNEL UNER

of zero gaps, or no muscular rest, was found in the upper
neck extensors. Sustained, increased cocontraction require-
ments combined with little to no rest have implications
with respect to the Cinderella hypothesis-based injury model.

Our first hypothesis postulated that an increase in mass
would increase cocontraction and decrease the number of
muscular gaps or rest. It was proposed that an increase in
mass would cause a destabilizing force, thereby requiring
increased cocontraction to stabilize the head across the entire
scanning task (Fig. 1). Significant differences in cocontrac-
tion were found between counter-weighted conditions (hCW
and hCWL) and non-counter-weighted conditions (hOnly
and hNVG) in the yaw trajectory, partially supporting this
hypothesis. While the results indicate an increase in cocon-
traction with increased mass, these results should be inter-
preted with caution as mean differences were no greater than
0.015 * 0.004, or a 0.15% change in CCR, of which the clini-
cal significance is not known. Comparatively, Callaghan’
reported muscle coactivation during sustained static pos-
tures, under different helmet conditions, and found no hel-
met mass main effects. One explanation for small changes

Yaw
B Far
Near
:
SCML SCMR UNEL UNER
Muscle

Fig. 3. The effect of amplitude on mean number of gaps for each muscle in the pitch and yaw trajectories. *Indicates statistical significance (P < 0.005). Error bars

represent 1 SD.
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Pitch Yaw
8 10™ Percentile W hOnly
B hNVG
W hCW
6 hCWL
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Fig. 4. The effect of HSM condition on average 10t 50t and 90t percentile EMG values (%MVC) for the pitch and yaw trajectories. *Indicates statistical significance
(P < 0.05), error bars represent 1 SD.

despite increased load may be due to the complexity of the  this study has underestimated the increase in cocontraction
neck musculature and load sharing.***! As only two muscles  due to the inability to access a number of deep neck muscles.
were assessed in this study, it is unknown what the contribu- ~ However, although the changes seen in this study were small,
tions of the deep cervical stabilizers are. It is possible that  these changes may be amplified when also exposed to
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vibration consistent with an operational environment.
Therefore, the data suggest the plausibility of a mass-related
destabilization effect resulting in increased cocontraction,
where the influence of this pathway may be amplified in real
flight scenarios, under vibration.

In work with sustained, low-level contractions, the number
of short breaks, or muscular ‘gaps” has been shown to predict
neck/shoulder disorders.** For this reason, a gaps analysis was
performed to provide further insight into the effects of
increased mass and its potential effect on type one fiber fatigue
or the Cinderella hypothesis.'* Interestingly, we did not find
an effect of HSM condition on the number of muscular gaps,
with the exception of SCMR; however, the effect size was
small and therefore pairwise differences could not be detected.
Importantly, across all the muscles and conditions, the num-
ber of muscular gaps was very small, with an average of zero
gaps in the UNEs. This suggests that the helmet mass alone
may be enough to require sustained muscle contraction as
required to initiate damage via a Cinderella hypothesis-like
pathway.

Consistent with our second hypothesis, an increase in mus-
cular activation and demand was associated with the increase
in range of motion between the near and far target amplitudes.
In fact, static (10" percentile), median (50" percentile), and
peak (90'" percentile) were all significantly higher for far com-
pared to near amplitudes, with the exception of the 10" percen-
tile SCML in the yaw trajectory. Posture and range of motion
have long been understood as influential factors when consid-
ering the effects of helmets and HSM on neck trouble.?****! In
fact, a 2004 report offering recommendations to reduce flight-
related neck pain suggested moving the control display unit to a
point further up to reduce extreme forward flexion.! Further,
Forde et al.'? determined that a key difference between day fly-
ing (without NVGs) and night flying (with NVGs) was time
spent in extreme postures at night. They determined that load-
ing was increased in part by the mass of the helmet and NVG
system, but more significantly by time spent in nonneutral pos-
tures. Interestingly, while Harms-Ringdahl et al.'® agreed that
extreme postures increase the load moment at the C7-T1 joint
and are likely a causal factor in neck trouble, they found no sig-
nificant increase in muscle activity during sustained extreme
flexion and extension. They proposed that this finding may sug-
gest that, when holding very extreme flexion positions, the
induced moment is balanced by passive connective tissue struc-
tures such as joint capsules and ligaments. Given that the sub-
jects quickly moved in and out of extreme postures, it was not
surprising that our results identified a greater magnitude of
change in EMG than Harms-Ringdahl et al.'® Our findings sup-
port previous work suggesting that range of motion is a critical
risk factor in the injury pathway toward neck trouble. However,
more detailed musculoskeletal modeling is required to probe
how the load moment might be balanced via active and passive
tissues.

When discussing the effects of target amplitude, it is impor-
tant to take into consideration the change in head and trunk
kinematics. While not part of our original hypothesis, it was
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found that peak head acceleration was significantly higher for
far target amplitudes compared to near target amplitudes. This
may be an important influential factor as higher muscle forces
were required to achieve higher angular acceleration and to
bring the head to a stop as well. This change in acceleration
between amplitudes may also help to explain the change in
CCR with amplitude. An increase in angular acceleration and
concurrent decrease in CCR (observed in the far amplitude) is
aligned with findings from Cheng et al.,* who assessed the effect
of speed on neck muscle cocontraction using the CCR. They
determined that CCR was also significantly lower in fast speeds
(23.0-32.1 ° - s~ ') compared to slow and medium speeds (3.0-
13.1 ° - s7!). They attribute these differences to control strate-
gies, one being a feedback loop for slow and controlled
movements, and the second being a feed-forward loop for fast
movements. Future studies should investigate the role of range
of motion versus speed on neck muscle activity to determine
the influence of both factors.

In our third hypothesis, we postulated that an increase in
moment of inertia would increase peak muscular activity
required to stop and start the head. As the CW and CWL condi-
tions had the same mass, but different moments of inertia, sta-
tistical difference between these conditions would indicate that
moment of inertia is an important factor. However, few changes
were seen in the 90 percentile EMG results, which represent
the peak muscle activation (Fig. 4). This suggests that changes
in moment of inertia from the addition of a CW may not affect
muscle activation requirements to control dynamic motion of
the head to a magnitude that is important with respect to plau-
sible injury pathways. It is interesting that despite increasing
helmet mass by over 50%, and changing the moment of inertia
of the helmet, peak neck muscle activity to stop and start did
not significantly change during the rapid reciprocal scanning.
Few authors have assessed the effect of HSM on neck muscle
activity during dynamic movements in the laboratory or in flight,
but our results continue to support emerging findings. For
example, Callaghan’ assessed the effects of no helmet, helmet
only, helmet with NVGs, and helmet with CW on neck muscle
activity during static and slow-moving tasks. Of the 315 statisti-
cal comparisons done to determine the effect of helmet condi-
tion on muscular activation, including mean, median, peak
root mean square (RMS), and amplitude probability distribu-
tion function (APDF), only 6 main effects of head supported
mass were found. They concluded that helmet condition had
little effect on neck muscular responses. Murray et al.** found
similar results when recording EMG during a cruising flight
and concluded that added NVGs resulted in less than a 1% dif-
ference in mean muscle activity. Mounting evidence increas-
ingly supports that altered postural requirements and not mass
may be a dominant factor influencing the pathway toward neck
injury.

It remains curious that increased mass and moment of iner-
tia of the helmet system seem to have limited effect on neck
muscle activity within the context of flying. A number of factors
may influence this phenomenon. First, some authors suggest it
is due to the nonlinear relationship between force and muscle
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activity.***! This was demonstrated by Schuldt and Harms-
Ringdah!*® who demonstrated that a force up to 40% of maxi-
mum could be produced by a muscle activity level between
10-15% MVC. They determined that muscle activity required
to produce the same force can differ based on neck position,
which data from our study support. Further, it is likely that the
load is shared among a number of muscles in the neck acting
synergistically. Because only two muscles were assessed in this
study, it is unknown what the contributions of the deep cervical
stabilizers are. It is possible that other muscles in the neck are
contributing more to stop and start the head; however, we did
not capture it with the UNE and SCM muscles.

Limitations must be taken into consideration when inter-
preting the results of this study. First, surface EMG of the neck
is susceptible to large amounts of cross-talk due to the small size
and number of muscles in the neck.’! Care was taken in place-
ment of electrodes to try to mitigate these effects. Further, only
two muscles were assessed in this study, SCM and UNE. While
these are among the most commonly observed in HSM studies
and were determined to be the primary movers in the yaw and
pitch trajectories assessed, deeper cervical stabilizing muscles
may also have a very important role in rapid neck movements
and stabilization of different HSM conditions.

Despite attempts to maximize the external validity of this
study, select operationally relevant characteristics were difficult
to capture. This study tried to simulate a number of flight-like
characteristics, such as amplitudes for near and far scanning,'?
the helmet and NVGs, and the chair and harness. However,
there are characteristics that differ from a real flight and may be
important to consider. First, our study population was healthy,
young adults. Active aircrew are noted to have degenerative
spine changes and therefore their response to a scanning task
may differ from a healthy population.?* Secondly, these results
should be interpreted relative to the length of a military sortie,
which can be up to 3.5 h.'”** In the present study subjects were
given ample rest time to prevent fatigue from occurring; how-
ever, many authors have noted that fatigue may be a factor lead-
ing to neck trouble in pilots.'®***! It remains unknown whether
the results from this study would be consistent over a longer
duration. Lastly, we did not consider vibration or macroscopic
loads caused by helicopter acceleration and deceleration, a fac-
tor that many authors have suggested may be contributing to
neck pain and degraded performance.'»*”?* 1t is hypothesized
that vibration could amplify the results we observed here, such
that 10" and 50" percentile EMG values could approach risk
threshold limit values. It remains important to determine how
vibration influences muscle activity and performance under
these different target amplitudes and HSM conditions.

In conclusion, this study probed the effects of mass, moment
of inertia, and range of motion on neck muscle activity during
the performance of a dynamic reciprocal scanning task, as
related to rotary wing aircrew tasks. The most important out-
come from this study was that target amplitude, which required
an increased range of motion (akin to the increased range of
motion required when wearing NVGs), had the greatest influ-
ence on neck muscle activity, relative to added mass or altered

moment of inertia. Increased mass increased cocontraction
requirements, reinforcing the continued pursuit of existing
strategies aimed at reducing head supported mass, but as a sec-
ondary pathway to modulate neck trouble. In conclusion, when
considering how to reduce neck pain and injury in helicopter
pilots, the current study points to increasing the field of vision
of NVGs to reduce the more extreme ranges of neck motion
associated with NVG flying as well as new helmet designs that
reduce mass and inertia.

ACKNOWLEDGMENTS

The authors would like to acknowledge the support of Gentex Corporation who
provided access to the helmets used in this study and Thumbprint Solutions
Inc. who provided support to calculate the moments of inertia for each HSM
condition. This research was funded by an NSERC DND CRP Award (DNDP]
507705-17).

Financial Disclosure Statement: The authors have no competing interests to
disclose.

Authors and affiliations: Laura A. Healey, M.Sc., Jack P. Callaghan, Ph.D., and
Steven L. Fischer, Ph.D., Department of Kinesiology, and Duane S. Cronin,
Ph.D., and Jack P. Callahan, Ph.D., Department of Mechanical and Mecha-
tronics Engineering, University of Waterloo, Waterloo, Canada; and Aaron J.
Derouin, Ph.D., School of Kinesiology and Health Studies, Queens University,
Kingston, Canada.

REFERENCES

1. Adam J. Results of NVG-induced neck strain questionnaire study in
CH-146 Griffon aircrew. Toronto, ON: DRDC Toronto; 2004. Report
No. TR 2004-153.

2. Almosnino S, Pelland L, Pedlow SV, Stevenson JM. Between-day reliability
of electromechanical delay of selected neck muscles during performance
of maximal isometric efforts. Sports Med Arthrosc Rehabil Ther Technol.
2009; 1(1):22.

3. Callaghan JP, Laing AC., Dickerson CR. the influence of neck posture and
helmet configuration on neck muscle demands. Waterloo, ON: DRDC;
2014. Report No.: DRDC-RDDC-2014-C188.

4. Cheng CH, Lin KH, Wang JL. Cocontraction of cervical muscles during
sagittal and coronal neck motions at different movement speeds. Eur J
Appl Physiol. 2008; 103(6):647-654.

5. Craig J, Task L, Filipovich D. Development and evaluation of the
panoramic night vision goggle. Wright-Patterson AFB (OH): Air Force
Research Laboratory; 1997. Report No.: ASC97-0507.

6. Derouin AJ, Fischer SL. Validation of a three-dimensional visual target
acquisition system for evaluating the performance effects of head
supported mass. Appl Ergon. 2019; 76:48-56.

7. Drake JDM, Callaghan JP. Elimination of electrocardiogram contamination
from electromyogram signals: an evaluation of currently used removal
techniques. ] Electromyogr Kinesiol. 2006; 16(2):175-187.

8. Falla D, Dall’Alba P, Rainoldi A, Merletti R, Jull G. Location of innervation
zones of sternocleidomastoid and scalene muscles - a basis for clinical
and research electromyography applications. Clin Neurophysiol. 2002;
113(1):57-63.

9. Farrell PSE, Tack DW, Nakaza ET, Bray-Miners ], Farrell CM. Combined
task and physical demands analyses towards a comprehensive human
work model. In: Proceedings of the Human Factors and Ergonomics
Society. 2014:939-943.

10. Farrell PSE, Shender BS, Fusina G. The use of models in aircrew neck trouble
research. Toronto, ON: DRDC; 2018. Report No.: DRDC-RDDC-2018-R147.

180 AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No. 3 March 2021

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Fischer SL, Stevenson JM, Albert W], Harrison ME, Bryant T, Beach TAC,
et al. Near-term ideas to address aircrew helmet systems-induced neck
pain. Toronto, ON: DRDC; 2013. Report No.: DRDC-CR-2013-039.
Forde KA, Albert W], Harrison ME, Patrick Neary ], Croll ], Callaghan
JP. Neck loads and posture exposure of helicopter pilots during simulated
day and night flights. Int ] Ind Ergon. 2011; 41(2):128-135.

Gosselin G, Fagan M]J. The effects of cervical muscle fatigue on balance -
A study with elite amateur rugby league players. J Sports Sci Med. 2014;
13(2):329-337.

Higg G. Human muscle fibre abmormalities related to occupational load.
Eur J Appl Physiol. 2000; 83(2-3):159-165.

Hansson GA, Nordander C, Asterland P, Ohlsson K, Stromberg U,
et al. Sensitivity of trapezius electromyography to differences between
work tasks - Influence of gap definition and normalisation methods. J
Electromyogr Kinesiol. 2000; 10(2):103-115.

Harms-Ringdahl K, Ekholm J, Schiildt K, Németh G, Arborelius UP. Load
moments and myoelectric activity when the cervical spine is held in full
flexion and extension. Ergonomics. 1986; 29(12):1539-1552.

Harrison MEF, Neary JP, Albert W], Veillette DW, McKenzie NP, Croll
JC. Physiological effects of night vision goggle counterweights on neck
musculature of military helicopter pilots. Mil Med. 2007; 172(8):864-
870.

Harrison ME, Patrick Neary ], Albert WJ, Kuruganti U, Croll JC, et al.
Measuring neuromuscular fatigue in cervical spinal musculature of
military helicopter aircrew. Mil Med. 2009; 174(11):1183-1189.

Jonsson B. Kinesiology: with special reference to electromyographic
kinesiology. Electroencephalogr Clin Neurophysiol Suppl. 1978; (34):
417-428.

Knight JE Baber C. Effect of head-mounted displays on posture. Hum
Factors. 2007; 49(5):797-807.

Kumar S. Theories of musculoskeletal injury causation. Ergonomics.
2001; 44(1):17-47.

Manoogian SJ, Kennedy EA, Wilson KA, Duma SM, Alem NM. Predicting
neck injuries due to head-supported mass. Aviat Space Environ Med.
2006; 77(5):509-514.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

NVG, NECK MUSCLES & SCANNING—Healey et al.

McKinnon CD, Dickerson CR, Laing ACT, Callaghan JP. Neck muscle
activity during simulated in-flight static neck postures and helmet
mounted equipment. Occup Ergon. 2017; 13(3-4):119-130.

Murray M, Lange B, Chreiteh SS, Olsen HB, Nornberg BR, et al. Neck and
shoulder muscle activity and posture among helicopter pilots and crew-
members during military helicopter flight. J Electromyogr Kinesiol. 2016;
27:10-17.

Pezzack JC, Norman RW, Winter DA. An assessment of derivative
determining techniques used for motion analysis. ] Biomech. 1977;
10(5-6):377-382.

Schiildt K, Harms-Ringdahl K. Cervical spine position versus e.m.g.
activity in neck muscles during maximum isometric neck extension. Clin
Biomech (Bristol, Avon). 1988; 3(3):129-136.

Shanahan DE, Reading TE. Helicopter pilot back pain: A preliminary
study. Aviat Space Environ Med. 1984; 55(2):117-121.

Shannon SG, Mason KTUS. Army Aviation Life Support Equipment
Retrieval Program: Head and Neck Injury Among Night Vision
Goggle Users in Rotary-Wing Mishaps. Ft. Rucker (AL): USAARL; .
1997; Rep Number 98-02.

Smith SD. Cockpit seat and pilot helmet vibration during flight
operations on aircraft carriers. Aviat Space Environ Med. 2004;
75(3):247-254.

Tack DW, Bray-Miners ], Nakaza ET, Osborne A, Mangan B. Griffon
helicopter neck strain project. Toronto, ON: DRDC; 2014. Report No.:
DRDC-RDDC-2014-C228.

Thuresson M, Ang B, Linder J, Harms-Ringdahl K. Neck muscle activity
in helicopter pilots: Effect of position and helmet-mounted equipment.
Aviat Space Environ Med. 2003; 74(5):527-532.

Veiersted KB, Westgaard RH, Andersen P. Pattern of muscle activity
during stereotyped work and its relation to muscle pain. Int Arch Occup
Environ Health. 1990; 62(1):31-41.

Wu G, Siegler S, Allard P, Kirtley C, Leardini A, et al. ISB recommendation
on definitions of joint coordinate system of various joints for the reporting
of human joint motion—part I: ankle, hip, and spine Abstract. ] Biomech.
2002; 35(4):543-548.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 92, No. 3 March 2021 181

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



