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Abstract 

Rotary-wing aircrew in Canada and abroad experience a myriad of occupational risk factors that 

contribute to neck pain. Most functional assessment approaches relevant to evaluating aircrew neck pain 

are too reliant on static outcome measures and do not consider scanning tasks routinely required of aircrew. 

The primary goal of this dissertation was to describe the development and design of the three-dimensional 

visual target acquisition system (3D-VTAS) to facilitate the evaluation of dynamic, fast, goal-oriented head 

movements using a Fitts’ task paradigm. The secondary goal was to utilize the system to explore and 

understand how task familiarization affects performance and test-retest reliability, how added head 

supported mass (HSM) affects performance, and how the combined factors of HSM and whole-body 

vibration (WBV) influence performance, kinematics and muscular demand.  

The first study describes the development of the system, which included various system verification 

and validation activities. As anticipated, changes in index of difficulty appropriately influenced target 

acquisition time. Relative to movement planes of the head, we found that axial head rotations (yaw) 

produced the fastest target acquisition times compared to the sagittal plane (pitch) and two off-axis 

movement trajectories. After accounting for within-day familiarization, between-day test-retest reliability 

of the system achieved fair to excellent intraclass correlation coefficient results. 

The second study reports on the influence of operationally relevant HSM (helmet and night vision 

goggles) on three 3D-VTAS performance outcome measures (target acquisition time, time to move off 

target, and error index). Compared to the unloaded condition, added load to the head degraded performance 

and increased the time to move off target.  

The third study investigated the combined effect that operationally relevant HSM and vertical WBV 

have on 3D-VTAS performance, kinematics, and neck muscle activity. Exposure to WBV degraded 

performance. Peak muscle activity during off axis movements were consistently above 50% of maximum 

voluntary contraction for the right upper neck extensors; potentially indicative of muscular strain.  
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In general, the results of these studies illustrate the potential of the 3D-VTAS to facilitate the 

assessment of rapid aiming head movements and thus understand the influence of HSM and other 

occupational risk factors on performance and function.   
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Chapter 1  

General Introduction 

 

1.1 Background 

1.1.1 Neck Pain in Military Helicopter Aircrew 

In Canada, the issue of neck pain or ‘neck trouble’ has emerged as a significant area of concern for 

the Royal Canadian Air Force (RCAF) [1]–[5]. Neck trouble, by definition, includes any combination of 

neck ache, pain, discomfort, acute pain, chronic pain, stress and strain [6]. CH-146 Griffon aircrew 

members suffer from alarmingly high rates of neck pain, which substantially reduces operational 

effectiveness, jeopardizes mission safety [7], and results in lost working days for these highly trained 

helicopter aircrew [8]. The reported rates of neck pain in RCAF aircrew members range from 75% [4] to 

82% [9] and increases to over 90% when pilots have accumulated more than 150 hours of night vision 

goggle (NVG) experience [9].  At any one time approximately 23% of Griffon aircrew members are 

grounded [4] and are unable to fly due to neck-related pain.  

Internationally, neck pain is recognized as a significant concern for rotary-wing aircrew. To this 

end, a North Atlantic Treaty Organization (NATO) research task group on ‘aircrew neck pain’ was 

convened in 2014 to mobilize efforts to address the problem. The overall objective of this research task 

group (HFM-252) “is to seek creative solutions including administrative, procedural, preventive and 

ergonomic/ engineering measures” to mitigate aircrew neck pain [10]. Globally, the reported prevalence of 

neck pain in military helicopter pilots ranges from 57-85% [2]. To put this in perspective, the global point 

prevalence estimate for neck pain in 2010 was 4.9% [11].  The issue of neck trouble for military aviators is 

critical to address and requires a systematic approach to better understand the myriad of occupational and 

environmental risk factors that affect both performance and health outcomes.  
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1.1.2 Occupational and Environmental Risk Factors 

The occupational and environmental risk factors influencing the development of neck trouble are 

diverse and are thought to be directly and indirectly related to encumbering the head with added mass. In 

the military aviation research community, the term head supported mass (HSM) is often used and is 

characterized as the helmet and helmet-mounted devices. Helmet-mounted devices may include any of the 

following equipment: night vision goggles (NVGs) or image intensification devices; heads up displays or 

flight symbology displays; communication systems; eye protective visors; oxygen systems; chemical 

defence masks; and nuclear flash protection [12].  In a nutshell, the rotary aviator helmet and helmet-

mounted devices, such as NVGs, weigh up to 3.7 kg and results in an anterior shift to the center of mass 

(COM) of the head. which substantially increases biomechanical and metabolic stress to the cervical spine.  

Factors that indirectly affect or interact with the risk exposure of HSM, include: poor helmet fit, restricted 

NVG field of view (FOV) [13], [14], number of hours wearing NVGs during a mission; and total number 

of NVG usage hours [2], [15]. Secondarily, various non-HSM related factors have been identified in the 

literature as contributing to the development or exacerbation of neck trouble, such as: the frequency and 

duration of whole body postures including those of the neck during flight; poor cockpit ergonomics, and 

vibration [2], [15].  Due to the diverse and multifactorial nature of these occupational risk factors, the origin 

of aircrew neck trouble remains difficult to isolate [2]. The difficulties in isolating the genesis of neck 

trouble in rotary-wing aircrew may be attributed to a limited understanding of the direct, indirect, and 

interactive effects of these risk factors on performance, perceived comfort, and health.  

A growing body of evidence in the literature is increasing our understanding of the direct and 

independent effects of aircrew occupational risk factors including posture, NVG use, and whole-body 

vibration (WBV). According to Edmondston et al. (2010) sustained postural loading during occupational 

and recreational tasks is increasingly being recognized as an important etiological factor for mechanical 

neck and upper back pain [16]. Consequently, “exposure to awkward posture can result in localized fatigue 
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or pain and contribute to the development of musculoskeletal disorders” [17]. It is suggested that “the 

impairments of muscle function which appear most relevant to postural neck pain are likely to be endurance 

and fatigue”  [16]. Pilots often assume awkward postures to meet operational requirements. For example, 

the manipulation of the collective control with the left hand and the cyclic control with the right hand 

requires pilots to adopt a twisted and hunched posture  [18]–[20]. This hunched posture is otherwise referred 

to as helo-hunch [18], [20]–[24] and is described as an awkward bent forward posture most helicopter pilots 

assume while flying that places the lower back in an unnatural unstable posture resulting in excessive 

fatigue [19], [24]. Additionally, the cockpit and cabin can impose several postural constraints on aircrew 

that may also influence neck trouble risks. For example, Phillips (2011) [24] suggest that “when flying the 

helicopter in a nose up attitude, the pilot must hyperextend his/her neck to see out of the windscreen”.  

Further compounding these postural deviations away from neutral is the use of NVGs which 

simultaneously adds biomechanical stress to the neck musculature and reduces the field of view. From a 

static loading perspective, NVGs induce a forward displacement of helmet center of mass relative to the 

aviator’s head center of mass, which requires increased activity of the extensor muscles of the neck to 

maintain the head in an upright posture. According to Dibblee et al. (2015) [2], “with more total mass on 

the head, the stability of the head-helmet system is decreased, which may require postural neck muscles to 

work harder to maintain head stability”. From a dynamic loading perspective, “the increased inertia (as a 

function of the increased mass and distribution of mass) requires a greater torque to accelerate and 

decelerate the head through normal movements” [2]. 

Further exacerbating HSM-related stress and neck trouble is the reduced FOV offered by the NVG 

optics, which require aircrew to further rotate the head to visually scan the same field of regard [14]. To 

maintain spatial and situation awareness while flying, helicopter pilots are constantly required to visually 

scan the perimeter of their aircraft. This results in frequent tilting and turning of the head in awkward, non-

neutral positions [14]. To avoid ‘tunneling’ behaviour at night and assess the full visual field with NVGs, 
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pilots are required to move their head more frequently and in a more deliberate manner, with larger 

rotational amplitudes [25]. 

Further aggravating the maladaptive effects of awkward posture and HSM is the exposure of 

aircrew to whole-body vibration. In isolation, exposure to whole-body vibration has been implicated in both 

performance degradations [26]–[29] and negative health outcomes [17], [30], [31]. Various investigators 

have found that acute exposure to WBV degrades visual perception and performance [32]–[37], physical 

performance [38]–[44], cognitive performance [45], auditory perception [46], alters mood [47], and induces 

drowsiness [38], [48]. Combined with vibration, twisted postures have generally been found to lengthen 

reaction time and increase subjective ratings of workload [49], increase vibration transmission to the 

vertical and roll axes at the head [50], and correlate with the development of back [51], shoulder and neck 

pain [30]. Though the performance effects of WBV exposure are documented in the literature, according to 

Kittusammy and Buchholz (2004), “information regarding the chronic effects of WBV is still in infancy” 

[17]. Despite the high incidence and associated economic burden that affects the quality of life of both 

military and civilian populations, vibration-induced pain is not well understood [52].   

Beyond degraded performance and neck trouble, aviators exposed to WBV may be increasingly 

susceptible to cervical spine degeneration. Though the exact mechanism of cervical spine degeneration in 

rotary-wing aircrew has yet to be elucidated, based on our existing knowledge, it is likely due to the 

combined interaction effects of HSM, WBV, and working postures. Recent evidence from the literature 

suggests that helicopter pilots, who are exposed to WBV, suffer from accelerated rates of cervical 

degeneration when compared with military personnel established as controls [15], [53] and other pilots 

[15].  

Unfortunately, exposure to occupational risk factors inherent to the militarized rotary-wing 

environment and other work transportation environments are rarely found in isolation, but instead may be 

additive or interactive [54]. Though “the effects on MSD risk of the physical requirements of work 

performance are well recognized” [54], this relationship has not been adequately delineated for military 
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aviators.  It is apparent that neck trouble is an occupational issue that needs to be addressed in rotary-wing 

aircrew [2]. However, in order to mitigate and prevent neck trouble it is important to have reliable and 

meaningful approaches to assess how these occupational risk factors influence performance and health 

outcomes, both independently and interactively. 

1.1.3 Functional Measures to Evaluate Head Supported Mass 

In attempting to unravel and elucidate the injury mechanisms responsible for aircrew neck trouble, 

the performance, and mechanistic effects of HSM, posture, and WBV requires systematic evaluation. Over 

the last decade Canada’s research community engaged on this issue, using many different functional 

assessment measures, have published a significant amount of evidence to document the ‘neck trouble’ 

concerns amongst Griffon aircrew. The various functional assessment approaches utilized in the evaluation 

of neck pain have been used to examine the effects of HSM on pilots and aircrew. However, many of these 

assessment measures fall short in being able to discriminate aircrew with neck pain from those without. 

Despite the identified “great need for new diagnostic tools for functional assessment of the head-neck 

system” [55], the ability of most functional assessment measures to discriminate individuals with chronic 

neck pain from healthy controls has not been demonstrated in the literature.  

The drawback of most functional assessment approaches is an overreliance on static outcome 

measures, such as range of motion [56] or joint repositioning. For example, the ability of joint position 

sense [57], a frequently used approach to quantify and discriminate kinesthetic deficits in individuals with 

chronic or acute neck pain from controls, has not been established in the general population [58] or in 

military aircrew [59], [60]. 

A more pragmatic approach to evaluate neck pain and HSM, gleaned from the literature, includes 

the use of fast, dynamic, goal-oriented head movements [61] which are purported to more accurately depict 

functional activities of daily living [56]. Indeed, dynamic assessment approaches have been deemed useful 

in evaluating and establishing the U.S. Army Aeromedical Research Laboratory (USAARL) standards [62], 

[63] for HSM. For example, response time, movement time, or vigilance time [64] associated with the 
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acquisition of visual targets are thought to be important outcome measures, as several investigations [65]–

[69] have collected data on one of these dependent variables, or reported on it as an outcome measure in 

the assessment of various HSM configurations. According to Alem et al. (1995) [64] “a subject’s vigilance 

is quantified as the length of time required to detect and accurately acquire a target using a helmet-mounted 

target device”. These investigators rationalized their approach stating, “although many different measures 

might arguably provide good insight, the vigilance test was determined to be a particularly useful and 

appropriate measure for military helicopter pilots” [64]. This line of research inquiry has preliminarily 

informed our knowledge of the performance degradations and adverse health outcomes associated with the 

use of HSM and has also facilitated the establishment of specified limits of acceptability for the inertial 

parameters of the head-helmet system.  

Unfortunately, these ‘de facto standards’, which define the combined limits of ‘head worn mass’ 

in kilograms and the longitudinal distance or displacement of the head COM in millimeters as a ‘weight-

moment’ limit, are generally not adhered to [62], [63]. Subsequently, helmet configurations that exceed the 

USAARL specified curves are still employed and as result aircrew continue to sustain chronic debilitating 

injuries. Other misgivings of this research include: 1) a lack of an independent peer review process as 

established in the primary literature; 2) a lack of full transparency on the assessment methods and or 

technology employed; 3) a lack of access to the research reports and measurement outcomes used in 

establishing the USAARL fatigue and injury curves; and 4) a lack of full consideration for the kinematic 

responses associated with increased moment of inertia and stability demands. 

To overcome these perceived limitations, a critical appraisal of the literature facilitated the 

identification of three different lines of research inquiry to inform the impetus and basis for developing and 

designing a system to pragmatically evaluate the effects of HSM on performance. These lines of research 

inquiry were: 1) time-optimal head movements [70]; 2) fast cervical axial rotations [71]; and 3) Fitts’ Law 

inspired rapid aiming head movements [72].  
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In performing time-optimal head movements participants are instructed to move their head as fast 

as possible [70]. Various researchers have evaluated various types of loads (inertial, viscous, and elastic) 

and found that HSM: retards movement initiation [73]; alters neuromuscular control and patterns of neck 

muscle activation; and alters braking dynamics [74]–[76]. The implicit simplicity of requesting a participant 

to move his or her head as fast as possible enables a fundamental understanding of how changes in inertial 

parameters and other ergonomic risk factors affect performance. The range of movement amplitudes 

evaluated by Hannaford et al. (1983) [76] was from 20 to 60 degrees and included various movement 

directions, such as, horizontal, vertical and oblique.  

In examining fast cervical rotations in the transverse plane, Röijezon et al. (2010) [77] and Bahat 

et al. (2016) [71] demonstrated the repeatability of this approach in identifying individuals with neck pain 

from those of healthy controls.  Compared to healthy controls, individuals with neck pain performing fast 

axial rotations have slower peak head velocity, and a larger number of velocity peaks indicting impaired 

motion smoothness [56].  

To date, several investigations have demonstrated the efficacy of Fitts’ Law [61] and rapid aiming 

head movements in discriminating individuals with chronic neck pain and associated disorders from those 

of healthy controls [61], [78]. For example, Descarreux et al. (2010) [61] found that, compared to controls, 

chronic neck pain patients increased movement time and deceleration phase duration for the small 

target/large movement amplitude condition. 

Performance outcome measures gleaned from this rich literature include movement time, 

acquisition time, response time, vigilance time, movement initiation time, reaction time, error rate, peak 

velocity, and peak acceleration. Given that HSM and secondary occupational risk factors, such as whole-

body vibration, adversely influence these performance outcomes, it is instructive to extract and leverage 

important parameters to develop a system that can repeatably evaluate the performance degradations 

associated with HSM and in the future, neck pain. Equally important is the need for a system that can 

facilitate an assessment of dynamic rapid aiming head movements across different movement planes. In 
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establishing the design goals of such a system, it is imperative to incorporate features and dynamic 

performance-based outcome measures that facilitate the systematic evaluation of the independent and 

interactive effects of HSM, posture, and vibration. 

1.1.4 The Need for a System to Dynamically Assess Head Supported Mass 

In defining the acceptability of a given HSM configuration, it is crucial that the methods in which 

the outcome measures or dependent variables were determined are transparent and repeatable. To overcome 

the perceived limitations associated with USAARL-related research and other work that relies on static 

outcome measures, the primary goal of this dissertation was to describe the development, design,  

fabrication, verification, and validation of the 3D visual target acquisition system (3D-VTAS) to facilitate 

the evaluation of dynamic, fast, goal-oriented head movements. The secondary goal of this work was to 

utilize the system to explore and understand how familiarization affects performance, how added HSM 

affects performance, and how the combined factors of HSM and WBV influence performance. As an 

overview, the overarching goals of the dissertation were informed by the following motivations: 

 

1) In validating any novel system, it is important to consider the effect of task familiarization in 

conjunction with the test-retest reliability of the performance outcome measures; 

2) In ensuring that the performance outcome measures unique to the 3D-VTAS are sensitive in 

identifying prospective performance degradations of HSM, it is imperative to first compare the 

performance of participants’ unloaded head against operationally relevant HSM; and 

3) In ensuring that the performance outcome measures unique to the 3D-VTAS are sensitive to 

identifying performance degradations of WBV and HSM, it is ideal to conduct research in a setting 

with technology that elicits high biofidelic physiological responses from participants. 
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1.2 Dissertation Objectives 

1. to describe the design and fabrication of the of 3D-VTAS and the supporting scientific justifications 

leading to the system’s development (Study 1);  

2. to understand the effects of movement plane and end-range posture on target acquisition 

performance through an assessment of four movement trajectories (Study 1); 

3. to understand the effect of participant test-retest reliability on target acquisition performance (Study 

1); 

4. to understand the effect of task familiarization on target acquisition performance (Study 1); 

5. to understand the effect of operationally relevant HSM on target acquisition performance compared 

to the unloaded head (Study 2); and 

6. to understand the combined effects of WBV and HSM on target acquisition performance, 

kinematics, and neck muscular demand (Study 3). 

1.3 Dissertation Hypotheses 

1. Movement trajectory would influence performance of rapid aiming head movements (Study 1); 

2. Three familiarization trials would provide sufficient practice to eliminate between-day performance 

differences and result in improved test-retest reliability (Study 1); 

3. An operationally relevant HSM condition, comprised of a Gentex helmet and NVGs, would result 

in longer target acquisition time, time to move off target, and higher error index values when 

compared to the minimal HSM (3D-printed tubes and GoPro head strap) configuration (Study 2); 

and 

4. Acute WBV exposure, compared to conditions without exposure to WBV, would degrade target 

acquisition performance and increase neck muscle activity, but would not alter the kinematic 

measures (peak velocity and time to peak velocity) of interest (Study 3). 
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Chapter 2 

Literature Review 

 

 

2.1 Overview of the Cervical Spine Anatomy 

The human head and neck is arguably one of the most complex structures of the human body. The 

human neck is a highly-specialized region of the spinal column that functions to support the head and 

protect the neural elements [1]. Furthermore, the cervical spine subserves the sensory capabilities of the 

head by facilitating a wide range of movements. The musculoskeletal system of the cervical spine is 

comprised of approximately 37 articulations [2] with over 20 muscle pairs [2], [3] that are elaborately 

arranged in three distinct layers that connect the skull, shoulder girdle, and spinal column [3], and are 

responsible for complex, coordinated and coupled movements in three planes (sagittal, frontal, and axial). 

The mechanical design of the cranio-cervical region is a paradoxical balance between protection 

(stability) and mobility and is quite susceptible to injury given its intricate and delicate nature [4]. The 

primary function of the neck is to provide a stable base of support for the head and facilitate the 

simultaneous control of head movements [5]. “Indeed, the neck plays a crucial role in supporting the mass 

of the head, balanced in gravity, atop the cervical spine while generating the controlled head movements 

that are essential to so many aspects of human behavior” [6]. 

To maintain stability and limit the risk of injury, the cervical spine relies primarily on stiffness 

contributions from musculature surrounding the neck. Panjabi et al. (1998) [7] based on an axial 

compression-based buckling study, determined that muscles contribute approximately 80% towards the 

mechanical stability of the cervical spine, while the osteoligamentous system provides the remaining 20%. 

Given that the role of ligaments in stability occurs mostly in the end range of head and neck motion [8], it 
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is not surprising that there exists a region of low stiffness in the osteoligamentous portion of the cervical 

spine [9]. This region of low stiffness has been termed the ‘neutral zone’ and was determined by applying 

inter-segmental rotational loads around each axis of in vitro human cervical specimens. Since little 

ligamentous resistance is offered, within the neutral zone’s range of motion against external forces, the role 

of the neck muscles in stabilizing the cervical vertebral segments in this movement region is of paramount 

importance [9].  

2.2 Neck Pain, Neuromuscular Fatigue and Motor Control 

Neck pain is becoming increasingly common throughout the world [10] and according to the 2010 

Global Burden of Disease Study is the fourth leading cause of years lost to disability, ranking behind back 

pain, depression, and arthralgias [11]. Around the world, the incidence of cervical problems has a 

considerable effect on societal health [12]. Though disability from neck pain appears to be less common, 

compared to back pain, it still represents a significant burden in the population [13]. A growing interest in 

neck pain is primarily linked to the escalating disability burden and associated compensation costs related 

to automobile collisions and occupational injuries [14]. Additionally, neck pain is a well-recognized source 

of disability in the working population [15].  

Multiple risk factors are associated with the development of neck pain. These include demographic 

factors, health factors, occupational factors, psychological and spinal anatomy factors [13]. According to 

Strimpakos (2011) [16], neck pain is typically associated with sustained static loading of the neck. 

Furthermore, “mechanical factors, such as sustained neck postures or movements and long-term ‘abnormal’ 

physiological loads on the neck, are believed to affect the cervical structures and compromise neck 

function”  [17]. Traditionally, inflammatory or nociceptive pain pathways mediated by chemoreceptors and 

or mechanoreceptors may lead to neural hypersensitivity (Figure 2.1) [18], [19]. 
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Figure 2.1: The traditional inflammatory and nociceptive pathway for pain (Porterfield and DeRosa, 1995 

[19]; © Reproduced with permission1). 

 

 

Cervical pain is often assumed to be associated with impaired control of the head and neck 

(Treleaven 2008) [20]. As well, impaired head-eye control is a recognized problem in individuals with 

chronic neck pain or whiplash-associated disorders [21]. Given the experimental evidence as cited by 

Treleavan (2008), it is not surprising that altered cervical afferent input from pain or fatigue results in 

disturbances in cervical joint position sense, postural stability and oculomotor control. Aside from pain, 

trauma and inflammation, many other factors, including neck muscle fatigue (Figure 2.2) may disturb 

cervical somatosensory input and alter reflex interactions between the visual and vestibular systems. 

Although, altered motor control is believed to be centrally driven, it may also be a consequence of fatigue 

[5]. 

 

1 Reprinted from Mechanical Neck Pain – Perspectives in Functional Anatomy, James A. Porterfield and Carl 

DeRosa, W.B. Saunders Company, ISBN: 0-7216-6640-X, Figure 5-1, Page No. 119, Copyright (1995), with 

permission from Elsevier, James A. Porterfield and Carl DeRosa. 
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In the literature, muscular fatigue may be attributed to many different mechanisms at different 

levels within the central and peripheral nervous system. These different mechanisms range from the 

accumulation of metabolites within muscle fibres to the reduction of motor cortical output, to less than 

optimal levels. In occupational settings localized muscle fatigue most often precedes muscular pain. Some 

of the classic etiological factors of occupational muscle pain include “large external loads, work in 

ergonomically inadequate positions, and monotonous precise manipulations”  [22]. Increasingly, sustained 

postural loading during occupational and recreational tasks is being recognized as an important etiological 

factor for mechanical neck and upper back pain [23]. Furthermore, Edmondston et al. (2010) suggest that 

“the impairments of muscle function which appear most relevant to postural neck pain are likely to be 

endurance and fatigue”  [23]. 

At the mechanistic level, distorted regulatory mechanisms of intracellular calcium associated with 

changes in metabolic activity of muscle fibres and fatigue are thought to play a significant 

pathophysiological role [22]. The importance of the neuronal mechanisms has been emphasized by Edwards 

(1988) [24] and it is suggested that “occupational muscle pain might be a consequence of a conflict between 

the motor control of postural muscular activity and that needed for rhythmic movement or skilled 

manipulations and that  the primary cause might be sought in altered central motor control” [22].  Models 

of chronic pain include, but are not limited to the following: the pain adaptation model [25]; Johansson/ 

Sojka hypothesis [26] or muscle spindle model [22]; cortical reorganization [27], [28]; the Biopsychosocial 

Approach to Chronic Pain [29], etc. 

According to Salmon et al. (2011), “in most instances, the origin and precise pathophysiological 

mechanism(s) of chronic neck pain remains obscure” [30]. Regardless of the mechanistic action by which 

muscle fatigue manifest itself as discomfort and pain, there is a strong relationship between these conditions 

in the cervical spine, as revealed from a thorough examination of the literature, which cannot be ignored. 
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Figure 2.2: Mechanisms of disturbances to somatosensory cervical input in neck disorders and induced 

stimuli. Adapted from Treleavan (2008) [20]; © Reproduced and adapted with permission2. 

 

Disruption to cervical afferent input from mechanical vibration [31], [32] and induced pain [33] 

have been shown to augment both spatial orientation and postural control. In a model of central and reflex 

connections to cervical afferents adapted from Treleavan (2008), input from mechanoreceptors and muscle 

spindles may be altered by any one of the following: trauma; ischemia; inflammation; altered muscle 

control; morphological changes; and pain [20]. In addition to these disturbances, muscular fatigue and 

associated metabolites have been shown to alter the sensitivity of muscle spindle afferents and discharge 

rates, and may impair perception to changes in joint movement and position [34], [35]. It has been suggested 

that prolonged neck muscle contraction or uncomfortable head position may favour the appearance of 

dizziness through a mechanism connected to an abnormal fatigue-related afferent inflow [36]. 

 

2 Reprinted from Manual Therapy, 13, Julia Treleaven, Sensorimotor disturbances in neck disorders affecting 

postural stability, head and eye movement control, Page No. 2-11, Copyright (2011), with permission from Elsevier. 



21 

 

In fact, several posturographic studies have revealed that induced fatigue of the neck muscles can 

significantly alter postural control in the absence of visual input (eyes closed) [36]–[40]. Fatigue of the 

neck muscles may change an individual’s balance in a similar way to that reported in subjects suffering 

from neck pain or neck injury [41]. Reddy et al. (2012) [42] reported an increase in head-to-neutral head 

position errors in the sagittal plane following a fatiguing protocol of the dorsal neck muscles. Additionally, 

Al Saif and Al Senany (2015) [43] demonstrated that induced fatigue of the neck extensors led to a 

significant decline in performance on a computerized dynamic visual acuity test. Most of these studies have 

only examined the dorsal neck extensor muscles in relation to fatigue and postural control. Though the role 

of the sub-occipital and dorsal neck muscles in postural control cannot be discounted, it is becoming 

increasingly apparent through mounting evidence that neck pain and associated disorders may be more 

related to dysfunction in the deep neck flexors. 

According to Reddy et al. (2012), “the deep cervical flexors and dorsal neck muscles form a sleeve 

that stabilizes the cervical spine in all positions against the effects of gravity”  [42]. Recently, the deep 

cervical flexor muscles, namely the longus capitis and longus colli, have been implicated in several 

disorders affecting both the neck and head, including: chronic neck pain [44]; whiplash-associated neck 

pain [45], [46]; post-concussion headaches [47]; tension-type headaches [48]; cervogenic headaches [49]–

[54]; and cervogenic dizziness [55]. From a functional and histological perspective, the longus colli is 

instrumental in maintaining cervical lordosis by counteracting gravity and forces generated by the dorsal 

neck muscles. Although, the deep neck flexor muscles only account for approximately 17% [56] of the 

cervical flexion capacity of the neck, their contributions to postural orientation and control cannot be 

overstated. In 2011, Reddy and Ranganath found that deep cervical flexor muscle fatigue significantly 

altered performance in both Head to Neutral Position and Head to Target Repositioning tests in the sagittal 

plane [57]. 
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2.2.1 Neck Pain in Military Helicopter Aircrew and Associated Ergonomic Risk Factors 

Since the advent of hard-shell helmets in the 1950s, the phenomenon of head supported mass 

(HSM) related injuries have been an issue for the military. In the 1980s, this issue was exacerbated by the 

introduction of heavier helmets (SPH-4) and night vision goggle (NVG) systems along with other helmet-

mounted devices [58], [59]. Although these systems were designed to enhance performance and extend 

operational capabilities by facilitating missions in the cover of night, the induction of these helmet-mounted 

systems significantly increase biomechanical loading on the head and neck. Neck pain in the international 

military aviation community is recognized as a significant concern, so much so, that a North Atlantic Treaty 

Organization (NATO) research task group on ‘aircrew neck pain’ was convened in 2014 to mobilize efforts 

to address the problem. Globally, the reported prevalence of neck pain in military rotary-wing pilots ranges 

from 57-85% [30], which is consistently higher compared to civilian populations [60]. In Canada, the issue 

of neck pain, or ‘neck trouble’, has emerged as a significant area of concern for the Royal Canadian Air 

Force (RCAF) [58], [61]–[65].  

For both U.S. and Canadian rotary-wing aircrews, NVG use is considered to be the major driver of 

neck trouble. In a 2011 survey of U.S. operational aircrew in Afghanistan, 51.1% of the 82 respondents 

“considered that NVGs were the primary driver of their spinal symptoms and noted that symptoms began 

within minutes of donning ANVIS (aviator’s night vision imaging system) up to 4 hours of use” [66]. From 

a Canadian perspective, Adam et al. (2004) administered a survey to aircrew of two different rotary 

platforms, the CH-146 Griffon (employ NVGs) and the CH-125 Sea King (do not employ NVGs), and 

found that perceived flight-related neck pain was significantly higher for Griffon aircrew that wore NVGs 

[67].  The 82% of Griffon aircrew reporting neck pain is similar to recent 2014 RCAF survey findings of 

Chafe and Farrell (2016), “where 75% of Griffon helicopter aircrew reported neck pain”. 

From a biomechanical loading perspective, the inclusion of NVGs as part of a helmet-mounted 

system for rotary-wing aircrew typically increases the mass borne by the head by approximately 2.5 kg  

[66]. To offset the anterior shift to the COM of the head induced by NVGs, a large percentage of aircrew 
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use a counterweight (CW) [66]. Consequently, rotary-wing aircrew flying with a helmet-mounted system 

could increase the mass borne by their head and spinal column up to 3.7 kg [68] with a CW and up to 4.1 

kg in a chemical threat environment [66]. In addition to the added mass, NVGs without the use of a CW 

tend to shift the COM of the helmet forward about 30 mm, which significantly alters the position of the 

head’s COM from its natural location and significantly increases the moment of inertia (Figure 2.3) in one 

of at least 2 axes (Ixx and Iyy), as “the Z-axis is not considered to be physiologically significant” [69].  

 

 

Figure 2.3: The head supported mass (HSM) properties of the helmet and helmet-mounted devices in 

consideration of the anatomical coordinate system of the head. 

 

Given that the COM of the typical flight helmet is located superior and forward to the natural pivot 

point of the head, a constant flexion moment or torque acts on the head, which must be counteracted by the 

extensor muscles of the neck to maintain the head in a neutral posture (Figure 2.4). The increased mass and 

COM shift associated with “the mounting of avionics onto the helmet creates an external load on the human 

operator which creates an internal load on the tissue” [58]. To put this into perspective, the human head 

has, on average, a mass of 4.46 kg, which means that during a night flying mission a rotary crew member’s 

neck must support approximately 83% more additional mass. Aside from the obvious health consequences 

and impact on quality of life [70], neck pain and injuries for some pilots can interfere with concentration 

levels, situation awareness, flying performance, and may potentially affect the safety of themselves and 

their squadron [71]. 
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Figure 2.4:  Left, the natural pivot point of the head is located at the atlanto-occipital (AO) joint, slightly 

posterior to the center of mass (COM) located at the tragion notch of the ear; Right, the offset in COM as a 

function of helmet and devices, (A) the helmet see AO reference point ear canal, COM of the head only; 

(B) COM helmet only (-0.5 cm, 7 cm) from reference point; (C) COM helmet and NVG (6.3 cm, 9.2 cm) 

from reference point; (D) COM Helmet, NVG and CW (1.2 cm, 2.8 cm) from reference point (Forde et al., 

2011 [70]; © Reproduced with permission3). 

 

To complicate matters further, NVGs restrict the FOV from 140 to 40 degrees and reduces 

peripheral vision [70], [72]. To maintain spatial awareness while flying, helicopter pilots are required, on a 

constant basis, to visually scan the perimeter of their aircraft. Subsequently, this results in frequent tilting 

and turning of the head in awkward, non-neutral positions [70].  To avoid ‘tunneling’ behaviour at night, 

and to assess the full visual field with NVGs, pilots are required to move their head more frequently in a 

more deliberate manner with larger rotational amplitudes [73]. The extended time that pilots spend in axial 

twist and flexed posture result in higher sustained muscular forces and subsequent loading of the cervical 

spine. 

To mitigate the increased flexion moment of the helmet-mounted system and counter the moment 

produced by the NVGs, a CW may be fixed to the posterior aspect of the helmet. In fact, this is a common 

practice, as Hiatt and Rash [66] reported, that 63.4% of U.S. rotary-wing aircrew respondents use a CW; 

 

3 Reprinted from International Journal of Industrial Ergonomics, 41, Kelsey A. Forde, Wayne J. Albert, Michael F. 

Harrison, J. Patrick Neary, James Croll, and Jack P. Callaghan, Neck loads and posture exposure of helicopter pilots 

during simulated day and night flights, Pages 128-135, Copyright (2015), with permission from Elsevier. 
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while in Canada, Neary et al. (2010) [74] found that 75.8% of the CH-146 Griffon aircrew use a CW. 

Counterweights come in various sizes and weigh anywhere between 0.05 and 0.4 kg, as reported by Van 

den Oord et al. (2012) [75], or 0.285 to 0.57 kg, as detailed by Hiatt and Rash (2011). The CAF has long 

recognized that the additional mass on the anterior aspect of the helmet is a potential cause of neck strain 

[58] to the neck extensors, and has made CW equipment available to their aircrew [76], in line with 

international practices [75].  

In 2007, Harrison et al. [76] found that the use of a CW reduced hemodynamic and metabolic stress 

in pilots during simulated missions, measured using near infrared spectroscopy.  Though CW counter-

measures have been available to aircrew for several years now; when comparing recent pain prevalence 

data [62] (Chafe 2014) to data on Griffon aircrew from 2004 [67] (Adam 2004), it appears as though the 

CW may not be an effective pain mitigation strategy. Indeed, the CW does decrease the restorative muscle 

moment in neutral and upright postures but adds more mass and inertia to the head, which requires greater 

effort in non-neutral postures, and greater torque to accelerate and decelerate the head through normal 

movements [63]. Considering a prone posture, the gravitational effect on the mass of the CW and NVGs 

now act together, therefore, requiring an even greater restorative muscle moment to maintain head position, 

which has been suggested by Dibblee et al. (2015) [63] as a potential key contributor to aircrew neck pain. 

Presently, there is a paucity of empirical evidence to support the use of CWs as a neck trouble mitigation 

strategy [63] and little evidence of its relieving effect on neck load [75]. Therefore, the stated shortcomings 

of CWs limit their effectiveness during operations [63].  

In 2004, Knight and Baber reported that the use of a CW significantly increases neck muscle 

activity, specifically of the sternocleidomastoid (SCM) during neck rotation to the right, and during neck 

extension [77].  This finding of increased SCM muscle activity agrees with the results of Forde et al. (2011). 

These investigators found that subjects wearing NVGs during simulated night flight spend significantly 

increased time in mild (defined as 10-30° of cervical flexion) and severe (greater than 35° of cervical 

flexion) postural positions when compared to day flights without NVGs [70]. Given the role that the deep 
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cervical flexors are known to play in relation to neck pain, it should not come as a surprise that neck flexor 

dysfunction in rotary-wing aircrew has been reported in several investigations [78]–[82].  

The severity of the pain experienced by the pilot or aircrew member often dictates what type of 

treatment is offered. These injured aircrew members may be grounded until symptoms resolve, usually by 

means of an examination by a physiotherapist, or by medical doctors, who can prescribe analgesics [76]. 

Based on the results of a survey conducted in 2014 [62] by Chafe (2016) [64], 23% or 37 of 162 CH-146 

aircrew respondents were officially grounded, compared with 25% or 41 of the aircrew that were voluntarily 

benched. This level of injury and neck dysfunction in the Griffon aircrew population is much greater that 

the 6.5% and 8.9% reported by Wickes et al. (2005) [83] for RAF (United Kingdom) rotary-wing front 

aircrew and for rotary-wing air loadmasters, respectively.  

Lastly, helicopter pilots have been shown in the literature to suffer accelerated rates of cervical 

spine degeneration when compared with military personnel established as controls [84], [85] and other 

pilots [84]. Aside from increased muscle activity and fatigue linked with HSM and aircrew posture, De 

Oliveira et al. (2004) [86] suggest that “other mechanical processes related to the constant helicopter 

vibration, such as cyclic compression of disks, might explain the etiology of such pain”. Cyclic compression 

of disks likely contributes to the accelerated rates of degeneration.  Other theories suggest a 

neuroinflammatory response via nociceptive pain pathways mediated by chemoreceptors and or 

mechanoreceptors which may lead to neural hypersensitivity [18], [19]. In an animal model study, Zeeman 

et al. (2015) [87] reported increases in protein kinase C prolonged pain mediated pathways following 

exposure to WBV at resonant frequencies of the spine. The importance of understanding the performance 

effects of mechanical vibration cannot be overstated due to the effect of vibration on spatial orientation and 

postural control, as described earlier.  

2.2.2 Head Supported Mass Established Limits and Recommendations 

In 1982, the U.S. Army Aeromedical Research Laboratory (USAARL, Fort Rucker, Alabama) 

proposed an initial 1.8 kg (3.96 lbs) limit as a safe flight helmet mass for the Army [88]. Though the helmet 
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system subsequently designed for the AH-64 Apache flight helmet met the proposed mass limit, while 

providing the desired visionics and required impact protection, later helmet designs such as the SPH-4 did 

not [59]. According to McEntire (1996), “the SPH-4 helmet with NVG attached for use for night operations 

in all other Army helicopters continued to exceed the proposed 1.8 kg limit by more than a full kilogram”  

[59].  

Challenges in meeting the growing number of functional requirements for the helicopter pilot 

helmet, which demanded more complex mounting devices on the helmet, ultimately resulted in increased 

system weights and potentially less than optimal center of mass placement [59]. The rationale for defining 

aviator helmet mass requirements has been separated into three main areas: aircrew health; operational 

effectiveness; and user acceptance [59]. Though these requirements are well known to the military aviation 

community, the manner in which helmet mass requirements were written from a historical perspective were 

less than ideal, ‘non-existent and vague’, as: 

 

 “These requirements were often loosely written and based on existing designs. 

Language in helmet development specifications often resembled ‘the helmet CM 

must be located as close to the head CM as possible,’ ‘lighter and CM no worse 

than current helmet systems,’ ‘provide ease of head movement,’ and ‘reduced 

bulkiness’ ” [59]. 

 

As written, these requirements offered little guidance to design teams and could not be quantitatively 

defined [59]. 

In 1998, the USAARL defined a longitudinal ‘fatigue curve’ (Figure 2.5) along with a vertical 

‘frangibility’ curve to respectively minimize performance degradation and the risk of acute neck injury 

during severe, but survivable, helicopter mishaps [59], [88]. The basis for the longitudinal (x-axis) limit 

was derived from the recommendation of Butler (1992) [89].  In his PhD dissertation, he measured EMG 

and head pitch accelerations on 12 subjects, to examine the effect of various HSM configurations under 
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controlled helicopter ride environments. Further work by Lantz (1992)4 and Alem et al. (1995) [90] 

confirmed the 83±23N·cm ‘weight moment limit’. Since their publication, the USAARL curves remain as 

the ‘de facto standard’ for the design of rotary-wing aviation helmet-HMD systems [88]. 

 

 

Figure 2.5: Left, the 1998 United States Army Aeromedical Research Laboratory (USAARL) ‘fatigue’ 

curve designed as a ‘limit’ to minimize performance degradations; Right, rotary helmet systems plotted 

against the USAARL limit (Harding et al., 2015 [88]). 

 

 

2.2.3 Whole-Body Vibration and Neck Pain 

Evidence in the literature suggests that helicopter pilots are exposed to higher magnitudes of whole-

body vibration (WBV) than fixed-wing aircraft pilots [91]. These elevated vibration exposure levels may 

lead to accelerated rates of degenerative changes in the cervical spine [92]. Whole-body vibration exposure 

as an injury mechanism in helicopter pilots may be gleaned from the more substantive literature on the 

effects of WBV on low back injury, as “the incidence of low back pain, degenerative osteoarthritis, disc 

changes, and herniated nucleus pulposus in spines are higher in employees with job categories involving 

WBV exposure than in those without WBV exposure”  [85]. Recent evidence suggests that helicopter pilots 

 

4 Requested from RACER ILL on February 23, 2017 – Terminated as unresponsive to request. 
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suffer from accelerated rates of cervical degeneration when compared with military personnel established 

as controls [84], [85] and other pilots [84].   

In an investigation of 732 military pilots, Aydog et al. (2004) [84] found that helicopter pilots (19%) 

had significantly higher levels of degenerative changes in the cervical spine when compared with other 

pilots (8-13%), or controls (10%). Furthermore, Byeon et al. (2014) [85], based on radiographic and survey 

data from a population of 186 Korean military helicopter pilots found that these rotary-wing pilots have a 

significantly greater prevalence of degenerative changes compared to a group of military clerical workers. 

WBV is induced by structural vibration of the helicopter caused by the complex interaction of rotor 

blades moving through turbulent air [58], [93]. Since the conception of rotary-wing flight, the association 

between WBV and spinal pain has been observed [58], [94]. During rotary-wing operation, WBV is 

transferred to the entire body and has been linked to performance degradation, such as muscular fatigue, 

and has been associated with medical problems, such as chronic pain, degenerative disease in the spinal 

column and damage to the peripheral nervous system [60]. Presently, the unmodified seat in the helicopter 

cockpit is only able to suppress 6-15% of the vibration transmitted. Unfortunately, the principal harmonics 

of the vibration spectrum for the CH-146 happens to be in the same frequency range (4.5-5.5 Hz), where 

maximum WBV energy transfer to the human spine is known to occur [60]. The magnitude of vibration 

experienced by pilots at the head and neck is approximately double that experienced at the lower back [60]. 

Harrison et al. (2015) have hypothesized that the vibration profile of the CH-146 in conjunction with the 

unbalanced helmet-mounted system with NVGs could be synergistic in their respective contributions to the 

reported rates of neck pain by helicopter aircrew. Furthermore, Gaur et al. (2013) [95] have suggested that 

stresses to the back and neck from transmitted vibration are aggravated when the head is further loaded 

with HMDs.  

Recent demonstrable engineering-based mitigation approaches to WBV represent potentially 

viable proof of concepts in suppressing vibration transmission. These potential mitigation solutions include: 

individual blade control, adaptive seat mounts, and passive seat cushions [58]. Despite these recent 
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research-based mitigation approaches and design developments, a viable synergistic vibration mitigation 

system is not yet available. In an investigation of different seat pad designs, Wright Beatty et al. (2016) 

found that, “acceleration was amplified at the head compared to the seat pad, further supporting the premise 

that increasing vibration contributes to greater neck muscle strain, even without considerations of added 

weight from equipment such as night vision goggles, head mounted displays, counterweights, etc.” [96]. 

In addition to neck pain and degeneration of the cervical spine, WBV also affects visual 

performance.  Visual performance is generally affected between 2 and 20 Hz, where the primary and 

secondary body resonances occur [97]. Although there is poor agreement in the literature as to which 

vibration frequencies cause the most problems, it is generally agreed that visual performance decreases with 

increasing vibration magnitude and produces a blurred image as a result of the relative movement between 

the retina and the visual display [97].  According to Smith and Smith (2006), “even brief exposures to low-

frequency vibration could cause helmet slippage that may exceed the designed exit pupil dimensions of the 

helmet system, resulting in partial or complete loss of the projected image”  [98]. 

In a series of USAARL-based studies [89], [90], [99] the influence of various helmet configurations 

and inertial parameters were evaluated as subjects were exposed to whole-body vibration. Anecdotally, 

Lantz et al. (1992) [90] evaluated the effects of WBV and HSM on 12 male volunteers during a 2 hour 

session and found degradations in performance, as participants took longer to acquire targets and/or missed 

a greater percentage of targets at 45-60 minutes, 75-85 minutes, and 105-120 minutes [90]. In 1995, Alem 

et al. investigated the effect of several different helmet configurations on the performance of 12 subjects 

whom were subjected to vibration over a 4-hour period, and found that helmet mass and target location had 

significant effects on the speed of target acquisition (vigilance-based response time) [90]. 

2.3 Functional Assessment Approaches and Measures for the Cervical Spine 

Over the last two decades, interest in the assessment and treatment of strength, endurance, range of 

motion and proprioception of the cervical spine has increased exponentially [17]. This growing interest in 

developing objective evidence-based functional assessment measures appears, to a large extent, “to be 



31 

 

linked to an increased incidence and recurrence of neck problems in combination with a growing 

dissatisfaction regarding the current methods of identifying the causative factors of cervical spine 

dysfunction” [17]. 

In the literature, various assessment approaches (Figure 2.6) used in the evaluation of neck pain 

have also been used to examine the effects of head supported mass on pilots and aircrew in the military 

aviation community. Regardless of the target population that a functional assessment tool is to be applied, 

to be clinically useful, it is important that the measure has reliability, validity [100], agreement [12], 

reproducibility, responsiveness, and interpretability [101]. A plethora of instruments and tools are available 

to the practitioner to evaluate ROM, muscle strength and endurance, and proprioception each with varying 

degrees of reproducibility.  

 

Figure 2.6:  Various functional assessment approaches used to evaluate head supported mass. Assessment 

approaches in blue have some support in the literature, while those colored white have limited support. 

Visual search, target recognition and acquisition, in green, have strong support in literature and are 

operationally valid. 

 

2.3.1 Range of Motion 

Clinicians routinely [101] and frequently [12], [102] rely on active cervical range of motion 

assessments to evaluate the level of neck pain as well as the results of treatment. Although a number of  
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investigators [101]–[104] have determined acceptable reliability of a select number of devices to measure 

range of motion, a recent study by Kauther et al. (2012) [105] involving 4,293 young male adults found no 

significant differences in cervical range of motion and isometric neck strength between subjects with and 

without chronic neck pain. Nagai et al. (2016) [106] reported significant differences in active cervical ROM, 

based on military helicopter pilots’ exposure, or number of flight hours. Those pilots, with between 3000 

and 3999 hours of exposure, demonstrated significantly less cervical extension than pilots with between 0 

and 999 hours. In 2014, Nagai et al. [107] reported that pilots with neck pain had less active cervical 

extension and rotation ROM in comparison to the non-pain group. However, De Loose et al. (2009) 

measured cervical ROM with the Zebris CMS20 three dimensional motion analyzer and found significant 

differences in cervical ROM, in both the sagittal and transverse planes, in F-16 pilots with neck pain 

compared to those pilots without pain [108]. Therefore, the efficacy of ROM measures to assess aviation 

aircrew is equivocal and may be related to the sensitivity and reliability of the ROM tools employed. 

2.3.2 Muscular Strength and Endurance 

Neck strength is often used as an indicator of neck dysfunction. However, “the ability to measure 

neck muscle strength is challenging due to many methodological limitations” [16]. Though early research 

highlighted a reduction in strength in patients with neck pain, nowadays (2011) there is a lack of consensus 

regarding the correlation between strength measurements and neck pain [16]. In the literature, various 

methods have been employed to assess the strength of the neck including: manual muscle testing, hand-

held dynamometry, and fixed frame dynamometry. Both manual muscle testing and hand-held 

dynamometry [109] have been criticized, primarily due to poor reliability, while fixed frame dynamometry 

has acceptable reliability, but is critiqued as being device dependent. For example, Chiu and Lo (2002) 

stated that “a major reason for the paucity of study is the lack of reliable equipment to accurately and safely 

quantify cervical muscle strength in different directions”  [110]. Furthermore, “the literature is scarce about 

the relation between chronic neck pain and strength …” [111]. In a couple of recent of studies, significant 

differences in strength between the patient population with neck pain and controls were reported. However, 
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Chiu and Lo (2002) [110] used a multi-cervical rehabilitation unit which is prohibitively expensive for most 

rehabilitation clinics. In 2010, Cagnie et al. found significant differences in neck extensor torque in female 

neck pain patients, compared to controls using the Biodex Isokinetic Dynamometer [111]. Though 

isokinetic dynamometry offers certain advantages for measuring neck torque and strength, there are several 

drawbacks, as follows: 1) “up to now manufacturers of isokinetic dynamometers do not supply special 

attachment”; 2) “difficulty in aligning the centre of rotation with the mechanical axis of the testing device”; 

3) “the fixation of the subjects on the device”; and 4) “the cost and expertise needed make their utility 

questionable” [16]. 

Though muscle strength and muscle endurance represent separate phenomena, the interrelationship 

between the two cannot be denied [16]. In the last decade, several researchers, led by Deborah Falla, have 

determined that reduced endurance capacity and neuromuscular efficacy of the neck muscles, particularly 

for the deep neck flexors, is a common finding in patients with neck pain, headache and chronic 

cevicobrachial syndrome [16]. 

In the military aviation community, a plethora of anecdotal evidence related to head supported mass 

and muscle endurance is mostly available through published reports of the USAARL, Defence Research 

Development Canada (DRDC), or the Department of National Defence (DND). A recent study by Nagai et 

al. (2016) [106] suggest that neck strength is significantly affected by the number of flight hours logged by 

a rotary military pilot. However, a 2014 study by Nagai et al. found no differences in neck strength 

associated with the presence of neck pain, as pilots with neck pain had similar levels of neck strength as 

compared to the non-pain group [112]. For F-16 pilots, De Loose et al. (2009) reported no significant 

differences in cervical muscle strength between healthy pilots and those with neck pain [113]. 

The endurance of the neck muscles in military aircrew and soldiers is typically evaluated by 

requesting participants to isometrically resist 70% of their MVC [69], [82], [114]–[117]. This endurance 

test is typically administered during and/or after being exposed to a HSM loading condition. The earliest 

known research on the evaluation of head supported mass related to helmet design from a muscular 
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endurance perspective was conducted by Petrofsky and Phillips in 1982 [118]. In this study, the effects of 

various levels of %MVC (25, 40, 55, 70 and 90%) were examined in 4 male subjects. At low isometric 

tensions, the neck muscles were substantially more resistant to fatigue during lateral and dorsal neck 

contractions, in comparison to ventral neck exertions. Accordingly, the authors concluded that, “this study 

would seem to show that the best method of loading would probably be on the front or sides of the helmet 

with a minimum amount of weight on the back of the helmet”  [118]. 

In 1983, Phillips and Petrofsky published further work on their systematic variation of headgear 

weight and center of gravity and the effect on neck muscle fatigue. For this investigation, a SPH-4 helmet 

with a mass of 1.45 kg was used as the standard ‘low weight’ helmet.  In 6 subjects, the muscular endurance 

of the neck muscles was evaluated (70% MVC) following 30 minutes of exposure (altering right and left 

lateral neck rotations), to one of 15 different HSM configurations (5 different CG and 3 different weights) 

in a manner that was concealed to the subject. At mid-weight (2.27 kg) maintaining the helmet COM 

location (0 cm) appeared to be the most optimal, which “is significant because loading with night vision 

goggles tends to shift the CG forward and low …”. For both the mid-weight and heavy (4.09 kg) helmet 

configurations, endurance time was significantly reduced with a ‘forward-low CG’. 

In follow up to this study, Phillips and Petrofsky (1986) [69] developed a computer model of neck 

muscle endurance and fatigue, using data from the 6 subjects exposed to the 15 HSM configurations, which 

allowed a prediction of COM locations for selected helmet weight ranges.  For the heaviest helmets (3.1 –

4.0 kg), it was predicted that that an aftward-most, midline CG is the optimal location, whereas the optimal 

location for the light-weight helmets (1.5 – 2.0 kg), is forward-most, midline CG, followed closely by a 3.5  

cm forward midline. Importantly, no optimal COM location was found for the mid-weight helmet condition. 

Though the duration of exposure was limited to only 30 minutes followed by a 70% MVC endurance test, 

the results are somewhat similar, particularly for the heaviest helmets, to the ratings of preferred COM 

location along the x-axis as reported by Tack et al. (2006) [119] for 4 infantry soldiers exposed to each 

HSM configuration for 180 minutes (Figure 2.7). 
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Figure 2.7: The preferred COM location along the X-axis relative to the tragion notch. No significant 

differences in the preferred COM location were reported between each of the 3 helmet mass conditions 

(Tack et al. 2006 [119]; © Reproduced with permission5). 

 

 

In more recent years, work by Eveland et al. (2008) and Barker and Albery (2010) has shown 

significant reductions in endurance time at 70% MVC, regardless of HSM configuration, over 6 hours and 

over 4 hours of exposure, respectively. 

Collectively, these findings taken together imply that adding mass to the head for durations between 

30 minutes and six hours results in muscular fatigue; thus requiring the neck muscles to work harder to 

maintain the head in upright postures, and to move and control the head during mission-related activities. 

 

5 Reprinted from Defence Research and Development Canada, Contract Report, DRDC Toronto, CR-2005-230, 

David W. Tack, Edward T. Nakaza, Captain Andrea MacEachern, and Captain Claudia Marrao, Investigation of the 

preferred mass properties for infantry headwear systems, PWGSC Contract No. W7711-01-7880/001/TOR, with 

permission from David W. Tack. 
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In the context of military aviation operations, this is significant since the average night mission duration is 

~ 2.0 [120] to 2.4 hours [76]. One may conclude that, “aircrew operating with high fatigue are less efficient, 

have lower mental concentration, and are more prone to commit mistakes”  [59]. Unfortunately, limited 

data in the literature are available, since a small number of studies with small sample sizes have been used 

to characterize the effects of fatigue in rotary-wing environments, which is often based on limited helmet 

mass and CM positions  [59]. 

2.3.3 Proprioception 

 In evaluating proprioception, clinicians most commonly use joint position sense [121]. Numerous 

studies demonstrate kinesthetic sense deficits in patients with neck pain as reduced accuracy or increased 

cervical joint reposition error, when locating the head to the initial position [122].  However, the evidence 

is inconclusive as other studies have found no or only small differences in joint positioning error among 

neck pain patients [122]. Though clinical textbooks specifically recommend the assessment and 

management of proprioceptive dysfunction for people with neck pain, a systematic review of literature by 

Stanton et al. (2016) [123], reported that “a paucity of studies evaluating complex or postural repositioning 

tests does not permit any solid conclusions about them”. For military pilots and aircrew with neck pain, two 

recent studies [112], [124] found no significant differences in measured head repositioning errors, when 

compared with controls. In 2009, De Loose found no significant differences in neck position sense or neck 

position matching accuracy (repositioning error) for F-16 pilots with neck pain, from those of controls. 

2.3.4 Fitts’ Law and Rapid Aiming Head Movements 

In the literature, Fitts’ Law [125] has been established as a robust and pragmatic motor control 

principle that has been used in a multitude of applications, including ergonomics, human-machine interface, 

human-computer interaction (HCI), and rehabilitation. Most applications of Fitts’ Law are limited to 

understanding the relationship of movement time/ duration, amplitude and precision, in the context of arm 

and hand movements of the upper extremity. In the development of HCI and the design of user interfaces, 
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robust eye tracking and detection are thought to play a crucial role [126]. Prior to his seminal publication 

in 1954, Fitts et al. published a 1950 study on the eye movements of aircraft pilots during instrument-

landing approaches. Since that time and up until 2003, Fitts et al.’s eye movement study was only cited 16 

times, whereas Fitts’ Law had been cited 855 times [127]. Typically coupled with eye movement, head 

movement has also been found to be an effective, simple, and natural way of pointing to objects, 

communication, and interaction [126]. Movement time, according to Fitts’ [128] is calculated as follows:  

𝑀𝑇 = 𝑎 + 𝑏 · 𝑙𝑜𝑔2(
2𝐴

𝑊
)                                                                              (1)        

Where, MT is the movement time, A is the movement amplitude or the distance from the home position to 

the target center, and W is the target width or tolerance range. Accordingly, “the ratio of (2A/W) or A/(W/2) 

is the required accuracy of movement, and the speed –accuracy relationship”.  

More recently in the literature, various studies [129], [130], [139]–[143], [131]–[138] have used 

Fitts’ Law to quantify or evaluate rapid aiming head movements related to two main purposes: 1) as an 

input control signal for rehabilitative/ assistive technology [129]–[133] designed for use by quadriplegic 

patients with a cervical spinal cord injury; or 2) to understand the effect of a condition [134], [139], [140]  

(i.e., age, neck pain, tension type headache, etc.) or a rehabilitative intervention on performance [141], 

[144].    

The linear relationship between the index of difficulty and head movement time has been 

substantiated in each of the latter studies that were designed to assess the effect of various conditions or 

rehabilitative interventions on performance. According to Fitts (1954) [125], the index of difficulty (ID) 

may be represented by the following equation:  

 

𝐼𝐷 =  −𝑙𝑜𝑔2
𝑊𝑎

2∙𝐴
     bits / response                                      (2)   

 

Where, Wa is the target width or tolerance range, and A is the movement amplitude.  

 

In the literature, several studies [90], [99], [116], [145]–[147] have investigated the effect of HSM 

using target acquisition time as an outcome measure. In designing a visual target acquisition system based 
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on Fitts’ Law for the purposes of evaluating HSM, it is important to consider the range of head movements 

made by helicopter pilots (Figure 2.8) along with the ability to visually acquire targets of different sizes. 

  

 

Figure 2.8: A visual summary of nine representative postures during normal rotary-wing flight: Up & Left, 

Up & Center, Up & Right, Level & Left, Level & Center (LC, neutral position), Level & Right, Down & 

Left, Down & Center, and Down & Right; (Harrison et al., 2016 [120], Fig. 2.; © Reproduced with 

permission6). 

 

2.3.5 Time-Optimal Head Movements 

Time-optimal head movements have been used sparingly in the literature to understand the effect 

of loads on motor control strategies employed and the resulting biodynamics of the head [148], [149], [150]. 

According to Hannaford and Stark (1985) [151], time-optimal and neurologically ballistic head movements 

are characterized, as follows:  

 

6 Reprinted from Aerospace Medicine and Human Performance, 87/1, Michael F. Harrison, Kelsey A. Forde, 

Wayne J. Albert, James C. Croll, and J. Patrick Neary, Posture and Helmet Load Influences on Neck Muscle 

Activation, Copyright (2016) with permission from the Aerospace Medical Association.  
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“Time optimal head movements are those in which a motivated human subject 

is instructed and attempts to change the position of his head “as fast as possible” 

from one position to another. Neurologically ballistic movements (often 

incorrectly termed simply “ballistic”) are movements that are launched toward 

a known target with a predetermined initial impetus.” 

 

Time-optimal head movements are triphasic in nature and generate maximum velocities ranging up to 600° 

[151] to 700°/sec [152]. This triphasic pattern consist of an initial burst of the agonist (PA), followed by an 

antagonistic burst (PB), which suppresses agonist activity, then a final burst by the agonist muscle (PC) 

[153]. These control signals are based on the patterns of EMG that are recorded during fast horizontal 

(axial) head movements. PA, PB, and PC, respectively, refer to action pulse, braking pulse and clamping 

pulse. In pulse ‘ablation’ simulations (Figure 2.9; see Stark et al. 1988 [153], p. 248), in which one or more 

of these pulses are removed, the role of each pulse in controlling head movement is revealed, as follows: 

“Without PC, the second agonist pulse, the final position of the head drifts back 

to the starting position due to the energy stored in the antagonistic muscle. 

Because of this role in holding the final position, PC can be labelled ‘clamping 

pulse’. When PB, the antagonist burst is removed as well, the resulting head 

movement goes approximately twice as far as intended, at which point it is 

stopped by passive forces. Thus PB can be labelled the ‘braking pulse’ because 

it controls and limits the movement amplitude. PA, the ‘action pulse’, initiates 

the movement and determines its initial acceleration and, to a larger extent, its 

peak velocity.” 

 

Typically, the sternocleidomastoid and splenius capitus muscles, along with other smaller muscles, 

are modeled (Figure 2.9) as two symmetrically equivalent muscles that act synergistically [153]. An 

increase in movement magnitude results in an increase in EMG pulse height and width, along with increases 

in peak velocity, acceleration and time duration [154]. 

The effects of different types of loads applied to the head have also been examined, such as viscous 

[148], [149], inertial, and spring loads [150]. In general, inertial loads increase pulse widths [154] and, 

according to Hannaford et al. (1983), produces an additional fourth pulse (see J in Figure 2.10). 
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Accordingly, “added inertia increases the kinetic energy in the moving mass which must be dissipated in 

order to stop the head” [150]. This additional agonist pulse may be interpreted as an additional damping 

pulse required to dissipate kinetic energy that was above the capacity of PC (‘P3’). However, caution may 

be in order as the EMG sample rate was quite low and the inertia load magnitude was not specified by 

Hannaford et al. (1983). Work conducted by Gauthier (1986) [155] showed that increasing rotational inertia 

to greater magnitudes than the 1.93 kg (4.5 lbs) helmet mass used by Shirachi et al. (1978) [156] 

significantly alters head and eye dynamics and results in disturbances to the vestibular ocular reflex, 

responsible for oscillopsia reported by subjects. Oscillopsia is defined as a continual displacement or 

instability of the visual world that is a symptom of breakdown of space constancy [155].  Though horizontal 

head movements have been most studied, time-optimal head movements in oblique [150], [154], and 

vertical directions [154] have also been examined. 
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Figure 2.9: Description of homeomorphic dynamic model of the head (Stark et al., 1988 [153], © 

Reproduced with permission7).

 

7 Reprinted from Oxford University Press, Barry W. Peterson and Frances J. Richmond, Control of Head Movement, 

Page No. 249, Copyright (1986) with permission from Cambridge University Press. 
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Figure 2.10: EMG, position (P), velocity (V), and acceleration (A) traces of head for normal (N), viscous load (B), inertial load (J), and spring load 

(K); (Hannaford et al., 1983 [150]; Reproduced with permission8).  

 

8 Reprinted from the Nineteenth Annual Conference on Manual Control, B. Hannaford, R. Maduell, M.-H. Nam, V. Lakshminarayanan, and L. Stark, Effects of 

loads on time optimal head movements: EMS, oblique, and main sequence relationships, Page No. 493, publicly available and with permission from the 

Aerospace Control and Guidance Systems Committee Chair. 
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2.4 Summary 

The issue of neck trouble is as convoluted as the head-neck complex itself and therefore requires 

robust operationally relevant approaches and measurement tools to clarify how HSM, posture, and WBV 

influence performance and contribute to neck muscle fatigue and injury. Most functional measurement 

approaches appear to be non-viable yet continued to be promulgated in the literature. Limited support for 

muscular strength and endurance testing is available in the literature but neither address the rate of head 

movements required in maintaining situation awareness during various scanning tasks. Performance based 

approaches, such as rapid aiming head movements and time-optimal head movements, are operationally 

relevant and there is evidence to support their use as an evaluation paradigm for HSM and neck pain. 

Aligned with the objectives of this dissertation, the development, validation, and implementation 

of a novel system to assess the effects of HSM, posture, and WBV on performance will be explored in 

future chapters.
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Chapter 3 

 

Towards the Development of a Three-Dimensional Visual Target Acquisition 

System as a Functional Assessment Tool to Evaluate the Performance of Rapid 

Aiming Head Movements 

To be submitted to Theoretical Issues in Ergonomics Science 

 

 

Abstract 

Head- and helmet-mounted devices are the subject of frequent complaints, as head supported mass 

is a recognized occupational risk factor in the development of neck pain. There is a need for robust and 

reliable functional assessment tools to evaluate and understand potential performance degradations 

associated with the use of head-mounted devices and neck pain. Functional assessment tools that leverage 

fast, goal-directed head movements closely approximate tasks encountered in daily living and thus offer 

advantages over more traditional static assessment approaches for evaluating head supported mass, and in 

the future neck pain. However, few reliable functional assessment tools are available to evaluate how head-

mounted devices or neck pain may influence dynamic goal-oriented head movements, particularly large 

movement amplitudes required in military aviation environments. This paper describes the development, 

verification, and validation of the three-dimensional visual target acquisition system (3D-VTAS) as a 

functional assessment tool to evaluate the performance of rapid aiming head movements. First, we used the 

literature related to dynamic goal-oriented head movements to establish the functional requirements (FRs) 

that informed the development of the 3D-VTAS. Second, we performed system testing to verify that the 

3D-VTAS satisfied the functional requirements and that dwell time system performance was repeatable. In 

this phase, we also conducted system verification activities which included an experiment to ensure that 

target acquisition time was indeed affected by varying the movement trajectory and index of difficulty (ID), 

as expected based on previous research. Third, as part of our system validation activities, we extended our 
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analyses of the experimental data and we evaluated the between-day test-retest reliability of human 

performance (quantified using target acquisition time, time to move off target, and error index metrics) 

when using the 3D-VTAS as a functional assessment tool.  

As expected, during our verification experiment we found that axial head rotations (yaw) produced 

the fastest target acquisition times (TATs) compared to the sagittal plane (pitch) and the two off-axis 

movement trajectories (combined yaw, pitch, and roll). In accordance with Fitts’ Law, a 24.3% increase in 

ID between the two target sizes (20 mm vs. 60 mm) was associated with a 26.5% increase in TAT. After 

accounting for within-day familiarization, between-day test-retest reliability of the system achieved fair to 

excellent intraclass correlation coefficient results. Collectively, these results provide initial evidence to 

support the continued use of the 3D-VTAS as a functional assessment tool to assess the performance effects 

of head-mounted devices and to potentially evaluate clinical outcomes related to neck pain in the future. 

3.1 Introduction 

 The use of head- and helmet-mounted devices in various workplace settings are the subject of 

frequent complaints and have been extensively linked to neck pain and dysfunction. Though the incidence 

of neck pain varies between occupations [1], contemporary studies highlight that occupations requiring the 

use of head-mounted devices have a disproportionately higher prevalence of work-related neck MSDs  [2]–

[4]. For example, almost one-tenth of ophthalmic plastic surgeons have had their career cut short due to 

work-related neck MSDs [5], where the remaining 90% report work-related neck MSD symptoms that 

interfere with their ability to work and overall quality of life [6]. Similarly, the reported global prevalence 

of neck pain in military helicopter pilots ranges from 57 to 85% [7], which is considerably higher when 

compared to civilian populations [8]. For the sake of comparison, the global point prevalence of neck pain 

in 2017 was 3.55% [9]. The issue of head- and helmet-mounted devices and their relationship to neck pain 

is critical to address and requires a systematic approach to better understand the myriad of occupational risk 

factors that affect both performance and health outcomes.   
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From a critical appraisal of the literature (see Section 2.3, Functional Assessment Approaches and 

Measures for the Cervical Spine), there is a growing need for valid functional assessment tools to evaluate 

the effects of head-mounted devices and clinical neck pain on performance. One prominently identified 

limitation of most current approaches in assessing the effect of head supported mass (HSM) or neck pain is 

an overreliance on static outcome measures, such as range of motion [10], repositioning error, joint position 

sense, and isometric strength. Notably, Bahat et al. (2010) [10], maintain that, “unlike range of motion and 

other static measurements, these dynamic variables (velocity and smoothness of cervical motion) reflect 

functional cervical motion and therefore contribute to a better understanding of the impairment associated 

with neck pain”. According to Winters and Peles (1990) [11], “classical range of motion and palpation 

techniques also do not really address the functioning system.” With respect to the use of another type of 

static measure, Descarreux et al. (2010) [12] contend that “head repositioning tasks have been used in 

different experimental and clinical contexts but have yet to offer insight as to the task performance 

strategy.”  For military pilots and aircrew with neck pain, two recent studies [13], [14] found no differences 

in measured head repositioning errors, when compared with controls. Furthermore, it has been reported that 

military pilots with neck pain have similar levels of cervical muscle strength as compared with non-pain 

groups [14], [15]. Collectively, these null results reinforce why static measures may not be appropriately 

discriminative to assess the effects of HSM or neck pain on performance.   

Functional assessment tools that leverage the use of goal-oriented, established, motor control 

paradigms in the measurement of movement parameters are advocated to extend our understanding of 

functional cervical spine performance [12]. The earliest research on fast, goal-oriented cervical motion 

stems from the study of time-optimal head movements [16]. According to Hannaford and Stark (1985) [17], 

time-optimal head movements are defined as “those in which a motivated human subject is instructed and 

attempts to change the position of his head ‘as fast as possible’ from one position to another”. Recognizing 

the  diagnostic utility of time-optimal head movements, Bahat et al. (2010) assert that, “there is a need for 

further research regarding the effect of neck pain on the dynamic characteristics of cervical motion because 

of the functional and clinical importance of fast neck motion and the lack of existing knowledge on neck 
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kinematics within a functional context” [10]. In studying fast cervical rotations, various investigators have 

reported a reduction in peak speed in individuals with chronic neck pain [10], [18]–[21].  In the literature, 

dynamic, fast, goal-oriented (i.e., time-optimal) cervical motions are recognized as valid measures for the 

assessment of patients with neck pain and related dysfunction [10], [12], [20], [22], [23]. In another line of 

research inquiry, various investigators have used a Fitts’ Law based reciprocal rapid aiming head movement 

paradigm to evaluate neck pain [12] and associated disorders such as tension type headache [23]. Invariably, 

precise, quick head movements are habitually required in large rapid changes of gaze direction [20] and in 

response to multiple visual, auditory, or scent stimuli, and thus have great functional importance [10], [20], 

[24], [25]. These insights reinforce the importance of leveraging robust functional assessment paradigms, 

that utilize time-optimal head movements, to evaluate the effect of HSM and neck pain on performance. 

Though dynamic, fast, goal-oriented cervical motions generate valid metrics that can differentiate 

and distinguish between different pain states, the functional assessment tools by which they are facilitated 

are sometimes confounded by the precarious addition of HSM. For example, Bahat et al. (2009) [26] in 

assessing cervical motion and neck pain made use of a 200 g custom made virtual reality (VR) head set, 

which was described as exerting a moderate flexion moment on the cervical spine. These investigators 

noted that while the anteriorly located mass did not create a problem for their asymptomatic subjects, a 

lighter weight head-mounted display may need to be considered for participants with neck pain [26]. In 

evaluating time-optimal head movements, other investigators have drawn similar conclusions [16], [27], 

[28] noting that added load affects the relative timing and patterns of neck muscle activation and the 

dynamics of the head. Compared to the unloaded head, added inertia increases head movement time 

initiation from 250 (21) to 272 (20) milliseconds following target displacement [29]. The addition of load 

on the head also alters posture [30] and augments neuromuscular control strategies, which requires a period 

of adaptation affecting both head and eye movement velocity [31]. Furthermore, various investigators [32], 

[33] using a Fitts’ task paradigm to study rapid aiming head movements have suggested that the addition 

of load to the head in the form of a helmet-mounted sight may have contributed to unanticipated differences 

in performance across movement directions. Therefore, to avoid confounding the assessment of neck pain 
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with the influence of added HSM, it is of paramount importance to use technology with minimal mass that 

is balanced about the head’s natural center of mass and that does not constrain the field of view.  

A functional assessment tool that utilizes time-optimal head movements to evaluate the effect of 

HSM or neck pain on performance should also consider known effects of movement trajectory and ID on 

performance. Various investigators in studying fast cervical rotations have noted that axial rotations in the 

transverse plane are faster than flexion-extension movements in the sagittal plane [10], [21], [34]. This 

evidence reinforces that a functional assessment tool should likely be able to evaluate and discriminate 

performance differences that relate to the axis of cervical motion and movement direction.  

When using a Fitts’ Law inspired research paradigm, it is also important to consider the movement 

amplitude required with respect to the actual postures of aircrew. Harrison et al. (2016) [35] described 9 

representative postures assumed during normal flight, including horizontal, vertical and diagonal head 

movements. Tack et al. (2014) [36] in a detailed physical demands analyses reported that 35 degrees of 

neck axial rotation and/or flexion-extension is routinely exceeded in several scanning tasks conducted by 

aircrew. To maintain situation awareness when using night vision googles, aircrew move their head in a 

more frequent and deliberate manner with large rotational amplitudes. These findings reinforce the need to 

develop a functional assessment tool that utilizes time-optimal head movements in such a manner that 

performance can be evaluated through a variety of large movement amplitudes, such as 35 degrees of neck 

axial rotation.  

However, in examining the Fitts’ Law-related literature (Table 3.1), it is apparent that most current 

functional assessment tools do not permit an assessment of large rotational amplitudes, a key limitation of 

previous approaches. Many investigators have required users to rapidly move to fixate their gaze at different 

locations on a standard computer screen, where screen size constrains the ability to test target locations that 

require large operationally relevant amplitudes and head rotations. In addition to screen size, using a two-

dimensional PC display limits the ability to maintain a consistent visual angle relative to the user. Evidence 

of this visual angle design constraint [37] is the requirement to calibrate the software employed by 

commercial systems to account for screen size [33], [38]–[40]. For example, Passmore et al. (2010) [40] 
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stated that  the “Generalized Fitts' Law Model Builder Software (version 1.1c) was run on a PC connected 

to the headmouse (Headmouse Extreme, Origin Instruments Corporation, Grand Prairie, Texas), and the 

software was calibrated to account for screen size and maintain amplitude and target accuracy”. PC-based 

systems due to screen size limitations are restricted in their ability to assess large rotational amplitudes and 

require software calibration to maintain amplitude and target accuracy.  

To maintain a consistent visual angle between various targets positioned in 3D space, it is critical 

to ensure that the relative distance between the user and each target are equivalent. In other words, the 

relative position of each target in 3D space is not constrained to a planar surface like a PC display, but 

rather intersects with an imaginary parabolic surface or a spherical dome (see Winters and Peles, 1990, see 

Figure 28.3) [11]. This attribute, along with the ability to position reciprocal target pairs in axial, sagittal, 

or off-axis movement planes within 3D space facilitates the study of unconstrained head rotations about the 

three axes of the head (yaw, pitch, and roll). Linear three-dimensional aiming movements of the finger have 

been previously described [41], but 3D angular aiming movements of the head have yet to be studied in the 

context of Fitts’ Law. 

From our review of literature, there is an obvious need to design a functional assessment tool that 

utilizes time-optimal head movements to evaluate the performance effects of HSM and also that could be 

used in the future to fulsomely investigate neck pain. By default, design is an iterative process. Designing 

an interactive system typically involves an iterative process of brainstorming, development, prototyping, 

user testing, and evaluation [42]. In systems engineering, the process of Requirements Development 

includes [43]:  

“(1) eliciting, analyzing, validating, and communicating stakeholder needs, (2) 

transforming customer requirements into derived requirements, (3) allocating 

requirements to hardware, software, bioware, test, and interface elements, (4) verifying 

requirements, and (5) validating the set of requirements”.  

Therefore, when designing any new system, it is imperative to execute verification and validation 

activities early in the design process to confirm that the functional, performance, and interface requirements 
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are satisfied [44]–[46]. By definition, verification according to ISO 9000 [47] is “confirmation, through the 

provision of objective evidence, that specified requirements have been fulfilled”, while validation is 

“confirmation, through the provision of objective evidence, that the requirements for a specific intended 

use or application have been fulfilled.  

System verification activities should leverage our knowledge from past studies on fast cervical 

rotations. From our literature review we note that axial rotations in the transverse plane are faster than 

flexion-extension movements in the sagittal plane [10], [21], [34], and therefore we anticipate that a well-

designed functional assessment tool would be sufficiently discriminative to detect known trajectory-related 

differences. Leveraging the robustness of Fitts’ Law, where the ID is related to the size of the target and 

the amplitude between targets, a well-designed functional assessment tool should also be able to 

discriminate performance between different indices of difficulty, particularly where those indices of 

difficulty (in terms of movement amplitude and target size) are relevant to the physical demands of aircrew 

[35], [36]. 

As part of the system validation, it is important to understand the test-retest reliability of the system. 

It is essential to establish the between-day reliability and the minimum detectable change of resultant 

performance measures so that the effects of altered HSM parameters or meaningful improvements in 

patients treated for chronic neck pain can be identified [48]. Regardless of the functional assessment tool, 

a critical aspect to the design process includes verification and validation activities to ensure that the system 

is able to accurately and precisely measure what it purports to measure and also that its measures are 

repeatable.   

The primary objectives of this paper were therefore three-fold. First, we aimed to describe the 

development of the 3D-VTAS as a functional assessment tool, driven by a comprehensive review of 

literature related to: 1) time-optimal head movements [17]; 2) the kinematics of fast cervical rotations [20]; 

and 3) rapid aiming head movements using a Fitts’ Law paradigm [37], [49], [50]. Second, as part of the 

system verification, we aimed to verify that the 3D-VTAS prototype was able to detect known performance 

differences related to operationally relevant movement trajectories and pre-established IDs.  It was also 
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important to characterize the performance of the system across various experimental conditions by 

evaluating dwell time. 

 Third, as a system validation activity, we aimed to establish the within- and between-day reliability 

of healthy participant’s human performance. 3D-VTAS test-retest reliability was investigated using 

dependent measures including: target acquisition time (TAT); time to move off target (TMOT); and error 

index (EI). 

3.1.1 Hypotheses 

Four general hypotheses were investigated. In line with our 3D-VTAS system verification goal,  

consistent with previous evidence, we hypothesized that mean TAT would be lowest in the axial movement 

trajectory (MTAXIAL) compared to the sagittal (MTSAG) and two off-axes movement trajectories (MTOAL and 

MTOAR). Consistent with the speed-accuracy trade-off relationship between ID and movement time, we 

anticipated that the smaller 20 mm targets with a higher ID would produce greater TATs compared to the 

larger 60 mm targets with a lower ID. System dwell time (DT), [32], [50], [51] was assessed as a measure 

of system performance, and was hypothesized to not be different (p>0.05) as a function of day, movement 

trajectory, or target diameter. Aligned with our third objective of establishing the test-retest reliability of 

the 3D-VTAS, after accounting for within-day task familiarization effects, we hypothesized that the 3D-

VTAS would have fair (ICCs(2,1) >0.4) to excellent (ICCs(2,1) >0.75) between-day reliability across three 

human performance based dependent variables, including: mean TAT; mean TMOT; and mean EI.  

3.2 Methods 

3.2.1 Development of the Three-Dimensional Visual Target Acquisition System (3D-VTAS) 

The primary goal of the design efforts was to deliver a robust system that enabled repeatable 

performance and was not prone to habituation effects. However, the development of a functional prototype 

of 3D-VTAS was not without its fair share of challenges in meeting the specified functional requirements 

[52] (Table 3.2). To ensure the functionality of the system satisfied the customer requirements, strategic 

design goals were captured as distinct functional requirements. 
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3.2.2 From Strategic Design Goals to Functional Requirements 

To ensure that the 3D-VTAS was designed and fabricated to meet the strategic design goals, cross-

disciplinary knowledge was leveraged from multiple streams within the literature and was interpreted to 

inform the ‘voice of the customer’ element within the quality function deployment (QFD) [53], [54] 

framework. Essential to the approach of QFD is the translation of customer desires into product design and 

engineering characteristics. This translation typically entails the use of customer surveys and focus groups, 

where customer attributes represent the most critical customer wants and needs that are used to inform 

product and or process design.  In our case, a comprehensive review of the literature (summarized through 

the introduction and below in Table 3.1) served as a surrogate for the voice of the customer [55], who could 

be the ergonomics practitioner studying the effects of HSM on performance or the clinician studying the 

effect of neck pain on performance. Interpreting past research as a surrogate for the voice of the customer 

allowed us to identify attributes that may be important, like the ability to assess unique movement 

trajectories, indices of difficulty, or different HSM configurations.  
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Table 3.1: Summary of pertinent Fitts’ Law based research used as a surrogate for the voice of the customer within the quality function deployment 

(QFD) framework to inform the development of the 3D-VTAS. 

Author(s) 
Target 

Sizes 

Movement 

Amplitudes 

Distance 

to Target 
Method of Input for Head Control 

 

Jagacinski 

and Monk 

(1985) [32] 

 

0.40° 

0.70° 

1.22° 

 (circles) 

 

2.45° 

4.28° 

7.50° 

(visual angle) 

 

Not 

defined 

 

Helmet-mounted sight (1.5 kg) used two infrared-beams for measurement of head position with 

circular targets displayed on a computer monitor. 344 ms capture period. Three temporal measures 

of performance: reaction time, capture time, and movement time. Asymptotic performance defined 

as <3.5% deviation in mean capture time over 4 consecutive days. Eight radii for movement 

direction evaluated: 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°. Nine IDs evaluated plus movement 

direction. 

 

Andres and 

Hartung 

(1989) [56] 

1.3 cm 

2.5 cm 

3.8 cm 

 (rectangles) 

7.6 cm 

15.2 cm 

30.5 cm 

20.3 cm A reciprocal tapping task using a 20.3 cm long chin stylus (Zygo AD-1 Head Pointer, 0.23 kg) on 

an A/D connected PC to target tapping apparatus with two plates of varying target widths and a 

fixed target length of 10.2 cm. Nine IDs evaluated. Movement time only evaluated. Two sessions 

were performed with error rate constrained to less than 10%, only 30 of 32 motions evaluated with 

one practice trial provided for each ID. Trials for each ID continued until participant achieved error 

rate criterion. 

 

Radwin et al. 

(1990) [57] 

2.7 mm 

8.1 mm 

24.2 mm 

 (circles) 

 

 

 

 

24.4 mm 

110.9 mm 

89 cm Discrete movement target acquisition task employed using a PC based ultrasonic head-controlled 

pointer (0.5 N) vs. mouse. Capture period of 62.5 ms not included in movement time. Eight radii 

for movement direction evaluated: 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°. Nine IDs evaluated 

plus movement direction. 

 

So et al. 

(1999) [58] 

1° 

2° 

4° 

8° 

(circles) 

10° 

20° 

30° 

5 m PC based head tracking using VR4 Binocular head-mounted display (Virtual Research Systems, 

Inc., Santa Clara, CA, 0.94 kg), a Polhemus 3-SPACE head tracking system (Polhemus Inc., 

Colchester, Vermont), and a Silicon Graphics Onyx workstation (SGI, Mountain View, CA) with 

images on display focused at 5 m. Reticle lag equal or greater than 67 ms can degrade continuous 

tracking performance. Figure 4 is a great graph that depicts head movement time. Target capture 

criterion of 350 ms. *** Note – “An ANOVA was performed to determine the effects of repeated 
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Author(s) 
Target 

Sizes 

Movement 

Amplitudes 

Distance 

to Target 
Method of Input for Head Control 

results. This analysis indicated that head MT (movement time) was significantly affected by 

repeated runs F(5, 2567) = 29, p < .0001. When data from the first and the last two repeated runs 

were excluded from the analysis, the effects of repeated runs were not significant, F(2, 1274) = 2.2, 

p > .1).” 

 

Passmore et 

al. (2007) 

[33] 

5.0 mm 

7.5 mm 

 11.25 mm 

 (squares) 

50 mm 

100 mm 

200 mm 

80 cm Participants were seated 80 cm from, and directly in front of, a computer monitor (22.4 cm × 22.4 

cm screen). The chair had padded shoulder straps, which were adjusted to isolate the participants’ 

movement to their cervical spine. PC based head movement was facilitated using a Headmouse 

Extreme Apparatus (Origin Instruments Inc., Grand Prairie, TX). Dwell time set to 200 ms. Nine 

IDs evaluated only in axial rotation. Use of ‘transparent safety glasses’ with unspecified mass. 

 

 

Williams and 

Kirsch (2008) 

[59] 

 

13 

25 

50 

100 

200 

(pixels) 

 

25 

50 

200 

400 

(pixels) 

 

Not 

defined 

 

Head orientation was measured using a 3 degree-of-freedom head orientation sensor (MicroStrain 

3DM) attached to the subject’s head using an elastic headband (see Fig. 2(a)). The sensor weighed 

approximately 75 g and was small enough (89 mm x 64 mm x 25 mm) to not encumber the subject. 

For head orientation, the maximum signal inputs were set to correspond to neck angles of 30°, such 

that subjects could still see the screen comfortably. Targets displayed on a 1000 x 1000-pixel field 

and circular targets were acquired by one of three command inputs (head orientation, neck EMG, 

or computer mouse). Targets were located on eight evenly spaced, 45° radial lines, with target 

number 1 located at the 12 o’clock position. Two second dwell time within the target area was used 

to indicate successful target acquisition. 15 IDs evaluated. 

  

 

Passmore et 

al. (2010) 

[40] 

 

5.0 mm 

7.5 mm 

11.25 mm 

 (squares) 

 

50 mm 

100 mm 

200 mm 

 

80 cm 

 

Participants were seated 80 cm directly in front of a computer monitor (22.4 cm × 22.4 cm screen). 

The chair had padded shoulder straps, which were adjusted to isolate the participants’ movement to 

their cervical spine. PC based head movement was facilitated using a Headmouse Extreme 

Apparatus (Origin Instruments Inc., Grand Prairie, TX). Dwell time set to 200 ms. Nine IDs 

evaluated only leftward or rightward directions (axial rotation). Use of ‘transparent safety glasses’ 

with unspecified mass. 
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Author(s) 
Target 

Sizes 

Movement 

Amplitudes 

Distance 

to Target 
Method of Input for Head Control 

     

Descarreaux 

et al. (2010) 

[12] 

4 cm 

8 cm 

(diameter) 

15° 

40° 

1.75 m A laser pointer mounted on a helmet (approx. 200 g) was secured to the head and tightened enough 

to avoid extra movement yet was still comfortable for participants. In a quiet and dimly lit room, 

subjects were seated in front of a black semi-circular board (radius = 1.75 m). Four light-emitting 

diodes were positioned on a rigid body fixed on the helmet and were used to calculate head 

movement. 

  

Marchand et 

al. (2014) 

[23] 

8.0 cm 

12.0 cm 

25° 

40° 

1.75 m A laser pointer mounted on a helmet (mass not specified) was secured to the head and tightened 

enough to avoid extra movement yet was still comfortable for participants. In a quiet and dimly lit 

room, participants were seated on a chair with back rest facing a black semicircular board at a radial 

distance of 1.75 m. Participants were told to rotate their head as quickly and precisely as possible 

towards the target, and then back to the neutral head position. Four IDs evaluated only in axial 

rotation. 
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The strategic design goals (customer attributes) in developing the 3D-VTAS were, as follows: 1) 

provide visual feedback to indicate ‘time on target’ and successful target acquisition, taking the limits of 

human visual perception and acuity into account; 2) enable the exploration of various movement trajectories 

and movement amplitudes beyond the size limits of PC-based displays; 3) enable analog and digital signals 

of the 3D-VTAS to be recorded; 4) minimize the mass borne by the head; 5) enable interchangeability with 

respect to the solar panel technology used; 6) enable the use of different target sizes; and 7) enable seamless 

deployment in both laboratory and field applications. These customer attributes were used to inform the 

design parameters and engineering characteristics of the system and eventually establish the functional 

requirements (Table 3.2).  

The importance of scanning movements, visual search, visual tracking and visual target acquisition 

in the context of the military aviator were also gleaned from the literature to inform the operationalization 

of a systematic approach to assess time-optimal head movements. Thus, in addition to evidence summarized 

in Table 3.1, the functional requirements (Table 3.2) of the 3D-VTAS were also inspired from two 

additional research themes that were contextually relevant to military aviator communities, including: 1) 

scanning movements in the evaluation of HSM [60], [61]; 2) visual search [62], [63], visual tracking [31], 

[64], [65] and visual target acquisition [35], [62], [63], [66]–[68] in military aviation environments.
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Table 3.2: Functional requirements (FRs) and considerations for the design of the 3D-VTAS. 

No. Functional requirements Rationale Design Constraints 

 

FR-1 

 

The system shall facilitate serial Fitts’ 

Law-based rapid head aiming 

movements with at least two different 

target sizes. 

 

Serial rapid aiming head movements enable the 

evaluation of scanning tasks (Forde et al., 2011) [8] 

encountered in the military aviation environment 

and minimize the effect of performance variability 

between motions within a given trial. 

 

 

Target overshoot needs to be accounted for 

and the system needs to respond appropriately 

in resetting the dwell time counter to ensure 

the intent of participant in acquiring the target 

is not due to chance. 

FR-2 Target acquisition shall be facilitated by 

the interaction of a laser pointer on a 

solar panel (Figure 3.1).  

A laser pointer directed on a solar panel causes a 

substantive step increase in measured solar panel 

voltage.  

Solar panel size needs to be constrained to 

visual angles determined from Table 3.1 (0.4° to 

8.0°) taking into consideration the interior 

dimensions of the Griffon CH-146 helicopter. 

 

FR-3 Successful target acquisition shall be 

preceded by a dwell time of at least 300 

ms. 

Processing time of visual stimuli has a range from 

100 to 150 ms [69], [70] and it requires 190 to 260 

ms to process visual feedback during rapid 

movements using a stylus [71]. 

Many small solar panel designs have inactive 

regions (Figure 3.2B) that are not responsive to 

the laser pointer and custom ordered solar 

panels are cost prohibitive at the prototype 

stage of design. 

 

FR-4 Visual feedback of system initialization, 

dwell time and successful target 

acquisition shall be provided. 

Visual feedback ensures that the participant is 

aware that the system is initialized, gaze is directed 

on target, and is provided an indication of 

successful target acquisition. 

 

Three Red-Green-Blue (RGB) LEDs should be 

incorporated within target holder and should 

be equal distance apart from the center of the 

target. 

  

FR-5 Movement amplitude shall facilitate 

head movements in yaw, pitch and roll 

with target pairs separated up to 70°. 

Physical demands analyses by Tack et al. (2014) [36]  

have identified that 35° of head axial rotation and 

flexion-extension (yaw and pitch) is routinely 

exceeded (>15% of time) for flight engineers and 

pilots. Night flying with NVGs increase the 

A commercially available goniometer does not 

exist which can incorporate laser pointers to 

confirm a 70° target span angle.  
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No. Functional requirements Rationale Design Constraints 

percentage of time spent in mild axial twist and 

lateral bending, and severe neck flexion [8]. 

 

 

FR-6 

 

 

Movement amplitude or target span 

angle [72] between target pairs and 

distance from participant shall be 

repeatably measured.  

 

 

Consistent with the design goal to have a 

repeatable system in which target span angle can 

reliably be measured and verified. 

 

 

A commercially available goniometer does not 

exist which can incorporate a laser measuring 

tool. 

    

FR-7 Targets shall be mountable in 3D space 

to overhead lab structures, various 

tripods; and be adjustable in at least 3 

DOF. 

To accommodate up to a 70° target span angle 

between target pairs in various head movement 

planes (transverse, sagittal, and coronal). 

Distance to targets within a motion capture 

laboratory needs to be constrained within a 

defined calibrated volume yet not greatly 

exceed the interior dimensions of a Griffin CH-

146 helicopter. 

 

FR-8 Solar panel voltage shall be recorded 

via an analog to digital board to 

facilitate post-processing analyses. 

A determination of system behavior and 

performance can be evaluated during post-

processing analyses and used to determine time on 

target and other performance metrics. 

 

Small inexpensive commercially available 

analog to digital boards have a limited number 

of analog inputs. 

FR-9 LED voltage for each RGB pin of each 

target shall be recorded via an analog 

to digital board to facilitate post-

processing analyses. 

 

Dwell time and human performance metrics such as 

target acquisition time, reaction time and error rate 

can be determined during post-processing analyses.  

Small inexpensive commercially available 

analog to digital boards have a limited number 

of digital outputs.  

FR-10 The system shall be functional in 

various ambient lighting conditions 

such as those encountered in a motion 

capture laboratory system. 

Motion capture systems utilize cameras that emit 

infrared light (~870 nm) pulses that need to be 

filtered out.  

Infrared light pulses produce frequency 

dependent changes in solar panel voltage and 

thus solar panel voltage needs to be sampled at 

a sufficient resolution and frequency. 
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3.2.3 Operationalizing Functional Requirements into Design 

In the literature, HSM is known to influence control of the head during dynamic movements [16] 

and requires an adaptation of governing neuromuscular control strategies [28], [29], [31]. The various 

investigations (Table 3.1) into rapid aiming head movements that employed Fitts’ Law were pivotal in 

developing the functional requirements of the 3D-VTAS.  From these studies, information on the range of 

target sizes, movement amplitudes, and index of difficulties were gleaned. Many of the studies (Table 3.1) 

defined target size as visual angle (θVA ), calculated as θVA = tan−1 𝐻

𝐷
 , where H represented the height of 

a target, and where D represented the distance to the target. While many investigators have used PC-based 

solutions to facilitate participant interactions with targets, some researchers, such as Descarreaux et al. 

(2010) [12] and Marchand et al. (2014) [23], have used head-mounted laser pointers. For example, 

Descarreaux et al. [12] defined a successful trial as one with the laser beam pointing in the target limits, 

where “high resolution slow-motion video footage of the laser beam pointing on the target was used to 

validate successful trials”.  Instead, we decided to use a photodetector as the target and reasoned that a solar 

panel could pragmatically facilitate laser beam interaction with targets (Figure 3.1), while also enabling a 

visual indication of successful target acquisition. To this end, using both knowledge of the range of practical 

distances (Distance - D) to the target and the visual angles employed in the literature (Table 3.1), the optimal 

size (Height - H) of commercially available solar panels was determined. After selecting the most viable 

and cost-effective solar panel design (Figure 3.2A) in terms of size and nominal voltage range compatible 

with small laser pointers, a 3D computer-aided design package (Solid Edge ST7, Siemens, Munich, 

Germany) and additive manufacturing was used to design and fabricate solar panel target holders (Figure 

3.2C).  

The use of solar panels as detectors enabled online sampling of laser beam induced voltage changes 

to signal RGB LED outputs and the recording of independent voltage time series for each target, which 

may be used to determine time on target (Figure 3.1). Based on the recommendations gleaned [59], [73], 

circular targets were initially employed to eliminate the effects of approach angle on target width [59], as  
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Figure 3.1: A) A graphical depiction of light emitting diode (LED) color state (Red-Green-Blue, RGB) 

LED as displayed to the participant as the laser interacted with the solar panel. B) Illustrative RGB LED 

timing information for red, blue, and green LED signals for target 1 and target 2 of each respective 

movement trajectory condition. Dwell time (DT), Time to Move Off Target (TMOT), and Target 

Acquisition Time (TAT) were quantified based on LED color changes and were used as measures of system 

stability (DT) and performance (TMOT and TAT). 
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angle of movement confounds pointing device performance [73]. Cost effective solar panels (6 V, 100 mA, 

100 mm diameter, Sundance Solar, Hopkinton NH) that satisfied the size and voltage requirements were 

procured. Unfortunately, these solar panels have inactive regions (see Figure 3.2B) that are not responsive 

to the laser pointer. Purchasing custom made solar panels at the prototype stage of development was deemed 

cost prohibitive. 

The target holder (Figure 3.2C) was designed with five distinct functions: 1) to firmly hold the solar 

panel; 2) to house three RGB LEDs; 3) to interface with ¼-20 threaded fasteners common to camera mounts 

and tripods; 4) to house a small printed circuit board; and 5) to facilitate the overlay of different sized target 

apertures (20 mm target – see Figure 3.2D).  

 

 

 

Figure 3.2: A) Solar panel (6 V, 100 mA, 100 mm diameter, Sundance Solar, Hopkinton NH).  B) Orange 

overlay depicting precise locations of inactive regions on solar panel. C) Target holder with 60 mm aperture. 

D) Target holder with 20 mm offset mask. 

 

A B

C

D
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An important design decision, based on the review of literature, was to incorporate large amplitude 

head movements as these are operationally relevant in military aviation environments. According to 

Harrison et al. (2016) [35] further studies are needed to examine the effects of various helmet loads of 

rotary-wing aircrew as their job often requires dynamic movements to extremes of their ranges of motion. 

Similarly, McKinnon et al. (2016) [74], suggested that “future analyses should consider not only the helmet 

configurations and neck postures explored in the current study, but also the high-fidelity replication of the 

rate of movements, type of movements and number of movements that occur during in-flight activities.”  

As a result, the 3D-VTAS was developed and validated to evaluate rapid aiming tasks with large rotational 

amplitudes in various operationally relevant movement planes [75].  

To enable the precise positioning and orientation of target pairs in 3D space relative to defined 

operationally relevant movement planes such that a consistent visual angle could be maintained, the target 

alignment jig (Figure 3.3A) was developed and fabricated. The target alignment jig incorporated two laser 

pointers and a laser measuring tool (see Appendix E, Figure E.4) [75], and was instrumental in positioning 

and aligning each set of target pairs in 3D space. The ability to systematically control the angle between 

targets also enables the manipulation of ID and the evaluation of reciprocal target acquisition performance 

within a Fitts’ Law paradigm. While the use of an angular motion-based ID [72] and 3D-based Fitts’ tasks 

[41], [76] have only been used on a limited basis, these concepts were deemed invaluable in the design of 

the 3D-VTAS. To this end, four movement trajectory planes were established with each target pair 

separated by a 70° angle (Figure 3.3D): MTAXIAL – transverse plane (yaw axis); MTSAG – sagittal plane 

(pitch); MTOAL – off-axis left (diagonally upper left to center); and MTOAR – off-axis right (diagonally upper 

right to center).
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Figure 3.3: Synopsis of the 3D-VTAS laboratory set up with eight solar panel targets comprising four movement trajectories. A) Set-up of target 

location(s) with the target alignment jig for MTAXIAL. B) Mocked-up participant homing in on target 1 (T1). C) Participant homing in on target 1 

(T1). D) Arrangement of the eight visual targets in the 3D space of the laboratory with four movement trajectory (MT) target pairs: MTAXIAL (T1 

and T2); MTSAG (T3 and T4); MTOAL (T5 and T6); and MTOAR (T7 and T8). 

T1 T2

T3

T4
T8T6

T7 T5

A B

C D
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Given the ability of HSM to influence postural control, in using various equipment (Table 3.1) to 

facilitate the acquisition of targets, researchers have attempted to minimize the mass encumbered on the 

participant’s head. For example, Passmore et al. (2007) [33] noted deficiencies of previous investigations 

stating that the helmet apparatus used by Jagacinski and Monk (1985) [32], “was heavy (1.5 kg) and thus 

may have increased MTs (movement times) for reasons that cannot be attributed to typical head 

movements.” To mitigate this concern, a GoPro head strap (80 g) and a red laser pointer (Micro 200, Class 

IIIa, 2.21 x 0.56 x 0.56 inches, Infiniter-Quarton Inc., New Taipei City 221, Taiwan, 25 g) [77] was used 

(see Figure 3.4), which when combined (~110 g) is much lighter than the 200 g helmet-mounted set up used 

by Descarreaux et al. (2010) [12], but slightly heavier than the apparatus used by So et al. (1999) [58] and 

Williams and Kirsch (2008) [59]. 

 

 

Figure 3.4: Go-Pro head strap with a 3D-printed laser pointer holder that was positioned between each 

participant’s eyes. 

3.2.4 Establishing Performance Outcome Measures 

The Fitts’ Law-related literature was used to establish both system and human performance 

outcome measures for the 3D-VTAS, which included dwell time (DT), time to move off target (TMOT), 
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target acquisition time (TAT), and error index (EI).  

In human-computer interaction (HCI), successful target acquisition may be achieved by the press 

of a button (on-screen or hardware), the application of pressure, or by dwelling over the target for some 

predefined period [50]. This predefined period, on a limited basis, has been referred to as ‘dwell time’ or 

as a ‘capture period’ [32], [50], [51]. Jagacinski and Monk (1985) [32] for head and hand movements used 

a capture period of 344 ms. So et al. (1999) [58] for rapid aiming head movements used a target capture 

criterion of 350 ms, while Ware and Mikaelian (1987) [51] for eye tracking used a gaze dwell time of 400 

ms. Other investigations, such as Passmore et al. (2007, 2010) [33], [40] and Radwin et al. (1990) [57], 

have specified shorter dwell times of 200 ms and 62.5 ms, respectively. The time to process a visual 

stimulus, including color, has a range from 100 to 150 ms [69], [70]. However, it requires approximately 

190 to 260 ms to process visual feedback during rapid movements using a stylus [71]. Considering this 

body of evidence, we required that the 3D-VTAS incorporate a pre-defined DT of 300 ms, to be certain that 

participants had perceived the change in LED color from red to blue, and thus were aware that they were 

on target prior to receiving a visual indication of successful target acquisition (Figure 3.1). 

Reaction time may be characterized as either simple, recognition, or choice [78]–[80].  After 

successful target acquisition, the change in color of the LEDs from blue to green provides an indication to 

acquire the reciprocal target. Given the ability of participants to move off target is not instantaneous, as in 

the removal of a stylus from the surface of a plate, we considered TMOT as a combined measure comprised 

of recognition reaction time and movement initiation.  

In the literature, movement time is often used synonymously with TAT. The TAT metric developed 

and employed was slightly different from the conventional determination of movement time associated with 

Fitts’ Law in that we included DT and reaction time. Therefore, TAT was defined as the sum of reaction 

time, movement time, and DT (Figure 3.1). It is important to clarify that ‘movement time’ refers to the time 

the participant spends moving the pointing device, and, as recommended by Soukoreff and MacKenzie 

(2004) [73], should not include homing time, dwell time, or reaction time. However, homing time and 

reaction time are both influenced by HSM and thus were included in the TAT metric. This was an important 
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consideration given the design goal of developing the 3D-VTAS as a functional assessment tool to evaluate 

the effect of HSM.  

Error rate is a commonly used metric within the context of HCI and Fitts’ Law and has been 

previously used to determine the influence of target size on performance [81], [82]. Wade et al. (1978) [81] 

defined error rate as the ratio of the number of misses to the total number of trials on each day. For the 

purpose of this study, we characterized error using an error index, which corresponds to the ratio of the 

number of rising blue LED edges in a trial to the number of green LED rising edges. For example, when a 

user over-shoots a target, the LED would change from red to blue as the laser contacts the solar panel, but 

would return back to red as the laser passed beyond the capture area of the solar panel photodetector, 

assuming that the laser was not maintained within the capture area for the required DT of 300 ms. The user 

would then move back over the target, reinitializing the blue LED, which would in turn change to green 

following the DT of 300 ms. As a result, this target acquisition movement within the trial produced two 

instances of a blue LED signal, to only one instance of a green LED signal, thus providing an indication of 

error.  

Though our measures differ slightly, we believe that DT, TMOT, TAT, and EI are relevant and 

tightly coupled with existing conventional Fitts’ Law measures.  

3.2.5 Requirements Verification of the 3D-VTAS 

Numerous verification activities were conducted during the development and fabrication of the 

functional 3D-VTAS prototype. The process of Requirements Verification proves that each requirement as 

specified has been satisfied and according to Bahill and Henderson (2005) [43] “verification can be done 

by logical argument, inspection, modeling, simulation, analysis, expert review, test or demonstration”. 

While it is beyond the scope of this study to discuss all the details surrounding our Requirements 

Verification activities, it is important to highlight how our initial prototype failed to meet all the functional 

requirements, and was revised prior to conducing human experiments. For example, in accordance with 

FR-10 (Table 3.2), it was important to confirm that the system was able to operate in various ambient 
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lighting conditions including infrared pulses from motion capture camera systems. The first prototype of 

the 3D-VTAS incorporated a 10-bit Arduino-Mega 2560 (Arduino LLC, Boston, MA) and after several 

rounds of modification and testing that system was ultimately deemed incompatible with the Qualisys 

motion capture cameras (Oqus) that emit ~870 nm infrared pulses [52]. Independent verification conducted 

by Human Mobility Research Laboratory staff confirmed that the 10-bit system lacked sufficient resolution 

to eliminate the jitter-like interference effects, where the LED color quickly oscillated between blue and 

red. In fact, the jitter effects of the Arduino-Mega 2560 system were sensitive to changes in Oqus camera 

recording frequency. Ultimately, this resulted in developing a different system in parallel that incorporated 

a 14-bit National Instruments A/D board (NI-USB-6001, Austin, TX), which was deemed functional when 

the Qualisys motion capture system was recording. 

3.2.6 Research Design in Support of System Verification 

To verify the functionality and operability of the 3D-VTAS we conducted a between-day 

experiment with three factors: movement Trajectory (4 levels), target Diameter (2 levels), and Day (2 

levels). In the first experimental session (day 1), participants completed visual target acquisitions across 

four movement trajectory conditions and two target sizes in a block randomized fashion. At least seven 

days later, in accordance with research [20], [83], participants returned to the lab for the second 

experimental session (day 2) and repeated the experimental protocol with the same randomized presentation 

of conditions from day 1.  

To support the system verification activities related to the performance effects of Trajectory and 

Diameter, data from day 2 were analyzed to minimize potential effects of familiarization or habituation on 

performance. To facilitate our assessment of DT and system performance, data from both days were used 

to verify that DT was not affected by Trajectory, Diameter or Day. 
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3.2.6.1 System Verification and Performance 

Once we determined that the NI-USB-6001 prototype version of the 3D-VTAS satisfied all the 

functional requirements, it was important to confirm that the system was able to detect known performance 

differences related to various movement trajectories and at least two IDs. Additionally, it was essential to 

ensure that system parameters, like DT, were stable. Therefore, an experiment was conducted where 

participants were required to reciprocally acquire targets using the 3D-VTAS, where ID and movement 

trajectory plane were manipulated as independent variables.  

Leveraging Fitts’ Law, participants acquired targets where the size of the targets were manipulated 

as an independent variable to exploit the known relationship between ID and movement time 

(operationalized as TAT for the 3D-VTAS). To verify that the system adequately considered a Fitts’ Law 

paradigm, it was necessary to ensure that TAT was indeed greater when participants were required to 

complete rapid reciprocal aiming tasks with a higher ID. 

According to Fitts (1954) [49], the index of difficulty (ID) may be represented by the following 

equation: 

 

𝐼𝐷 =  𝑙𝑜𝑔2
2𝐴

 𝑊𝑎
                (1)   

            

 

Where, Wa is the target width and A is the movement amplitude. 

For the purpose of this study, the target width (Wa) and the amplitude (A), similar to Kondraske 

(1994) [72], were defined using the visual angle (θVA) and the target span angle (θTSA), respectively. The 

target span angle was measured as the angular distance between the center of each respective target pair. 

For this investigation θTSA was fixed to 70°. The visual angle was dependent on the target height, H (or in 

this case, diameter since the target aperture was maintained as a circle), and D, the distance to the target. 

For the purpose of this study, D was maintained at 2.21 m and H was manipulated as an independent 

variable using values of 0.02 m and 0.06 m, respectively.   

As a result, θVA was calculated as: 
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θ𝑉𝐴60𝑚𝑚
= tan−1 𝐻

𝐷
      =      tan−1 0.06𝑚

2.21𝑚
      =     1.56°        (2) 

 

θ𝑉𝐴20𝑚𝑚
= tan−1 𝐻

𝐷
      =      tan−1 0.02𝑚

2.21𝑚
      =     0.52°      (3) 

 

 

And therefore, the index of difficulty (ID) for this study was calculated as: 

 

𝐼𝐷 =  𝑙𝑜𝑔2
2∙ θTSA 

θVA
            (4) 

such that a 60 mm and 20 mm target had a calculated index of difficulty (ID) of 6.49 and 8.07, 

respectively.  

Additionally, acknowledging that various investigators have reported that axial rotations in the 

transverse plane are faster than flexion-extension movements in the sagittal plane [10], [21], [34], it was 

necessary to verify that the 3D-VTAS performance metrics were sensitive to known effects of movement 

trajectory. Four movement trajectories were evaluated (Figure 3.3D), including MTAXIAL – transverse plane 

(yaw axis), MTSAG – sagittal plane (pitch), MTOAL – off-axis left (diagonally upper left to center); and 

MTOAR – off-axis right (diagonally upper right to center).  

 Lastly, via this verification study, we aimed to quantify system performance. Acceptable system 

performance for dwell time was established, as follows: 1) no significant differences in dwell time for any 

of the independent variables; 2) a calculated mean minimum dwell time for all trials that is greater than 300 

milliseconds; and 3) a difference in the mean minimum and mean maximum dwell times that is less than 

100 milliseconds. 

3.2.6.2 Participants 

Ten healthy male participants (23.1 ± 2.2 years) with an average height of 182.0 ± 6.5 cm and an 

average weight of 83.0 ± 15.9 kg were recruited from a population of university students (Table 3.3). The 

Neck Disability Index (NDI) [84] and the Nordic Musculoskeletal Disorder questionnaire [85] were 

administered to all potential participants. Participants who completed the study had normal color vision and 
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did not report any history of neck pain, vestibular impairment, neck trauma, neurological disease, whiplash 

injury, or any type of musculoskeletal problems of the cervical spine [86]. 

 

Table 3.3: Participant demographics, anthropometry, and Neck Disability Index (NDI) score.  

 

 

3.2.6.3 Experimental Protocol 

Prior to participating in each session, subjects completed a 10-minute controlled warm up including 

5 minutes of stationary cycling (125 Watts @ 80 rpm) followed by 5 minutes of dynamic and static neck/ 

shoulder stretching. Participants then completed 8 orientation trials to become accustomed with the 

experimental protocol, the location of the movement trajectories, and the relative target locations in 3D 

space. As well, these trials provided an opportunity to ensure that the participant was confident that the 

Neck Head

22.50 177.50 75.00 23.80 40.00 58.50 0.00

20.17 184.00 58.82 17.37 39.10 58.80 0.00

26.83 190.50 83.64 23.05 38.10 58.40 0.00

22.83 173.00 68.18 22.78 36.80 54.00 0.00

20.42 190.50 78.41 21.61 35.20 58.00 0.00

26.83 177.00 98.18 31.34 38.50 57.00 0.00

24.25 177.00 82.73 26.41 39.80 57.00 0.00

23.67 176.00 93.18 30.08 36.40 55.00 0.00

22.25 183.00 74.00 22.10 37.10 55.20 0.00

21.50 191.00 118.18 32.40 39.30 59.00 0.00

Mean 23.13 181.95 83.03 25.09 38.03 57.09 0.00

Circumference (cm)
Age 

(years)

Height 

(cm)
BMI

NDI 

Score

Weight 

(kg)
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direction of the laser beam was optimally aligned with their visual field of view. As such, these trials were 

not recorded or analyzed for habituation effects.   

To perform the rapid reciprocal target acquisition protocol using the 3D-VTAS, each participant 

was instructed to begin each trial by maintaining head posture and gaze in a neutral position while sitting 

in an unrestrained seated posture. Prior to initializing the VTAS program for each respective trial, the 

movement trajectory, and targets to be acquired by the participant were verbally called out. For each 

movement trajectory, participants were instructed to always first acquire target 1, target 4, target 6, and 

target 8 for MTAXIAL, MTSAG, MTOAL, and MTOAR, respectively. Additionally, participants were provided 

with a visual ‘Go” signal, which indicated the start of the trial.  

Participants were required to complete 4 trials in each condition with one minute of rest between 

each trial. For each trial, the subject was instructed to successfully acquire, in 16 seconds, as many targets 

as possible in a reciprocal fashion until the system timed out. To minimize the chance of order and fatigue 

effects, we randomized the presentation of the 8 within conditions (2 IDs X 4 movement trajectories) to 

each participant. 

3.2.6.4 Data Collection and Analysis 

VTAS data were recorded with Qualisys Track Manager (QTM) software (Göteborg Sweden, 

v2.12) on a PC (Lenovo Thinkstation, Windows 7 Enterprise) at 50 Hz via an USB-2533 A/D board. A 50 

Hz sampling frequency was deemed adequate and not in violation of the Nyquist theorem, as vigorous, 

voluntary head rotations in yaw and pitch have been determined not to exceed 2.6 Hz [87]. 

The four 3D-VTAS performance measures were calculated, using a custom written MATLAB 

(R2015b, Mathworks, Natick MA) algorithm, as follows: 1)  mean target acquisition time (TAT), calculated 

as the average difference in time between the rising edge of the green LED signal of the start target and the 

rising edge of the green LED signal of the goal target; 2) mean time to move off target (TMOT), calculated 

as the average duration of the green LED signal; 3)  mean error index (EI), calculated as the average of the 

ratio of the number of rising edge blue LED signals to the number of rising edge green LED signals; and 



83 

 

4) mean dwell time (DT), calculated as the average duration of the blue LED signal just prior to a successful 

target acquisition (Figure 3.1). Rising blue LED edges that followed the last successful target acquisition 

were not included in the calculation of mean EI. 

For each trial, the recorded RGB LED signals for each target pair were graphically depicted in six 

plots (Figure 3.5) and were visually inspected for acquisition errors. Error data were classified as either re-

attempt errors or acquisition failure errors. Re-attempt errors were anticipated to represent the possible 

situation where the participant did not believe they successfully acquired the target and then re-attempted 

to acquire the same target rather than move to the next reciprocal target. Additionally, preliminary data 

analysis revealed the second error type, termed acquisition failure, where a participant failed to successfully 

acquire target 2 (T2) prior to acquiring target 1 (T1) or vice versa (i.e., did not remain on target for the 

required DT, before moving back to the reciprocal target). Movements within a trial where acquisition 

failure errors occurred were removed prior to calculating mean TAT. 
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Figure 3.5: Unprocessed RGB LED data from Target 1 (T1) and Target 2 (T2) with the two acquisition 

error types shown.  A)  Re-attempt error. B) Acquisition failure error, in this instance, where the participant 

failed to successfully acquire T2 prior to acquiring T1, was not included in the calculation of trial mean 

TAT. 

3.2.6.5 Statistical Analysis 

 All statistical testing was conducted using SPSS (IBM, 24.0, Armonk NY). For the repeated 

measures analysis of variance (RM-ANOVA), main effects were assessed for sphericity. When the data did 

A

B
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not meet the sphericity assumption, according to Mauchly’s test of sphericity, Greenhouse–Geisser 

corrections were applied. 

 For our analysis of Trajectory and Diameter on performance, we used a 4 x 2, two-way RM-

ANOVA to assess day 2 data. For our evaluation of dwell time stability, we used a 4 x 2 x 2 RM-ANOVA 

to assess the potential effect of Trajectory, Diameter, and Day on system performance. 

3.2.7 Research Design in Support of System Validation 

3.2.7.1 System Validation and Performance 

As part of our system validation activity, our third aim required that we establish the within- and 

between-day reliability of healthy participant’s 3D-VTAS performance. To calculate within-day reliability, 

we used the existing data obtained via the verification study, where participants repeated each condition 4 

times. To calculate between-day reliability, participants were asked to return to the lab for a second visit. 

As a result, we were able to investigate the effect of repeat trials (within-day) and days (between-day) as 

independent variables on 3D-VTAS measures including TAT, TMOT, and EI. 

3.2.7.2 Participants 

Participants recruited for the verification phase were invited to return to the lab for a second visit, 

separated by a least one week. All 10 participants from the verification study returned to participate in the 

validation study. 

3.2.7.3 Experimental Protocol 

Participants repeated the same protocol as deployed for the verification study when they returned 

to the lab for their repeat visit. Each participant completed the 8 conditions (4 movement trajectories x 2 

IDs) in the same assigned block randomized sequence from day 1. 
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3.2.7.4 Data Collection and Analysis 

 The same data collection and analysis steps completed for the verification study were followed 

when participants returned for their second visit as necessary to evaluate the between-day repeatability of 

the 3D-VTAS. 

3.2.7.5 Statistical Analysis 

From a test-retest reliability perspective, it was postulated that performance metrics including TAT, 

TMOT, and EI would provide fair to excellent between-day reliability results, as determined using 

intraclass correlation coefficients (ICCs). To account for systematic and random error, the random effects, 

two-way, absolute agreement ICCs(2,1) [88], [89] were calculated. According to Fleiss’ classification [90], 

ICC values above 0.75, between 0.40 and 0.75, and less than 0.40 indicate ‘excellent’ reliability, ‘fair to 

good’ reliability, and ‘poor’ reliability, respectively.  

To ensure that we captured potential differences in task familiarization or habituation between 

target sizes, we analyzed the 60 mm and 20 mm targets separately. To account for the effect of habituation 

on within- and between-day test-retest reliability we determined ICCs for the three human performance 

metrics (TAT, TMOT, and EI) as follows: 1) within day 1 ICCs between the average of first two trials 

(T1.5) compared to the average of the last two trials (T3.5); 2) T1.5 compared to the average of all day 2 

trials (�̅�(T1 – T4)); and 3) T3.5 compared to day 2 (�̅�(T1 – T4)). The rationale for using the averages of 

the first two trials (T1.5) and last two trials (T3.5) of day 1 to calculate within- and between-day reliability 

is aligned with the work of Little et al. (2015) [91], Pinsault et al. (2008) [89], and Andres and Hartung 

(1989) [56].  

To characterize the effect of habituation on human performance, the significance of the independent 

variable, Day, on three human performance dependent variables of interest was determined using a RM-

ANOVA. After accounting for within-session task familiarization effects of day 1, it was hypothesized that 

there would be no significant differences between Trial 4 (T4) of day 1 and day 2 (𝑋(̅̅ ̅T1 – T4)) for TAT, 

TMOT, or EI. All statistical testing was completed using a priori significance level of 0.05. When a 
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significant main effect for an independent variable was detected, Bonferroni corrected pairwise 

comparisons were applied post hoc. However, to account for potential within- and between-day habituation 

effects for TAT, EI and TMOT we used the Least Squared Differences pairwise comparison approach. This 

less conservative method was adopted to maximize our ability to detect differences in participant 

performance within- and between-day. 

The standard error of measurement (SEM) was also calculated for each dependent variable based 

on the work of Vincent and Weir (2012) [92]. 

3.3 Results 

3.3.1 System Verification and Performance 

3.3.1.1 Movement Trajectory 

In agreement with our first hypothesis, a movement trajectory main effect for mean TAT (F[3, 

27]=27.198, p<0.001, η2=0.751) was found (Figure 3.6).  

The mean TAT for MTAXIAL was lower than MTSAG, MTOAL, and MTOAR by 10.52%, 6.54%, and 

10.09%, respectively. The mean TAT for MTOAL, was lower than MTSAG by 3.65% and lower than MTOAR 

by 3.34%. 
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Figure 3.6: Main effect of Movement Trajectory on mean target acquisition time (standard error bars 

shown). 

 

3.3.1.2 Target Width 

In agreement with our expectations, Target Diameter main effects for TAT (F[1, 9]=213.087, 

p<0.001, η2=0.959) and EI (F[1,9]=29.199, p<0.001, η2=0.764) were found. The mean TAT for the 20 mm 

diameter target was 26.5% longer in comparison to the 60 mm target. 

3.3.1.3 Dwell Time and System Performance 

In agreement with our third hypothesis, the dwell time metrics calculated between conditions were 

not significantly (p>0.05) different (Table 3.4). Based on approximately 640 trials, the calculated mean 

minimum dwell time of 344.32 ± 8.54 ms and the mean dwell time difference (mean maximum DT – mean 

minimum DT) of 44.96 ± 15.45 ms were below our predefined acceptability criteria (see Appendix G, 

Figure G.1). 
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Table 3.4: Dwell Time RM-ANOVA statistics for System Verification. 

  

3.3.2 System Validation and Performance 

3.3.2.1 Test-Retest Reliability 

Table 3.5 presents the ICCs for TAT, EI, and TMOT determined by taking the average of day 1 

data and comparing it to the average day 2 data. In agreement with our fourth hypothesis, after accounting 

for task familiarization in trials 1 and 2, test-retest reliability generally improved when the last 2 trials of 

day 1 (T3.5) were compared to the day 2 trials (Table 3.6).  Within-day (D1_T1.5 vs. D1_T3.5) reliability 

results for TAT, EI, and TMOT ranged from poor to excellent. However, the percentage of time that the 

within-day reliability results were excellent (ICC>0.75) was 37.5%, while fair to good (ICC>0.4 and  

≤0.75) and poor results (ICC<0.4) were found 54.2% and 8.3% of the time, respectively.  

Generally, with the exception of TMOT, the calculated between-day ICCs revealed an 

improvement in test-retest reliability when considering the last two trials of day 1 (D1_T3.5 vs. D2_T1-T4) 

compared to the first two trials relative to the day 2 trials (D1_T1.5 vs. D2_T1-T4). The frequency of poor 

and good between-day TAT ICCs for the first two trials (D1_T1.5 vs. D2_T1-T4) was 50% and 37.5%, 
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respectively; while the frequency of poor, fair to good, and excellent TAT ICCs for last two trials (D1_T3.5 

vs. D2_T1-T4) was 25%, 62.5%, and 12.5%, respectively. Poor TAT ICC results were generally 

constrained to the 60 mm targets, with the exception of the 20 mm target for the sagittal movement 

trajectory (MTSAG) for the first two trials of day 1 (D1_T1.5 vs. D2_T1-T4). For mean EI, poor between-

day ICCs for the first two trials of day 1 (D1_T1.5 vs. D2_T1-T4) were found 62.5% of the time, but 

improved as poor ICC results for the last 2 trials of day 1 (D1_T3.5 vs. D2_T1-T4) were found 37.5% of 

the time. Again, the poor EI ICC results were generally constrained to the 60 mm targets.  

For mean TMOT, with the exception of the 20 mm targets, all calculated ICCs for each condition, 

had reliability scores that ranged from fair (MTOAL = 0.503) to excellent (MTSAG = 0.779).  

Calculated SEM values ranged from 0.047 to 0.266 seconds for TAT and 0.022 to 0.061 seconds 

for TMOT (Table 3.6). For EI, the SEM had a range from 0.086 to 0.377.
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Table 3.5: Test-retest reliability results for target acquisition time, time to move off target and error index for the four movement trajectory and two 

target size conditions. Day 1 and day 2 means, Intraclass Correlation Coefficient (ICC), and Standard Error of Measurement (SEM) results shown. 

To account for systematic and random error, the random effects, two-way, absolute agreement ICC(2,1) were calculated using SPSS (IBM, v25.0, 

Armonk, NY). 

 

Table 3.6: Within- and between-day ICCs for target acquisition time, time to move off target, and error index for 60 mm and 20 mm targets in each 

movement trajectory, and globally (Global) collapsed across movement trajectory. For day 1, D1.5_T1.5 and D3.5_T1.5 represent the average data 

for trials 1 and 2, and for trials 3 and 4, respectively; while D2_T1-T4 represents that average of all 4 trials recorded from day 2. 

ICC SEM ICC SEM ICC SEM

60mm 1.728(0.117) 1.578(0.163) 0.351 0.335 0.463(0.047) 0.398(0.064) 0.519 0.145 1.356(0.092) 1.309(0.130) 0.355 0.105

20mm 2.184(0.283) 2.038(0.281) 0.740 0.327 0.458(0.052) 0.400(0.061) 0.322 0.130 1.656(0.234) 1.585(0.314) 0.913 0.158

60mm 1.888(0.165) 1.814(0.152) 0.634 0.167 0.438(0.035) 0.409(0.049) 0.694 0.063 1.462(0.178) 1.333(0.109) 0.532 0.286

20mm 2.303(0.155) 2.316(0.337) 0.558 0.032 0.438(0.050) 0.417(0.052) 0.847 0.045 1.591(0.218) 1.631(0.331) 0.650 0.089

60mm 1.833(0.232) 1.708(0.118) 0.365 0.279 0.439(0.050) 0.416(0.063) 0.610 0.055 1.365(0.181) 1.258(0.097) 0.597 0.239

20mm 2.288(0.180) 2.190(0.193) 0.586 0.219 0.447(0.039) 0.403(0.048) 0.436 0.100 1.653(0.263) 1.595(0.328) -0.187 0.130

60mm 1.852(0.197) 1.799(0.203) 0.330 0.118 0.448(0.054) 0.405(0.072) 0.645 0.095 1.381(0.215) 1.335(0.204) -0.285 0.100

20mm 2.377(0.215) 2.259(0.252) 0.775 0.265 0.468(0.045) 0.411(0.062) -0.080 0.126 1.751(0.310) 1.608(0.296) 0.725 0.319

Target 

Size

Target Acquisition Time Time to Move Off Target Error Index

MTa - Tranverse

MTb - Sagittal

MTc - Off-Axis

MTd - Off-Axis

Movement 

Trajectory

ICC SEM ICC SEM ICC SEM ICC SEM ICC SEM ICC SEM ICC SEM ICC SEM ICC SEM

60mm 0.588 0.113 0.083 0.158 0.424 0.115 0.774 0.035 0.599 0.033 0.511 0.044 0.486 0.111 -0.079 0.158 0.563 0.086

20mm 0.850 0.102 0.689 0.159 0.735 0.182 0.764 0.035 0.442 0.039 0.113 0.061 0.590 0.227 0.748 0.167 0.880 0.151

60mm 0.695 0.135 0.733 0.096 0.433 0.157 0.557 0.034 0.600 0.032 0.779 0.025 0.224 0.195 0.387 0.087 0.279 0.177

20mm 0.321 0.188 0.383 0.266 0.614 0.196 0.698 0.041 0.784 0.033 0.791 0.029 0.473 0.183 0.542 0.233 0.550 0.223

60mm 0.896 0.085 0.324 0.165 0.354 0.170 0.845 0.028 0.662 0.037 0.503 0.050 0.644 0.157 0.145 0.156 0.745 0.102

20mm 0.685 0.141 0.471 0.192 0.631 0.118 0.480 0.039 0.520 0.030 0.268 0.047 0.522 0.267 -0.327 0.377 0.131 0.292

60mm 0.790 0.098 0.116 0.201 0.257 0.187 0.768 0.037 0.669 0.041 0.508 0.051 0.475 0.209 -0.173 0.287 -0.232 0.187

20mm 0.777 0.132 0.688 0.148 0.789 0.141 0.794 0.027 -0.196 0.061 0.024 0.055 0.620 0.274 0.511 0.259 0.768 0.208

60mm 0.869 0.047 0.461 0.112 0.497 0.112 0.866 0.022 0.679 0.028 0.645 0.035 0.539 0.092 0.283 0.091 0.374 0.098

20mm 0.829 0.052 0.749 0.107 0.808 0.126 0.709 0.025 0.533 0.027 0.536 0.030 0.727 0.099 0.791 0.101 0.786 0.149

MT-YAW

MT-SAG

MT-OAL

MT-OAR

Global

Movement 

Trajectories

Target Acquisition Time Time to Move Off Target Error Index

Target 

Diameter

D1_T1.5 vs. D1_T3.5 D1_T1.5 vs. D2_T1-T4 D1_T3.5 vs. D2_T1-T4 D1_T1.5 vs. D1_T3.5 D1_T3.5 vs. D2_T1-T4 D1_T1.5 vs. D1_T3.5 D1_T1.5 vs. D2_T1-T4 D1_T3.5 vs. D2_T1-T4D1_T1.5 vs. D2_T1-T4
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3.3.2.2 Task Familiarization 

In accordance with our fourth hypothesis, within-day performance improvements were found. For 

mean TAT, main effects of task familiarization for the 60 mm targets (F[4, 36]=5.057, p= 0.00244, 

η2=0.360) and the 20 mm targets  (F[4, 36]=7.946, p<0.001, η2= 0.469) were found. For mean TMOT, 

main effects of task familiarization for the 60 mm targets (F[4, 36]= 4.037, p= 0.008332, η2= 0.310) and 

the 20 mm targets (F[4, 36]= 4.982, p= 0.002669, η2= 0.356) were found, but pairwise comparisons were 

not significantly different. For mean EI, main effects of task familiarization for the 60 mm targets (F[4, 

36]=3.813, p= 0.011018, η2=0.298) and the 20 mm targets (F[4, 36]= 4.816, p= 0.003247, η2= 0.349) were 

found. For TAT and EI, pairwise comparisons (p<0.05) revealed significant within-day 1 differences (Table 

3.7), which are graphically depicted in Figure 3.7.  

Consistent with our expectations no between-day task familiarization effects were found for any of 

the human performance metrics (TAT, TMOT, and EI) evaluated; that is no significant differences were 

found between D1_T4 and D2_T1-4. 
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Figure 3.7: A) Mean target acquisition time for 60 mm and 20 mm targets relative to day and trial, where 

D1_T1, D1_T2, D1_T3, and D1_T4 represents trial 1, trial 2, trial 3, and trial 4 of day 1, while D2_T1-T4 

represents the average of all four trials completed on day 2; B) mean time to move off target for 60 mm and 

20 mm targets relative to day and trial; and C) mean error index for 60 mm and 20 mm targets relative to 

day and trial. Standard error bars shown, but significance levels are not provided, instead refer to Table 3.7. 

A

B

C
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Table 3.7: The effect of task familiarization on within- and between-day performance for 60 mm and 20 

mm targets for target acquisition time, time to move off target, and error index. Pairwise comparisons were 

conducted using the least squared differences approach. Statistically significant differences (p<0.05) are 

indicated by an asterisk (*). For brevity, only Trial 4 of day 1 and day 2 trials are shown for the between-

day comparisons.  

 

 

 

 

 

 

 

 

 

LSD LSD LSD

p p p

60mm 0.0851 0.0738 0.0851 0.3967 0.1616 0.1328

20mm 0.1602 *0.0338 0.1602 0.0919 0.1776 0.0919

60mm 0.0445 0.1154 0.0445 0.6057 -0.0241 0.2183

20mm 0.0894 *0.0199 0.0894 0.1082 0.0963 0.1082

60mm 0.0015 0.9745 0.0015 0.7419 -0.0241 0.7167

20mm -0.0462 0.3003 -0.0462 0.4060 -0.0468 0.4060

60mm 0.1296 *0.0141 0.1296 0.3213 0.2060 0.0426

20mm 0.2496 *0.0033 0.2496 *0.0101 0.2739 *0.0101

60mm 0.1311 *0.0170 0.1311 0.4311 0.1818 0.0682

20mm 0.2034 *0.0001 0.2034 *0.0227 0.2271 *0.0227

60mm 0.0460 0.1882 0.0460 0.8642 0.0202 0.7352

20mm 0.0431 0.3740 0.0431 0.3666 0.0495 0.3666

60mm 0.0676 0.2929 0.0676 0.0697 0.0659 0.2819

20mm 0.0549 0.3669 0.0549 0.0628 0.0244 0.7365

Paired 

Comparisons
Target Size

Target Acquisition Time Time to Move Off Target Error Index

Mean 

Difference 

(seconds)

Mean 

Difference 

(seconds)

Mean 

Difference 

(seconds)

T2 vs. T4

T4 vs. D2

T1 vs. T2

T2 vs. T3

T3 vs. T4

T1 vs. T3 

T1 vs. T4
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3.4 Discussion 

The primary goal of this study was to describe the development, verification, and validation of a 

novel 3D-VTAS.  

3.4.1 Development of the 3D-VTAS 

The motivation to develop, design and fabricate the 3D-VTAS was ultimately driven by the need 

to better assess and further understand potential performance degradations associated with HSM and neck 

pain. In meeting the identified “great need for new diagnostic tools for functional assessment of the head-

neck system” [11], existing knowledge from various research disciplines was leveraged to inspire the 

development of a novel performance-based evaluation system. Several claims, as specified in non-

provisional U.S. Patent and Trademark Office application (USPTO Application Number - 16/273,311, 

Appendix F) and provisional U.S. patent application (US 62/630,391), were made with respect to the novel 

design and functionality of the 3D-VTAS. Ultimately, many of the claims put forth in the patent application 

were accepted in the recently published USPTO patent (Patent Number - 10,712,830 [93], issued on July 

14, 2020, see Appendix F). 

3.4.2 System Verification and Performance 

Several activities were conducted, including Requirements Verification and System Verification to 

confirm that the 3D-VTAS satisfied the specified functional requirements and was appropriately 

discriminative to changes in movement trajectory and ID. 

3.4.2.1 Movement Trajectory 

As anticipated, reciprocally elicited axial head rotations (MTAXIAL) compared to the other 

movement trajectories produced the fastest mean TATs. These findings are somewhat similar to those 

reported by Jagacinski and Monk (1985) [32] in two dimensions, where their use of a helmet-mounted sight 
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enabled slightly faster movement times along the horizontal (yaw) and vertical (pitch) axes as compared to 

the diagonal axis (off-axis). The primary difference between our results and the work of Jagacinski and 

Monk is that we found distinct differences in TAT between the yaw and pitch movement trajectories as 

well.  A plausible explanation for these differences in performance between axial rotation and sagittal plane 

movements could be attributed to our use of a head strap mounted laser pointer with a total mass of 110 g 

compared to the 1.5 kg helmet-mounted sight used by Jagacinski and Monk [32].  The larger movement 

amplitudes used in our study, may potentially increase the moment of inertia in the sagittal plane and 

subsequently place the neck flexors and extensors at a mechanical disadvantage when compared to axial 

rotations. Another possible explanation for faster horizontal rotations is possibly a result of the smaller and 

more uniform gravitational vectors applied to the cervical spine in axial rotation [10]. Despite the fact that 

the moment generating capacity of the cervical spine in axial rotation is less than that of extension and 

lateral flexion [94], [95], the neuromusculoskeletal system appears to be designed to generate the fastest 

time-optimal head movements in the transverse plane [16], [96]. Bahat et al. (2010) [10] contend that 

rotational movements in the horizontal plane are likely more frequently used than flexion and extension 

movements during daily function in rapid response to surrounding stimuli.  

The importance of exploring rapid aiming head movements in various movement planes cannot be 

overstated as distinct functional anatomy differences between the two regions of the cervical spine [94], 

[97], [98] are thought to drive different motor control strategies employed in the execution of yaw, pitch 

and roll head motions [99]. Overall, these findings support the idea that diagonal motions require sequential 

and simultaneous muscle activations controlling head rotation and flexion [32], [57], [59]. Further 

underscoring the validity of our results is the use of a laser pointing apparatus with minimal mass balanced 

about the head’s natural center of mass. Ultimately, our results confirm the efficacy of the 3D-VTAS and 

rapid aiming head movements in detecting meaningful trajectory-related differences in performance. 
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3.4.2.2 Target Width 

To verify that the 3D-VTAS was sensitive to changes in performance with altered ID, we compared 

20 mm and 60 mm targets. The difference in the ID between the 20 mm target (ID = 8.07) and the 60 mm 

target (ID = 6.49) represents a 24.3% increase. The increase (26.5%) in mean TAT was quite similar. 

However, only two IDs were explored in this study. Future work is needed to definitively confirm the 

relationship between TAT and ID and could be accomplished by exploring a much broader range of 

movement amplitudes and target widths. Additionally, the relationship between EI and TAT should be 

explored at a trial level to determine if a correlation exist. 

3.4.2.3 Dwell Time and System Performance 

To confirm that the DT period was greater than our specified functional requirement of 300 ms, we 

determined the minimum DT for each experimental trial. Indeed, the average minimum dwell time was 

greater than 300 ms. In fact, the smallest minimum DTs recorded were both greater than 300 ms. However, 

establishing acceptability criteria for DT variability is difficult. During very rapid movements, Glencross 

and Barrett (1992) [100] question “whether, indeed, it is even possible to establish an absolute processing 

time for visual error information”. From the work of previous investigators, we know that the processing 

time of visual feedback has a range of 100 to 150 ms [69], [70], [100], [101]. According to Elbert et al. 

(2018) [101], 100 ms is the visual response rate for successive stimuli, where stimuli close to this limit may 

lead to unreliable sensing. Though the average difference (maximum DT - minimum DT) of 45 ms is much 

smaller than the lower end (100 ms) of visual processing time, we are not sure if this variability was 

perceived by participants or whether it affected performance.  Nevertheless, future work will focus on 

developing and incorporating a deterministic real-time operating system within a commercial version of 

the 3D-VTAS, with the goal of eliminating DT variability. 
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3.4.3 System Validation and Performance 

3.4.3.1 Test-Retest Reliability 

As a validation of system design and operability, the test-retest reliability of the 3D-VTAS was 

determined. Based on our third objective, we found that the 3D-VTAS is generally only suitable in reliably 

assessing rapid aiming movements of the head during visual target acquisitions where the solar panel does 

not include a blind spot within the target area, in our case, the 20 mm target. We believe that the poor 

between-day reliability values (Table 3.5 and 3.6) reported for the 60 mm targets are indeed a function of 

solar panel design. A closer look (Figure 3.2-A, B) at the design of the solar panel reveals a 4 mm wide 

inactive area (blind spot) that is not responsive to the laser used in this study. This finding is corroborated 

by the subjective ratings solicited from participants. In fact, one participant stated in his comments that the 

dead spot on the solar panel was the ‘biggest obstacle in the experiment’.  This finding highlights an 

important design dependency between the photodetector components (solar panels) and 3D-VTAS 

operability.  

The between-day ICCs for both TAT and EI both appear to vary as a function of target size and 

within-session habituation. For example, for the 60 mm targets the percentage of poor ICCs (Table 3.6) for 

mean EI was reduced by 50%; that is for the between session comparison of D1_T1.5 and D2_T1-T4, four 

of the four movement trajectories evaluated had ICCs less than 0.4, while only 2 of the ICCs (MTSAG and 

MTOAR) for the D1_T3.5 and D2_T-T4 comparison had poor reliability scores. The inactive region appears 

to hamper participants’ reliable performance particularly for the error index metric as both between-day 

global EI ICCs were poor. The procurement of solar panels without inactive regions will be prioritized in 

future design iterations of the 3D-VTAS. 

For the mean TMOT of the 60 mm targets (a measure that should not be affected by blind spots on 

the solar panel), the within- and between-day calculated ICCs for each movement trajectory had reliability 

scores that ranged from fair to excellent. The within-day 1 session ICCs for the 20 mm targets ranged from 

fair to excellent, while the between-day test-retest reliability results appeared to deteriorate as participants 
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completed more trials. However, we are encouraged that the between-day global test-retest reliability scores 

for the 20 mm targets achieved a fair result. 

3.4.3.2 Task Familiarization and Performance 

Although some investigators have suggested that Fitts’ Law is resistant to learning effects [23], 

[102], [103], small improvements in movement time attributable to learning have been previously reported 

[39], [104]. As with any motor task, some improvement may be expected due to practice or habituation 

[39]. However, the mean TMOT metric was resistant to within- and between-day task familiarization, which 

reflects the physiological nature of this motor control architype and highlights the stability of our 

recognition reaction time metric. The TMOT metric calculated in this study is thought to be somewhat 

analogous to reaction time with a couple of caveats. Reaction time as defined by Fitts and Peterson (1964) 

[104], is “the time between the onset of the stimulus light and the breaking of contact between the stylus 

and the starting button (RT)”. However, we believe the TMOT metric is comprised of two different 

elements: 1) recognition reaction time (visual perception of change in LED color from blue to green, and 

reaction time); and 2) movement initiation to re-orient the laser off the target. For the TMOT metric in 

particular, evidence from this study verified the suggestion that Fitts’ tasks are resistant to learning effects. 

After accounting for within-day task familiarization for TAT and EI, we have satisfied our 

secondary objective in demonstrating that the 3D-VTAS is not susceptible to between-day habituation 

effects. Compared to the work of others [32], [56] we provided participants with limited opportunities for 

practice. Nevertheless, for mean TAT and EI participants achieved stable performance between the third 

and fourth trials of day 1. Fortunately, as surmised by MacKenzie (1992) [50] from his seminal review of 

literature on the application of Fitts’ Law to HCI, “Fitts' serial or discrete paradigm is extremely simple, 

and good performance levels are readily achieved” [50]. For mean TAT and EI, when we compared the 

fourth trial of day 1 to the average of all four day 2 trials, we found no statistical differences.  

To mitigate these habituation effects, most researchers provide a sufficient amount of practice in a 

session prior to data collection to familiarize participants with the experimental protocol and minimize the 
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contribution of learning on performance [73], [91]. For example, Andres and Hartung (1989) [56] for rapid 

aiming head movements found no significant learning effects in a Fitts’-based repeatability study, over two 

consecutive days. This was accomplished by providing only one practice trial for each of the nine IDs and 

requiring participants to successfully complete 32 tapping motions for each of the three trials with an error 

rate below 10%. In studying discrete on-screen rapid aiming cursor movements using a mouse also with 

error feedback, Smith et al. (2006) [39] found that three blocks of 128 trials per block were required to 

eliminate familiarization effects. As error rate is dependent on target size [82], future work should explore 

the effect of constraining the error index based on target size to further understand its effect on habituation 

during target acquisition.  

It is important to recognize and account for habituation effects when attempting to evaluate the 

changes over time in an individual (i.e., the effect of clinical rehabilitation on performance). In other words, 

the magnitude of the change has to surpass the inherent variability of the outcome [89], which include 

habituation effects. When considering the use of a measure for assessing rehabilitative or therapeutic 

interventions, it is important to consider the effect of habituation on performance. Measures that are 

susceptible to learning may be used to monitor improvements or track disease progression, but necessary 

steps [89], [91], [105]–[107] must be taken to diminish any effects of learning to ensure that practice effects 

do not confound any positive recorded improvement [105]. Similar to the work of Andres and Hartung 

(1989) [56] who required participants to keep errors to less than 10%, the error index metric could be used 

as a biofeedback measure to constrain trial variability and the effects of habituation. Based on our findings, 

before conducting an experiment, investigators using the 3D-VTAS should provide participants with a 

minimum of three familiarization trials for each movement trajectory. 

Our study design allowed us to understand how task familiarization influences performance. In 

general, our findings are consistent with our reliability results, where we demonstrate biased within-day 

task familiarization effects for TAT and EI. Based on the TAT and EI metrics, participants appeared to 

have a slower rate of habituation within the day 1 session for the visual acquisition of the 60 mm targets as 
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compared to the 20 mm targets. We postulate that this perceived difference in habituation is due to the 

design of the solar panel and the inactive regions within the 60 mm targets. 

3.5 Limitations and Future Work 

This paper has described the development, design, preliminary verification and validation of a 

prototype 3D-VTAS, as a functional assessment tool to evaluate the performance effects of large amplitude 

rotational head movements across various movement trajectories. Several limitations of this study make it 

difficult to generalize the results to the broader population and include: small sample size; exclusively using 

male participants; and the narrow age range of participants.  

Our small sample size and the use of only male participants may not allow our trajectory 

performance results to be applied to a larger, more diverse population. For example, given the anatomical 

differences between males and females specific to the cervical spine [108], [109], we are not certain if 

female participants would generate the fastest TATs about the yaw axis of the head. Nevertheless, this 

preliminary data provides evidence that the system holds promise in facilitating the evaluation of neck pain, 

HSM, and other ergonomic risk factors in the military aviation environment.  

As a prototype system, the 3D-VTAS is also not without limitations. Prior to conducting the 

experiment, the inactive region of the solar panel was anticipated to cause some difficulties for participants 

in acquiring the 60 mm target; however, the effect was greater than we anticipated. This supports future 

efforts to improve the quality of the solar panels to reduce or eliminate possible blind spots. The 

development of a real-time operating system to provide a deterministic dwell time without variability will 

also shape part of our future work. To minimize the potential contribution of system lag to increased error 

rates, the end to end latency of the system should be constrained to between 20-75 ms [110], [111], in 

consideration of cost and availability of technology. Additionally, the incorporation of a wireless analog to 

digital converter will reduce set-up time and improve portability. Fundamental to systems design and 

engineering is an evolutionary approach that entails the validation of functional requirements and design 

solutions as a continuous process in which the system is incrementally and iteratively assessed against 
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evaluation criteria and the end state vision [112]. Our systematic approach and subsequent results inform 

opportunities for continuous improvement of the 3D-VTAS. 

Future research directions will include the use of the system to explore smaller rotational 

amplitudes, various ergonomic risk factors such as whole-body vibration, and different HSM configurations 

in the military aviation environment, such as counterweights and other mitigating solutions. 

 

3.6 Conclusions 

The development of the 3D-VTAS was purposely inspired by five research themes but was 

ultimately grounded in the speed-accuracy tradeoff principle inherent to Fitts’ Law and time-optimal head 

movements. The incorporation of the principles inherent to Fitts’ tasks, in conjunction with four other 

research themes, as an experimental and design paradigm has facilitated the development of a tool to assess 

performance and potentially the proprioceptive and neuromuscular function of the neck. As Fitts’ Law was 

the basis for the design of the 3D-VTAS, we were confident that the system, in the absence of ‘blind spots’, 

would be reasonably repeatable for assessing the performance of rapid aiming head movements.  

In addition to developing and verifying the operability of an initial prototype version of the 3D-

VTAS, our third objective was to demonstrate the test-retest reliability of the system as a precursor for 

system use in the evaluation of HSM or neck pain on performance. Mean TAT and EI for the 20 mm targets 

and mean TMOT for the 60 mm targets appear to be robust measures, pending familiarization, that could 

potentially be used to assess the effect of HSM or neck pain on performance. It is feasible that the 

application of a Fitts' task to a population with neck pain can provide meaningful functional measurement, 

as motor control and proprioceptive deficits may serve as better tools to define impairment, rather than 

attempting to measure pain itself in isolation [12].
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Chapter 4 

Validation of a Three-Dimensional Visual Target Acquisition System for 

Evaluating the Performance Effects of Head Supported Mass  

 

Applied Ergonomics9, 2019, 76, 48-56. doi.org/10.1016/j.apergo.2018.12.002 

 

Abstract 

Night vision goggles (NVGs) enable aircrew to complete missions under the cover of night, but 

dramatically increase and alter the distribution of mass borne by the head. Our novel approach to visual 

target acquisition, based on Fitts’ Law, was used to assess differences across three different performance 

metrics between low (L) and high (H) head supported mass (HSM) conditions. Fifteen healthy male 

participants completed time-optimal and reciprocal visual target acquisitions between target pairs arranged 

in four different movement trajectories. A significant interaction effect was found and subsequent post hoc 

analysis revealed that participants required more time to acquire the 20 mm target in the H-HSM condition. 

In the H-HSM condition participants had a higher error index during target acquisition and required more 

time to move off the target. Our approach demonstrates great promise in distinguishing performance 

decrements associated with the use of helmet-mounted systems that include NVGs. 

 

9 This article was published in Applied Ergonomics, 76, A.J. Derouin and S.L. Fischer, Validation of a Three-

Dimensional Visual Target Acquisition System for Evaluating the Performance Effects of Head Supported Mass, 

48-56, © Copyright Elsevier (2019). 
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4.1 Introduction 

Since the advent of hard shell helmets in the 1950s [1], the phenomenon of head supported mass 

(HSM) related injuries has been an issue for the military. This issue was exacerbated in the 1980s [2] by 

the introduction of night vision goggle (NVG) systems and other helmet-mounted devices. Although these 

systems were designed to enhance performance and extend operational capabilities by enabling missions in 

the cover of night, the introduction of these helmet-mounted systems significantly increase biomechanical 

loading on the head and stress on the neck.  

4.1.1 Neck Pain and NVGs 

Neck pain is universally recognized by the military aviation community as a significant concern. 

As such, a North Atlantic Treaty Organization (NATO) research task group on ‘aircrew neck pain’ was 

convened in 2014 to mobilize efforts to address the problem [3]. Globally, the reported prevalence of neck 

pain in military helicopter pilots ranges from 57-85% [4], which is consistently higher compared to civilian 

populations [5]. In Canada, the issue of neck pain or ‘neck trouble’ has emerged as a significant area of 

concern for the Royal Canadian Air Force [5]–[8]. 

The cause of aircrew neck trouble is difficult to pinpoint and is likely multifactorial [8]. Neck 

‘trouble’ by definition includes any combination of neck ache, pain, discomfort, acute pain, chronic pain, 

stress and strain [9]. Despite the difficulties in linking these subjective symptoms to a specific etiology, 

several contributing occupational factors are believed to be implicated within the injury process, including: 

mass; center of mass and moment of inertia of the helmet-night vision goggle (NVG) and counter-weight 

(CW) systems; number of hours wearing NVGs during a mission; total number of NVG usage hours; 

frequency and duration of whole body postures including those of the neck during flight; poor helmet fit; 

poor cockpit ergonomics and vibration [8], [10]. These factors may lead to the development of fatigue in 

muscles of the neck, which may increase the risk of developing neck pain [11]. Though neck pain in aircrew 
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is indeed multifactorial, the degree to which NVGs may be linked with the neck troubles of rotary-wing 

aircrew is starting to become clearer through more focused research [6], [12], [13].  

4.1.2 HSM Considerations Related to Biomechanical Loading and Performance 

To maintain spatial awareness while flying, helicopter pilots are constantly required to visually 

scan the perimeter of their aircraft. The use of NVGs restricts the field of view (FOV) to approximately 40 

degrees [5], [14], which affects perception, cognition, behavior [15], vigilance [16], peripheral vision [5] 

and situation awareness. Subsequently, this results in frequent tilting and turning of the head in awkward, 

non-neutral positions [5]. To avoid ‘tunneling’ behavior at night and assess the full visual field with NVGs, 

pilots are required to move their head in a more frequent and deliberate manner with larger rotational 

amplitudes [15]. The extended time that pilots spend in axial twist and flexed postures [5] requires higher 

sustained muscular forces and subsequent loading of the cervical spine. Ultimately, operational 

effectiveness may be negatively affected by aircrew fatigue [17], which is directly related to the mass 

properties of the helmet-mounted system and the human factors issues associated with a restricted FOV. 

Operationally relevant changes in HSM associated with NVG use affects performance [18] and 

muscular endurance [19], [20]. The mass and the distribution of mass supported by the neck directly affect 

the inertial characteristics and centre of mass and of the ‘head-helmet-NVG system’, which may increase 

neck muscle demands [8]. The inclusion of NVGs in a helmet-mounted system adds approximately 0.9 kg 

to the standard helmet. Overall, the helmet-NVG system adds about 2.5 kg to the head [12], and tends to 

shift the center of mass (COM) forward some 30 mm [1], [12]. To offset this anterior COM shift, a large 

percentage of aircrew use a counterweight (Hiatt and Rash, 2011), which adds approximately 0.05 kg [21] 

to 0.57 kg [12] to the helmet-mounted system. Consequently, aircrew flying with a helmet-mounted system 

could increase the mass borne by their head and spinal column by 3.7 kg with a CW [10], [22] and up to 

4.1 kg in a chemical threat environment [12]. Given that the COM of the typical helmet-mounted system is 

located superior and forward to the natural pivot point of the head, a constant flexion moment or torque 
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acts on the head, which must be counteracted by the extensor muscles of the neck to maintain the head in a 

neutral posture. 

In 1983, Phillips and Petrofsky found that neck muscular endurance was affected following 30 

minutes of exposure to 15 different HSM configurations and that the mid-weight condition (2.27 kg) and 

neutral helmet COM location (0 cm) appeared to be the most optimal. For both the mid-weight and heavy 

(4.09 kg) conditions, endurance time was significantly reduced with a ‘forward-low CG’. In a 1986 follow-

up study, a computer model simulation of neck endurance was unable to identify a clear-cut optimal CG 

(Center of Gravity) location for the mid-weight (2.1-3.0 kg) helmets [20]. For the heavy helmets (3.1-4.0 

kg), an aftward-most, midline CG was identified as the optimal location. In a psychophysical study on 

Canadian infantry, regardless of the helmet mass (2.0, 2.5, or 3.0 kg) a preferred COM location 2.5 cm 

posterior to the head COM was identified by participants [23]. In more recent work, an evaluation of five 

different helmet-NVG configurations in seven distinct, statically-held postures, found no significant helmet 

main effects in neck muscle activity [24]. However, HSM and posture interaction effects were found, with 

the CW/NVG-engaged, participants generated the highest muscle activity across all target postures.  

The weight of the head in itself may constitute a considerable load for the cervical spine particularly 

when the COM of the head is advanced as a result of incorrect or non-neutral posture [25]. To fully 

appreciate the influence of added head mass and develop a better understanding of the mechanisms leading 

to aircrew neck pain, it is important to understand the effect of added head mass on an injured population. 

Mild neck pain participants compared to asymptomatic controls demonstrate differences in head posture 

before, during, and after adding just a 0.5 kg load applied to the back of a baseball cap [25]. The neck pain 

group had smaller initial forward head displacements and after removing the load adopted a retracted 

position, while the healthy group maintained a protracted posture. As the neck trouble issue is connected 

with various HSM configurations and given the effect of minimal HSM on participants with mild neck pain, 

it is vital to understand the effect of operationally relevant HSM compared to that of the nominally loaded 

or unloaded head. 
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4.1.3 Functional Assessment Approaches to Evaluate HSM 

Various functional assessment measures and approaches have been used to evaluate the effects of 

HSM in relation to injury and performance. In attempts to elucidate the factors and mechanisms likely 

contributing to the development and onset of neck trouble in the military aviator community, various 

investigators have relied on a diverse number of approaches, such as: passive and active range of motion; 

posture; muscular strength [26] and endurance [8], [23], [27]; joint re-positioning test [28]–[30]; Knox Box 

Criteria [31]–[33]; cognitive-based visual search tasks [26]; and subjective ratings based on surveys/ 

questionnaires [23]. For example, in 1998, a 2.5 kg helmet mass limit was established by the U.S. Army 

Aeromedical Research Laboratory (USAARL) using muscular endurance-based data. Despite this limit, 3 

of the 5 helmet-mounted systems evaluated by Harding et al. (2015) [1], against the USAARL fatigue curve, 

were found to exceed the recommended value. If injury prevention-based guidelines are persistently being 

violated in order to meet operational requirements of air force squadrons, then perhaps a different approach 

focused on performance needs to be employed. This paper investigates the ability of an objective 

performance-based assessment technique  [34], [35]  rooted in Fitts’ Law (Fitts, 1954), to evaluate the effect 

of head supported mass on neck function and control. 

In previous work, the between-day reliability of a 3D-visual target acquisition system (3D-VTAS) 

was demonstrated by Derouin and Fischer (2018) [35] using healthy male participants. Given the 

demonstrated utility of a cervical-based Fitts’ Law motor control paradigm in discriminating old 

participants from young and chronic neck pain from controls, Fitts’ law may potentially be used as a 

predictive ergonomic tool [34] to assess the effect of ergonomic stressors, such as head supported mass on 

the cervical spine. Therefore, the objective of this study was to evaluate the utility and validity of the 3D-

VTAS in assessing the performance of healthy male participants whilst wearing two different HSM 

configurations. 
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4.1.4 Hypothesis 

  In our evaluation of two different HSM configurations, it was hypothesized that the operationally 

relevant HSM condition (H-HSM) would result in greater target acquisition time, time to move off target, 

and error index when compared to the L-HSM configuration. 

4.2 Materials and Methods 

4.2.1 Participants 

Fifteen healthy male participants (22.8 ± 1.9 years), with an average height of 182.5 ± 6.6 cm and 

an average weight of 80.5 ± 14.1 kg, were selected from a population of university students. The inclusion 

criteria for participation required that participants have normal color vision with or without corrective 

contact lenses, be free from acute or chronic neck pain, and other movement-related disorders. The Neck 

Disability Index [38] and the Nordic Musculoskeletal Disorder questionnaire [39] were administered to all 

potential participants. None of the participants who completed the study presented with any history of neck 

pain, neck trauma, whiplash injury, neurological disease, vestibular impairment, or any type of 

musculoskeletal problems of the neck that required treatment in the last 3 months [40]. Prior to participating 

in the study, all participants read a letter of information and completed a consent form approved by the 

University’s General Research Ethics Board (Appendix B and C). 

4.2.2 Equipment 

A 3D visual target acquisition system (VTAS) [34], [37] was designed using a 14-bit A/D board 

(NI-USB-6001, Austin TX) and 8 round solar panels (6 V, 100 mA, 100 mm diameter, Sundance Solar, 

Hopkinton NH) to elicit interactive and reciprocally-based head movements. The 3D-VTAS was used to 

facilitate the reciprocal visual acquisition of two round solar panel-based targets (Figure 4.1) arranged as a 

target pair in each of the 4 movement trajectories (MT). Each target was mounted in 3D space using tripods 

and camera mounts, relative to floor and overhead locations, respectively. The initial set up for each target 

in terms of orientation and distance relative to the participant was determined using precise 2D maps of the 
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laboratory floor and overhead structures. The initial location of each target was facilitated with the use of a 

laser measuring tool (BOSCH GLM 15: ± 3.175 mm or 1/8”, Farmington Hills MI). The relative 3D position 

and orientation of the individual targets in each of the 4 target pairs/ movement trajectories was adjusted 

and verified to be a distance of  2.21 m (±0.01 m) (7’3”) and separated by an arc of 70° relative to each 

participant’s approximate seated eye height. A custom 3D-printed target alignment jig was attached to the 

headrest frame of an automobile bucket seat and was used to verify the 2.21 m (7’3”) distance and 70° arc. 

The four movement trajectories were comprised as follows: 1) MTAXIAL – transverse plane (yaw); 2) MTSAG 

– sagittal plane (pitch); 3) MTOAL – diagonally upper left to center; and 4) MTOAR – diagonally upper right 

to center.  

 

 

Figure 4.1: Overview of the 3D-VTAS laboratory set up with eight solar panel targets. A) Solar panel (6 

V, 100 mA, 100 mm diameter, Sundance Solar, Hopkinton NH).  B) Orange overlay depicting precise 

locations of inactive regions on solar panel. C) Target holder with 60 mm aperture mounted on mini tripod. 

D) Target holder with 20 mm offset mask. E) Set-up of target location(s) with the target alignment jig for 

MTAXIAL. F) Mocked-up participant homing in on target 1 (T1). G) Participant homing in on target 1 (T1). 

H) Arrangement of the eight visual targets in the 3D-space of the laboratory and the 4 movement trajectory 

(MT) target pairs: MTAXIAL (T1 and T2); MTSAG (T3 and T4); MTOAL (T5 and T6); and MTOAR (T7 and T8). 
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Two target sizes of 60 mm and 20 mm were presented to participants.  A smaller 3D-printed target 

mask of 20 mm was designed and fabricated to overlay on the target holder that was designed with an 

aperture of 60 mm. The index of difficulty (ID) for both target sizes was calculated by taking the ratio of 

the visual angle of the target size from a distance of 2.21 m and the 70° angle between the center of each 

respective target pair or target span angle (TSA) [41]. The visual angle (VA) was determined as follows: 

 

𝑉𝐴60𝑚𝑚 = tan−1 𝐻

𝑋
      =      tan−1 0.06𝑚

2.21𝑚
      =     1.56°           (1) 

 

𝑉𝐴20𝑚𝑚 = tan−1 𝐻

𝑋
      =      tan−1 0.02𝑚

2.21𝑚
      =     0.52°        (2) 

 

According to Fitts (1954), the index of difficulty may be represented by the following equation: 

𝐼𝐷 =  𝑙𝑜𝑔2
2𝐴

 𝑊𝑎
                   (3) 

Where, Wa is the target width or tolerance range, and A is the movement amplitude. 

Target width (Wa) and the amplitude (A) were defined as θVA and θTSA, respectively. Thus, the 

index of difficulty for this study was calculated, as follows: 

 

𝐼𝐷 =  𝑙𝑜𝑔2
2∙ θTSA 

θVA
               (4) 

 

An understanding of the interaction of a head-mounted laser pointer with the solar panel in 

controlling the LED cluster color state (RGB) of each target and associated timing information acquisition 

is important in understanding the associated 3D-VTAS timing metrics. As the system initializes all LEDs 

on each target are illuminated as red and remain so until the laser hits the solar panel. Upon detection of the 

laser, the VTAS triggers the LEDs on a single target to turn blue, and then green after remaining 
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continuously on the target for greater than 300 milliseconds. Visual acquisition is confirmed when the LEDs 

turn green.  

In a block randomized fashion, participants completed target acquisitions for each of the two HSM 

configurations (L – low and H – high), each with the same restricted FOV, and with one of two Class IIIa 

red laser pointers mounted between the eyes of the participant (Figure 4.2). The L-HSM condition was 

comprised of a GoPro® head strap and an integrated mount with 3D-printed tubes with the same inner 

diameter and length dimensions as the replica NVGs used in the H-HSM condition. The H-HSM condition 

was comprised of a Gentex Helmet (HGU-P/56, Zeeland, MI) and incorporated replica NVGs. The mass 

of each component and the total mass for each HSM configuration are provided in Table 4.1. 

The COM for the H-HSM configuration was found to approximate the center of gravity for the 

helmet and NVGs as described by Forde et al. (2011) [5], which was 6.3 cm and 9.2 cm from the reference 

point in x and y, respectively; while the COM for the L-HSM condition approximates that of the normal 

unloaded head [42]. 
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Figure 4.2: Coronal and sagittal views of the H-HSM and L-HSM conditions. Surface EMG electrodes and 

reflective markers for motion capture are also shown. 

 

 Table 4.1: Component mass and total mass of each head supported mass configuration.

 
** AN/AVS 9 datasheet specifies mass of 0.550 kg for NVGs and 0.330 kg for NVG mount. As the replica NVGs are 0.300 kg, 

0.190 kg (2 X 0.095 kg) metal sleeves around replica tubes were added to bring the mass of simulated NVGs to ~ 0.540 kg; 

which includes the fore-aft sliding mechanism and the Taurus red laser pointer.  
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4.2.3 Experimental Design and Protocol 

Prior to participating in the study each participant completed a 10-minute controlled warm up including 

five minutes of stationary cycling (125 Watts @ 80 rpm) followed by five minutes of dynamic and static 

neck/ shoulder stretching. Prior to collecting data, participants completed at least 32 practice trials to 

become familiarized with the experimental protocol and eliminate familiarization effects. 

A 4 x 2 x 2 repeated measures design was used to determine the influence of the three within 

independent variables: 4 movement trajectories (MTAXIAL, MTSAG, MTOAL, and MTOAR); 2 target sizes (60 

mm vs. 20 mm); and 2 HSM configurations (L-HSM and H-HSM). As stated previously, the order of 

presentation for the two HSM conditions was arranged in a block randomized fashion. As well, the order 

of the presentation of the 8 conditions (4 x 2) for each of the 2 HSM conditions was randomized for each 

participant in order to minimize the chance of order effects occurring throughout the study.  Participants 

were required to complete 3 trials for each condition with one minute of rest between each trial. For each 

trial the participant was instructed to successfully acquire, in approximately 16 seconds, as many targets as 

possible in a reciprocal and continuous fashion until the system timed out.  For the duration of the 

experimental protocol each participant was placed in an unrestrained seated posture and for each trial was 

instructed to re-direct their gaze and move their head as rapidly as possible from the start target to the goal 

target and back to the start target.  

Before visually acquiring the targets in a reciprocal manner along the movement trajectory, the 

participant was instructed to maintain their head in a neutral posture and was provided with a visual 

indication of the start of each trial. Prior to the experimenter running the VTAS program for each respective 

trial, the movement trajectory and associated targets to be acquired by the participant were verbally called 

out to the participant. For each movement trajectory, participants were instructed to always first acquire 

target 1, target 4, target 6, and target 8 for MTAXIAL, MTSAG, MTOAL, and MTOAR, respectively.  

Following the completion of the study, participants completed a brief survey in an attempt to understand 

the usability and feasibility of the system. Specific to the FOV of the two HSM conditions evaluated in this 
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study, participants were asked using a 5-point Likert scale, “How similar or dissimilar were the visual field 

of views for the GoPro with tubes compared to the replica NVGs?” The rating of ‘1’ was anchored by the 

statement ‘Very Dissimilar’, while the rating of ‘5’ was anchored as ‘Very Similar’. The neutral rating of 

‘3’ was linked with the statement, ‘Neither Similar or Dissimilar’ (the same).  

4.2.4 Data Analysis 

Three VTAS dependent variables were calculated using a custom written MATLAB (R2015b, 

Mathworks, Natick, MA) algorithm. The three VTAS dependent variables were calculated, as follows: 1)  

mean target acquisition time (TAT), calculated as difference in time between the rising edge of the green 

LED signal of the start target and the rising edge of the green LED signal of the goal target; 2) mean time 

to move off target (TMOT), calculated as the duration of the green LED signal; and 3) mean error index 

(EI), calculated as the ratio of the number of rising edge blue LED signals to the number of rising edge 

green LEDs signals. With the exception of the EI, the mean for each dependent variable within each 

respective condition was calculated by summing the durations of each dependent variable across trials and 

dividing by the numbers of instances in which the dependent variable occurred across trials.  The mean EI 

metric was calculated by first determining the sum of the number of rising blue LED edges and the sum of 

the number of rising green LED edges across the four trials completed. Rising blue LED edges that followed 

the last successful target acquisition were not included in the calculated sum for the number of rising blue 

LED edges. The ratio of these respective sums were calculated as the mean EI. 

As part of the data analysis process for each trial, the recorded RGB LED signals for each target were 

graphically presented in six plots (Figure 4.3) and were visually examined for acquisition errors [37]. Two 

different types of acquisition errors were identified.  Based on secondary analysis, the first error type, in 

which participants re-attempted target acquisition immediately following successful target acquisition of 

the same target, did not substantially alter any of the dependent variable outcomes (Figure 4.3). However, 

the second error type in which participants failed to successfully acquire the target, in some cases, 
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substantially altered the mean TAT. To address the effects of this error type, all trials were re-analyzed 

using the same MATLAB algorithm with a slight variation to facilitate the detection of failed target 

acquisitions. 

 

 

 

 

Figure 4.3: Unprocessed RGB LED data from Target 1 (T1) and Target 2 (T2) with the two acquisition 

error types shown.  A)  Re-attempt error. B) Acquisition failure error, in this instance, where the participant 

failed to successfully acquire T2 prior to acquiring T1.  
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4.2.5 Statistical Analysis 

As stated previously, it was hypothesized that the H-HSM condition in comparison to the L-HSM 

condition would result in a greater mean TAT, TMOT and EI. Additionally, given the robustness of Fitts’ 

Law, it was hypothesized that movement time or target acquisition time would be significantly different 

and vary according to the 2 index of difficulty levels (6.49 vs. 8.07) [37].  

The significance of the independent variables (HSM, target size, and movement trajectory) on the 

three dependent variables of interest was determined from a repeated measures analysis of variance (RM-

ANOVA). All statistical testing was completed using a priori significance level of 0.05 in SPSS (IBM® 

SPSS®, 25.0, Armonk, NY, USA). Greenhouse–Geisser corrections were applied when the data did not 

meet the sphericity assumption, according to Mauchly’s test of sphericity. When a significant main effect 

for an independent variable was detected, Bonferroni corrected pairwise comparisons were applied post 

hoc. Significant interaction effects that were found between the independent variables were also evaluated 

using Bonferroni corrected pairwise comparisons. For each RM-ANOVA performed there were 4 levels of 

interactions and 3 levels of main effects that were assessed for statistical significance. To determine the 

importance of the mean difference within the levels of our independent variables, effect sizes were also 

calculated in SPSS as partial eta squared (η2), as follows: 

η2 =  
𝑆𝑆(𝐵𝑒𝑡𝑤𝑒𝑒𝑛  𝐺𝑟𝑜𝑢𝑝𝑠)

𝑆𝑆(𝑇𝑜𝑡𝑎𝑙)
          (5) 

Where, SS(Between groups) is the sum of squares for the effect of the independent variable and 

SS(Total) is the total sum of squares [43]. 
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4.3 Results 

4.3.1 Main and Interaction Effects on Target Acquisition Time 

For mean TAT, main effects of HSM (F(1, 14)=196.813, p<0.001, η2=0.934), target size 

(F(1,14)=146.639, p<0.001, η2=0.913), and movement trajectory (F(3, 42)=23.021 p<0.001, η2=0.622) 

were found. Additionally, interaction effects related to mean TAT were found for HSM*Target Size 

(F(1,14)=4.807p=0.046, η2=0.256) and for Movement Trajectory*Target Size (F(3,42)=4.007, p=0.017, 

η2=0.223). As the interaction effect of Movement Trajectory*Target Size is outside the scope of this study 

and does not directly relate to our primary hypothesis, we did not explore it further. However, Table 4.2, 

provides a summary of the mean TAT data for each independent variable. The yaw axis-based movements 

measured for MTAXIAL had a significantly shorter mean TAT compared to MTSAG, MTOAL, and MTOAR by 

0.187, 0.189, and 0.224 seconds, respectively. 

 

 

Table 4.2: Mean target acquisition time of each independent variable (n=15).

 

 

 

For mean TAT, the interaction effect between HSM and target size revealed an approximate 1.11 

second increase in mean TAT for the H-HSM and small target combination compared to the L-HSM and 

large target interaction (Figure 4.4). 

20 mm 60 mm 20 mm 60 mm

MTAXIAL 2.032 ± 0.274 s 1.559 ± 0.171 s 2.617 ± 0.384 s 2.082 ± 0.230 s

MTSAG 2.176 ± 0.333 s 1.791 ± 0.242 s 2.828 ± 0.312 s 2.241 ± 0.261 s

MTOAL 2.253 ± 0.342 s 1.693 ± 0.203 s 2.837 ± 0.393 s 2.263 ± 0.187 s

MTOAR 2.324 ± 0.302 s 1.711 ± 0.172 s 2.918 ± 0.402 s 2.230 ± 0.177 s

L-HSM H-HSM
Trajectory
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Figure 4.4: Interaction effect of Head Supported Mass*Target Diameter on mean target acquisition time 

with standard error bars shown. Mean target acquisition time for the L-HSM_20 mm (A) and the H-

HSM_60 mm (A) conditions were not significantly different from each other but were significantly slower 

than L-HSM_60 mm (B) and faster than H-HSM_20 mm (C), respectively. 

 

 

 

Figure 4.5: Main effect of Head Supported Mass on mean time to move off target with standard error bars 

shown. The asterisk indicates the condition that was significantly higher. 
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4.3.2 Main Effect of HSM on Time to Move Off Target 

For mean TMOT, a main effect of HSM (F(1,14)=34.708, p<0.001, η2=0.713) was found. In the 

H-HSM condition there was a 0.047 second or 11.8% increase in the mean TMOT in comparison to the L-

HSM condition (Figure 4.5). 

4.3.3 Main Effect of Diameter and HSM on Error Index 

For mean EI, main effects of HSM (F(1,14)=101.981,p<0.001, η2=0.879) and target size were 

found (F(1,14)=45.71, p<0.001, η2=0.766 ). The 20 mm target had an EI of 1.753, which was 19.7% greater 

than the EI of 1.465 calculated for the 60 mm target (Figure 4.6). The H-HSM condition had an EI of 1.783, 

which was 24.2% greater than the EI calculated for the L-HSM condition, which was 1.435 (Figure 4.7). 

 

 

 

Figure 4.6: Main effect of Target Diameter on mean error index with standard error bars shown. The 

asterisk indicates the condition that was significantly higher. 
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Figure 4.7: Main effect of Head Supported Mass on mean error index with standard error bars shown. The 

asterisk indicates the condition that was significantly higher. 

 

4.3.4 Field of View Comparison of the HSM Conditions 

In response to the survey question related to the similarity of the two FOVs associated with the 3D-

printed tubes mounted to the GoPro and the replica NVGs mounted to the helmet, 14 of the 15 participants 

who completed the study filled out the survey, as requested. Seven (50%) of the participants perceived the 

difference between FOVs as moderately dissimilar, one (7.1%) participant perceived the difference as ‘3’ 

neither similar or dissimilar (the same), four (29.0%) perceived the difference as ‘4’, moderately similar, 

and one participant perceived the two HSM FOVs as ‘5’, very similar. In his comments, one participant 

stated that the “GoPro had wider peripheral vision as the Gentex helmet further restricted peripheral vision”; 

which may explain why some participants perceived the FOV as moderately dissimilar. 
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4.4 Discussion 

The primary objective of this study was to determine if the 3D-VTAS was sensitive in 

distinguishing performance differences between two HSM configurations. Given the large effect sizes of 

HSM for mean TAT (η2=0.934) and mean EI (η2=0.879), and the moderate effect size of mean TMOT 

(η2=0.713), our results demonstrate the utility of our performance-based visual target acquisition system in 

detecting operationally relevant and meaningful decrements in performance related to HSM across three 

unique dependent measures. The addition of operationally relevant HSM resulted in a substantial increase 

in mean TAT (Figure 4.4), which is influenced by target size and is likely due to an inability of participants 

to compensate for the added inertia during movement initiation, braking, and homing in on the target. The 

higher EI found for the H-HSM condition corroborates the challenges that participants had in attempting to 

stabilize and control the head following a time-optimal movement. Mean TAT and EI appear to be tightly 

coupled and are similarly affected by the addition of operationally relevant HSM (Figures 4.4 and 4.7). 

4.4.1 Effects of HSM and Target Diameter on Target Acquisition 

From our results, it is readily apparent that all three independent variables influence mean TAT. 

HSM and target diameter appear to be nearly identical in terms of their respective effects on mean TAT 

(Figures 4.4) and EI (Figure 4.6 and 4.7), as the effect size for target diameter on mean TAT (η2=0.913) 

was also large. The difference in mean EI between the two HSM conditions is 0.348, while the difference 

in the mean EI for the two target diameters is 0.288. The within factor differences for EI between the HSM 

and target diameter conditions are quite similar. We interpreted the results as meaningful on the basis that 

the average difference between the mean EI of the within factors for each independent variable (Target Size 

and HSM) was 0.292, which is substantially greater than the between-day difference in EI of 0.070 [37]. 

Modifying target diameter from 60 mm to 20 mm was anticipated to have an effect on the frequency 

of errors. However, the H-HSM condition (Figure 4.7) had an EI that was quite similar to that of the 20 mm 

target (Figure 4.6) and potentially indicates an altered motor control strategy employed by participants in 
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controlling the additional inertial load. According to Shirachi et al. (1978) [44] inertia may hinder the 

initiation of rotation and also retard braking action when attempting to reverse the direction of rotation. 

Given that added inertia to the head alters eye movement dynamics and eye-head coordination, it should 

not be surprising that participants may require practice to habituate to the added inertia in the performance 

of time-optimal head movements [45]. Accordingly, Gauthier et al. (1986) [45] found that participants 

required five or six trials to reach a steady state of performance and adapt to the slightly increased head 

inertia provided by the helmet. In our study, participants made multiple target acquisitions within each of 

the three completed trials for each condition. Therefore, we are not convinced that practice had a role in 

lengthening movement time.  However, target acquisition time appears to be heavily influenced by the 

challenges in spatial accuracy induced by HSM.  

The difficulties in successful target acquisition while wearing a helmet-mounted system may stem 

from the suggestion that the head is underpowered and behavior is more related to inertia and the 

viscoelastic properties of the neck, particularly at high frequencies [46]. Increasing the head moment of 

inertia in healthy participants has been reported to produce minor head oscillations during large (±75° and 

± 80°) horizontal gaze shifts, whereas the unloaded head movements do not oscillate (Lehnen et al. 2008 

[47]). The slowing of head movement velocity due to inertial load may be attributed to the suggestion that 

unloaded time-optimal head movements are already using maximal available muscle forces [45]. Such 

analyses will be explored in future work. 

The interaction effect between HSM and target diameter for mean TAT demonstrates the validity 

of our approach in exploiting the trade-off between speed and accuracy inherent in Fitts’ Law. It appears 

that the inertial load used in this study has a scalar influence on TAT, of approximately 560 milliseconds10, 

over and above the performance decrements attributable to increasing the index of difficulty. Given that we 

 

10  See Figure 4.4: TAT_H-HSM/20 mm subtracted from TAT_L-HSM/20 mm is 2.8 seconds – 2.2 seconds, which 

equals 0.6 seconds; TAT_H-HSM/60 mm subtracted from TAT_L-HSM/60 is 2.2 seconds – 1.69 seconds, which 

equals 0.51; therefore the mean difference is (0.6 + 0.51)/2 = 0.560 seconds or 560 milliseconds. 
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used a helmet-mounted system with high operational fidelity (in terms of mass and FOV restrictions) and 

the operational relevance of the visual target acquisition tasks, we are confident that our results are 

ecologically valid. Fitts’ Law has high predictive validity in terms of the relationship between target size, 

movement time, and error rate [48]. We believe that, by manipulating HSM and target size, our results 

demonstrate similar predictive validity in terms of the relationship that HSM has on EI and TAT. 

We deem our results as meaningful based on the mean TAT difference of approximately 560 

milliseconds between the H-HSM and L-HSM conditions reported in this study, which is substantially 

greater than the TAT familiarization effect of 94 milliseconds [37]. Additionally, participants had over 40 

trials of practice prior to conducting this study.   

Target acquisition time has been used on a limited basis in the literature [26], [49] to quantify the 

performance degradations associated with the use of NVGs and other head-mounted devices. In 2005, 

Fraser and Alem [49] found that helmet mass significantly lengthened the time for pilots to acquire visual 

targets that were positioned above shoulder height. In contrast to the findings of Fraser and Alem, we found 

that regardless of target position in 3D-space or movement trajectory that added HSM lengthened the time 

for participants to visually acquire the solar panel-based targets.  

Target acquisition time is a key metric that should be used by decision makers and crew scheduling 

personnel to understand the effects of HSM on mission performance, and in determining maximum mission 

duration, scheduling, and crew pairings. In the operational environment, using helmets enhanced by the 

addition of specialized equipment and maintaining the ability to turn the head, locate targets, and perform 

mission requirements is important [26]. 

4.4.2 Effect of HSM and Time to Move Off Target 

The apparent sensitivity of the TMOT metric in discriminating between the two HSM conditions 

is likely the most unique finding of this study from a movement initiation perspective. The results are 

interpreted as meaningful on the basis that the TMOT familiarization effect identified in our previous work 
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between Day 1 and Day 2 of 28 milliseconds is smaller than the TMOT main effect reported in this study 

of 47 milliseconds. 

Given that the TMOT metric is comprised of three or more psychomotor elements: 1) visual 

perception of LED color change; 2) reaction time; and 3) movement initiation [37]. These findings may be 

representative of delayed peak acceleration owing to the increased inertia of head and the altered control 

strategy employed [50], [51]. The addition of an inertial load on the head has been reported to alter 

movement control as changes in EMG have been suggested to reveal a corresponding change in control 

strategy [50]. Likewise, Hannaford et al. (1984) [51] found that the addition of a viscous load to the head 

elicits changes in movement dynamics and EMG signals that further demonstrate their tightly coupled 

relationship. 

4.4.3 Utility of the 3D-VTAS as a Performance Assessment Tool for Evaluating HSM 

With respect to operational relevance, it is important to recognize the intentional and purposeful 

design of the 3D-VTAS with respect to visual perception capabilities and our experimental protocol with 

respect to the spacing of the target pairs for each movement trajectory by 70 degrees. Operational relevance 

with respect to a military rotary environment was based on the following considerations:   

• The representative nine postures assumed during normal flight in the cockpit of a CH-146 tactical 

helicopter: “Up & Left, Up & Center, Up & Right, Level & Left, Level & Center (LC, neutral 

position), Level & Right, Down & Left, Down & Center, and Down & Right” [52]; 

• The “continuous head movements due to scanning as well as static neck postures required in 

hovering and clearances were a factor in their neck pain” as the fourth most frequent comment 

made by Griffon pilots in response to a survey administered by Adam (2004) [6]; 

• “Instructor status and rapid or continuous head movement appear to exacerbate neck pain in some 

FEs (flight engineers) …” as reported by Adam (2004) [6]; 
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• Results of a detailed physical demands analysis conducted by Tack et al. (2014) [53] for CH-146 

for night flying operations, found that 35 degrees of neck axial rotation and/or flexion- extension 

is routinely exceeded in several scanning tasks of flight engineers, flying pilots, and non-flying 

pilots; and 

• “Pilots, especially where there is a limited field of view due to the restrictions inherent in using 

night vision scopes, repeat a pattern of eye and head movements intended to direct attention to all 

regions of the field of regard” [54]. 

 

  In addition to the operational relevance of our experimental design, it was important that we 

highlighted the validity and meaningfulness of our results. Therefore, it is essential to recognize and account 

for nominal familiarization effects when using the 3D-VTAS to evaluate how HSM affects performance, 

or the changes over time in an individual (i.e., the effect of clinical rehabilitation on performance). As such, 

the degree of the change has to surpass the inherent variability of the outcome [55], including learning 

effects. To this end, it was important to compare and contrast the effect of familiarization on each dependent 

measure that we established [37] to ensure that the results reported in this study are deemed meaningful. 

4.5 Limitations and Future Work 

Caution is warranted when generalizing the results to the broader population or to a range of HSM 

configurations. Noted limitations in this experiment include: a narrow age range of participants; exclusively 

using male participants; a limited sample size of the participants evaluated; and the assessment of only two 

HSM conditions. In evaluating the effect of HSM on injury potential or performance, other investigators 

have quantified both the mass and the distribution of mass with respect to the center of mass of the head. 

Although, we did not quantify the overall displacement of the center of mass of the head as a result of the 

helmet and replica NVGs, we believe our results to be operationally relevant, as the combined mass of the 

various elements of the helmet-mounted system used in this study was within 5% of the equipment used by 



134 

 

 

Griffon aircrew.  Additionally, the FOVs were perceived by 50% of participants as being ‘moderately 

dissimilar’, which we believe is attributable to the differences in peripheral vision as noted by one of our 

participants. Given the dimensions (inner diameter and length) of the 3D-printed tubes were identical to the 

replica NVGs, we are not convinced that participant performance was affected by the perceived 

dissimilarities in FOVs.  

We anticipated that the inactive region of the solar panel would cause some difficulties for 

participants in acquiring the 60 mm target. Beyond improving the design of the solar panels, future work 

should be aimed at understanding the differences in visual target acquisition performance that may be 

attributable to a broader range of HSM configurations in conjunction with existing and promising mitigating 

solutions.   

4.6 Conclusions 

This study clearly demonstrates the utility of a performance-based paradigm rooted in Fitts’ Law 

and represents a great step towards achieving a better understanding of the effects of HSM on performance 

during time-optimal head movements. Before we can truly begin the conversation of alleviating NVG-

related neck pain in the CAF, we need to firmly establish a performance-based research paradigm that 

highlights the performance degradations or enhancements associated with variations in head supported 

mass, center of mass, moment of inertia, and potential mitigating solutions. 
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Chapter 5 

 

The Effect of Whole-Body Vibration and Head Supported Mass on Visual 

Target Acquisition Performance, Kinematics, and Muscular Demand 

 

To be submitted to Aerospace Medicine and Human Performance 

Abstract 

 In isolation, vibration exposure is known to degrade visual performance and adversely affect health, 

yet little is known about the interactive effects of vibration exposure and the addition of head supported 

mass (HSM) on target acquisition performance, head kinematics, and muscular demand. Though a large 

percentage of operational activities for military helicopter aircrew frequently involve scanning tasks, most 

techniques to assess these occupational risk factors rely on static measures. Sixteen healthy male 

participants completed rapid aiming head movements in the acquisition of visual targets in axial and off-

axis movement trajectories while restrained in a Bell-412 helicopter seat secured to a human rated shaker 

platform. To examine the effects of Exposure Status, HSM configuration and vertical whole-body vibration 

(WBV) exposure were manipulated. Two HSM configurations, each including replica NVGs, either had a 

counterweight (CW) or not (noCW), while participants were either exposed to WBV or not (noWBV). 

WBV degraded target acquisition performance and lengthened time to peak velocity. Peak velocity was 

modestly higher in the WBV+noCW Exposure Status condition and is attributable to WBV-induced 

enhancement of muscle contraction via spinal reflex activity known as the tonic vibration reflex. Though 

differences in muscle activity between conditions were not found, static and peak muscular demands 

exceeded pre-defined thresholds for fatigue and pain. 
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5.1 Introduction 

The issue of neck pain or ‘neck trouble’ remains a significant area of concern for the Royal 

Canadian Air Force (RCAF) [1]–[6]. Neck trouble is characterized as any combination of neck ache, pain 

discomfort, acute pain, chronic pain, stress and strain [7]. The origin of aircrew neck trouble is difficult to 

isolate and is probably multifactorial [3]. The sequalae of neck trouble is believed to be caused by several 

contributing occupational factors, including: mass, center of mass (COM) and moment of inertia of the 

helmet-night vision goggle and counterweight (CW) systems, number of hours wearing night vision goggles 

(NVGs) during a mission, total number of NVG usage hours, frequency and duration of whole-body 

postures including those of the neck during flight, poor helmet fit, vibration, and poor cockpit ergonomics 

[3], [8]. These factors may lead to the development of fatigue in muscles of the neck, which is known to 

increase the risk of developing neck pain [9]. 

The design of the military helicopter cockpit and cabin is constrained and requires aircrew to 

assume static and awkward head and neck postures to scan terrain and interact with control systems [10]. 

Further exacerbating these non-neutral postures are the use of NVGs, which concurrently increase the 

rotational inertia of the head and decrease the field of view to approximately 40 degrees [11], [12]. Due to 

the reduced field of view offered by NVGs, aircrew move their head more deliberately over larger 

amplitudes to acquire visual information and maintain situation awareness. Though NVGs enable aircrew 

to complete missions in the cover of night, Hiatt and Rash (2011) report that approximately 51% of aircrew 

respondents queried consider NVGs to be the primary driver of their back and neck pain symptoms [13]. 

While wearing NVGs, aircrew spend a greater amount of time in mild to severe axial rotation and lateral 

bend postures, whereas during the day more time is spent in neutral positions [47], [48]. Sustained non-

neutral head postures increase muscular demand and are believed to elevate the risk of developing of neck 

pain [49]–[51]. Various investigators [3], [12], [14], [15] have shown that head supported mass (HSM), in 
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the form of NVGs and CW systems, in combination with non-neutral postures add insult to injury. While 

the effect of risk factors such as added HSM and awkward posture in the operational environment cannot 

be discounted, very little is known about how these factors interact with whole-body vibration (WBV) to 

affect performance or health.  

Since the conception of rotary-wing flight, an association between WBV and spinal (back and neck) 

pain has also been observed [4], [16]. WBV is induced by structural vibration of the helicopter caused by 

the complex interaction of rotor blades moving through turbulent air [4], [17]. Compared to semi-active 

systems, the unmodified seat is relatively ineffective in attenuating vibration transmission and provides no 

isolation to rotor-induced vibration [18], [19]. This is a problem because the principal harmonics of the 

vibration spectrum for the CH-146 happens to be in the same frequency range (4.5-5.5 Hz), where 

maximum WBV energy transfer to the human spine is known to occur [8]. Moreover, the magnitude of 

vibration experienced by pilots at the head and neck is approximately double that experienced at the lower 

back [8]. Helicopter pilots are exposed to higher magnitudes of WBV than fixed-wing aircraft pilots [20], 

which may lead to accelerated rates of degenerative changes in the cervical spine [21] and damage to the 

peripheral nervous system [8]. Recent investigations suggest that helicopter pilots suffer from accelerated 

rates of cervical degeneration when compared with military personnel established as controls [22], [23] and 

other pilots [22].  

In isolation, exposure to whole-body vibration has been implicated in both performance 

degradations [24]–[27] and negative health outcomes [28]–[30]. Various investigators have found that acute 

exposure to WBV degrades visual perception and performance [31]–[36], physical performance [37]–[43], 

cognitive performance [44], auditory perception [45], alters mood [46], and induces drowsiness [37], [47].  

According to Conway et al. (2006), “vibration acts to degrade the majority of goal-related activities, 

especially those that rely on visual perception and fine motor control” [26]. In a Defence and Research 

Development Canada review of performance studies focused on the effects of vibration, Nakashima and 
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Cheung (2006) [48] concluded that tracking performance is most affected for vertical vibration around 5 

Hz and that tracking error increases in a nearly linear manner with vibration magnitude.  Collectively, this 

research demonstrates that exposure to whole-body vibration degrades performance and accelerates 

degenerative changes of the cervical spine.  

During vibration exposure, the kinematics of the head and helmet are affected by various factors 

such as helmet center-of-gravity (CG), helmet weight, and head orientation [49]. Yet very little is known 

about the interaction of these risk factors on performance, kinematics, and muscular demand, making the 

cause of aircrew neck pain very difficult to pinpoint. When whole-body vibration is combined with other 

risk factors, such as head supported mass (HSM), some researchers have suggested the risk effects are 

additive or interactive [50]. Butler and Alem (1997) [51] found that head pitch motion, of aviator 

participant’s exposed to WBV with a first harmonic of 4.3 Hz, increased as a function of increasing mass 

and center of mass. Gaur et al. (2013) [52] contend that stresses to the back and neck from transmitted 

vibration are aggravated when the head is further loaded with helmet-mounted devices. Further 

compounding the issue is the substantial amount of time that aircrew spend in non-neutral postures. 

Therefore, it is reasonable to hypothesize that the combination of WBV and HSM might synergistically 

alter both performance and health outcome measures of helicopter aircrew during operationally relevant 

scanning tasks (i.e., operationalized herein as head-neck motion along different movement trajectories). 

This hypothesis has not yet been investigated. 

To systematically examine the interdependent effects of HSM, WBV, and movement trajectory, it 

is useful to provide a framework to explore the degree to which performance and health outcomes are 

potentially affected in the context of scanning behaviors employed by aircrew. Aiming motions adopted 

during target acquisition tasks can be considered as three distinct stages [53]: “1) acceleration – the time 

between the user beginning to move, and reaching their peak velocity; 2) acquisition – the time between 

the peak velocity and the user first reaching the target; and 3) correction - the time it takes the user to settle 
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and complete the task once the target has been reached.” Holistically, target acquisition time represents the 

sum of these three distinct stages of aiming movements and may be used broadly as a measure of 

performance under different perturbations, such as HSM and WBV. Measures including peak velocity, time 

to peak velocity (TTPV), and peak muscle activity are closely linked to the acceleration phase of aiming 

movements, while error index and static muscle activity are associated with both the acquisition and 

correction stages. Peak velocity and TTPV provide additional measures of performance for reciprocal rapid 

aiming head movements, while muscle activity measures can also inform us about the associated demands 

on the neck. Assessing muscle activity from a health outcome vantage point offers insights into the static 

and peak muscular demands that may be contrasted against pre-defined (fatigue and pain) threshold limit 

values for static [54]–[56] and peak [57]–[59] muscular strain. It is anticipated that using this framework 

will facilitate a thorough examination of how HSM, WBV, and movement trajectory interdependently 

influence performance and health outcomes of aircrew.  

Therefore, the primary objective of this study was to evaluate target acquisition performance [60], 

[61] of participants using the 3D-VTAS [60]–[64] during acute exposure to WBV, under two HSM 

configurations (CW and noCW), and in two movement trajectories (axial and off-axis). The secondary 

objective was to determine if vibration transmission to the head affects kinematic head movement measures 

(peak velocity and time to peak velocity) and neck muscular demand (static and peak EMG) as a result of 

exposure to the different HSM conditions. It was hypothesized that acute WBV exposure, compared to 

conditions without WBV exposure (noWBV), would degrade target acquisition performance, elevate neck 

muscle activity, but not alter the kinematic measures of interest. Compared to the noCW condition, it was 

postulated that changes in target acquisition performance, neck muscle activity, or kinematic measures 

would be not found for the CW-HSM configuration. 
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5.2 Methods 

5.2.1 Participants 

Sixteen healthy male participants (26.7 ± 5.1 years), with an average height of 180.8 ± 4.9 cm and 

an average mass of 81.5 ± 9.0 kg, were selected from respondents to an ethics board approved participant 

recruitment notice placed online and at local universities. Demographically, greater than 85% of RCAF 

CH-146 aircrew are male [65] and is the reason why only male participants were recruited. The inclusion 

criteria for participation required that subjects have normal color vision with or without corrective contact 

lenses, be free from acute or chronic neck pain and other movement-related disorders. The neck disability 

index [66], the Nordic musculoskeletal disorder questionnaires [67], and the pain on movement (POM) 

questionnaire [68] were administered to all potential subjects.  None of the subjects that were selected to 

complete the study presented with any history of neck pain, neck trauma, whiplash injury, neurological 

disease, vestibular impairment, or any type of musculoskeletal problems of the neck that required treatment 

in the last 3 months [69]. Prior to participating in the study all participants read a letter of information and 

completed a consent form approved by the Research Ethics Boards of the National Research Council 

Canada (NRC), Carleton University, and Queen’s University (Appendix B and C). 

5.2.2 Instrumentation and Equipment 

Data were asynchronously and independently recorded at 2048 Hz for data signal types: 1) 3D-

VTAS [60], [70]; 2) electromyography (EMG) using the BioSemi ActiveTwo system (BioSemi B.V., 

Amsterdam Netherlands); and 3) vibration/ acceleration measurements (Appendix E, Figure E.11). Six 

degree of freedom kinematic data of head position and orientation were recorded at 240 Hz using a 

laserBIRDTM motion tracking system (Ascension Technology Corporation, Shelburne, VT), which was 

mounted on top of the Gentex military rotary helmet (HGU-P/56, Gentex, HGU-P/56, Zeeland, MI) worn 
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by participants (Figure 5.1). The laserBIRD scanner reports the position (X, Y, Z) and orientation (Xang, 

Yang, Zang) of the sensor relative to scanner’s default reference frame. 

For time alignment purposes, each respective data signal contained recorded GPS time (NovAtel 

OEMStarTM GNSS, Calgary, Canada) signals (representing seconds and microseconds) and a pulse-per-

second signal. The recorded 3D-VTAS red LED signal onsets (i.e., concurrent rising edges) were used to 

synchronize all other data signals (i.e., EMG, kinematic and acceleration data) recorded for each respective 

trial. 
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Figure 5.1: HSM configuration for L-HSM (3D-printed tubes with same inner diameter and length as 

replica NVGs), with frontal (A) and side (B) views shown. CW-HSM (Replica NVGs, Battery Pack, and 

Counterweight) condition, with frontal (C) and side views (D) shown. laserBIRDTM head tracker shown in 

D. The noCW-HSM configuration without CW (noCW) is not shown but is equivalent to the CW-HSM as 

depicted in D with the counterweight removed. For the mass of each HSM configuration refer to Table 5.1. 
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Signals from each data stream were recorded in LabVIEW (2018, National Instruments, Austin, 

TX) using a dedicated PC (Stealth LPC-681, Intel Core i7-4910MQ processor, Windows 7), which was 

configured as an Integrated Physiological Monitoring System (IPMS) [71] (see Figure E.8 for an overview 

in Appendix E) by a NRC Aerospace Principal Instrumentation Technologist. For a detailed description of 

the instrumentation used to collect, condition and/or buffer the data for each signal and each respective 

channel refer to LTR-FRL-2017-0095 [71] or see Figures E.8 to E.13 of Appendix E. Data for each signal 

type (VTAS, BioSemi, head tracking, and vibration) were separately recorded as a BioSemi Data Format 

(BDF) file, which is a 24 bit version of the European Data Format (EDF). 

5.2.3 Visual Target Acquisition System 

A 3D visual target acquisition system (VTAS) previously described [72] incorporated a 14-bit A/D 

board (NI-USB-6001, Austin TX), but this study used four square solar panels (ALLPOWERS, 130 mm x 

150 mm, 5 V, 500 mAh, 2.5W, Guangzhou, Guangdong, China) to elicit interactive and reciprocally-based 

rapid aiming head movements. The 3D-VTAS was used to facilitate the reciprocal visual acquisition of two 

square solar panel-based targets (Figure 5.2A and 5.2B), each with a 75 mm x 75 mm square aperture 

(Appendix E, Figure E.14), arranged as a target pair in each of the 2 movement trajectories (MT). In this 

study we used an Adafruit laser diode (Product ID: 1054, 5 mW, 650 nm Red, 0.005 kg, New York City, 

NY) powered with 3 ‘AAA’ batteries enclosed in an Adafruit battery holder (Product ID: 727,  0.050 kg, 

New York City, NY). A custom fabricated 3D-printed mount was used to attach the laser diode to the 

replica NVGs. The interaction of a head-mounted laser pointer with the solar panel in controlling the LED 

color state (RGB) of each target and the associated acquisition of timing information was described 

previously [72].  

The respective target pairs for the axial (MTAXIAL) and the off-axis (MTOFFAXIS) movement 

trajectories (Figure 5.2A and 5.2B) were mounted on a custom fabricated PVC frame. The relative 3D 

position and orientation of the individual targets in each of the 2 target pairs of each associated movement 

https://www.allpowers.net/index.php?ac=article&at=list&tid=23
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trajectory was adjusted and verified to be a distance of 2.21 m (±0.01 m) (7’3”) and separated by an arc of 

70° relative to each participants’ approximate seated eye height. A custom 3D-printed target alignment jig 

(see Figure 1E of Derouin and Fischer 2019 [60] or Figure E.4), was attached to a Bell-412 standard cockpit 

seat [73] and was used to verify the 2.21 m (7’3”) distance and 70° arc.
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Figure 5.2: Relative position and orientation of the target pairs for the Axial (A) and Off-axis (B) movement trajectories. The joystick-based target 

tracking task (C) and the Human Rated Shaker platform (D) with the participant’s right hand controlling the cyclic (joystick) and left hand on the 

collective.
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5.2.4 WBV Platform and Accelerometers 

The NRC’s Human Rated Shaker (HRS) Facility (Building U66A, Ottawa, Ontario, Canada) [74] 

(Figure 5.2D) was used to expose participants to a simulated WBV profile that closely matched the 

recorded vibration amplitude and spectral characteristics of the Bell-412 helicopter. The HRS platform 

uses four time-synchronized electro-dynamic mechanical shakers to replicate the recorded vertical 

oscillations of helicopter and fixed-wing aircraft vibration. Constraining WBV to the vertical or z-axis 

simplifies the examination of the human occupant’s head movements in response to vibration exposure, 

which are primarily in the fore/aft plane [75]. A simulated Bell-412 or CH-146 Griffin helicopter flight 

WBV profile (see Figure 5.3A) was measured using floor-, seat-, and helmet-mounted (Figure 5.3B and 

5.3C; Figure E.11) accelerometers (ICP Accelerometer 352C22 [floor], ICP Triaxial Accelerometer 

356B41 [seat and helmet], PCB® Piezotronics, Depew, NY, USA) and recorded at a 2048 Hz sampling 

rate.
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Figure 5.3: A) Human Rated Shaker simulated whole-body vibration profile from the Data Physics control 

system and accelerometer data recorded by the mechanical shaker control software (SignalStar Matrix 

Vibration Controller 2.5.1042, Data Physics Corporation, San Jose, CA, USA) with a sampling rate of 128 

Hz. Primary and resonance frequencies are noted at 5.4, 10.8, 16.2, 21.6, 27.0, 32.4, 37.8, and 43.2 Hz. B) 

Relative position and orientation of the measurement accelerometers on the Human Rated Shaker platform, 

Bell-412 seat, and helmet. C) The precise location of the helmet tri-axial accelerometer.
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5.2.5 Surface Electromyography 

To measure the muscle activity of the three bilateral pairs of neck muscles, after preparing the skin 

over each muscle site using an alcohol preparation pad, three Flat-type ActiveTwo electrodes (Cortech 

Solutions, Wilmington, NC) were applied over each muscle. Two-sided adhesive rings were applied to each 

electrode, along with conductive gel (Signa Gel, Parker Laboratories, Fairfield, New Jersey) over the active 

area of the electrode, and were then applied to the following muscles: sternocleidomastoid (SCM-Left and 

SCM-Right), upper trapezius (UTR-Left and UTR-Right), and upper neck extensors (UNE-Left and UNE-

Right). The electrodes were positioned over each muscle in a tripolar electrode arrangement (Figure 5.4) to 

facilitate the removal of noisy ECG artifacts by way of the double differential technique [76]–[78]. 

 

 

Figure 5.4: Flat-type ActiveTwo electrode (Cortech solutions, Wilmington, NC) locations and specified 

electrode number shown for each EMG electrode in anterior (A) and posterior (B) neck muscle locations. 

DRL and CMS shown refers to Driven Right Leg (DRL) and Common Mode Sense (CMS), respectively. 

 

The precise electrode locations for each muscle was, as follows: 1) SCM, approximately one third 

the length of the muscle from the sternal notch to the mastoid process [79]; 2) UTR, approximately 20% 

medial to the midpoint between the acromion and the seventh cervical vertebrae [80]; and 3) UNE, 

approximately 2 cm from the midline, over the muscle belly at about the level of the fourth cervical vertebra 

[81], [82] (Figure 5.4). To conduct maximum voluntary contractions (MVCs), for each muscle, three 
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ramped maximum voluntary efforts were elicited from each subject using manual resistance over a period 

of 5 seconds [3]. MVCs were performed by participants in three different postures to determine maximum 

muscle activity of the three muscle groups previously mentioned. All MVCs were conducted as per Greig 

et al. (2005) [83], with the exception of the UTR being tested unilaterally. 

5.2.6 Experimental Design and Protocol 

A 4 x 2 counter-balanced repeated measures design was used to examine the effects of Exposure 

Status (inclusive of HSM configuration and vibration exposure) and movement trajectory on performance 

and health-risk related dependent measures. To examine the effects of Exposure Status, HSM configuration 

and vibration exposure were manipulated. Two operationally relevant HSM configurations, each including 

replica NVGs (Airsoft, J.K. Army, Mong Kok, Kowloon, Hong Kong) were evaluated (Figure 5.1, Table 

5.1): 1) a helmet, NVG, and CW configuration (CW); and 2) a helmet and NVG configuration without the 

CW (noCW). Approximately 63-81% [13] [84] [9]  of rotary-wing aircrew don a CW to balance the forward 

mass of the NVGs, thus supporting the inclusion of CW and noCW HSM configurations. In both the CW 

and noCW conditions the replica NVGs were oriented in the down-position and a replica NVG battery pack 

(Airsoft, J.K. Army, Mong Kok, Kowloon, Hong Kong, 0.232 kg) was attached to the posterior aspect of 

the helmet (Figure 5.1). In the CW-HSM condition a 0.635 kg counterweight mass was secured to the 

posterior surface of the battery pack. The mass of each respective HSM configuration is provided in Table 

3.1. Participants performed reciprocal scanning while exposed to WBV and without exposure to WBV 

(noWBV). Therefore, the Exposure Status independent variable consisted of 4 levels, as follows: 1) 

CW+WBV; 2) noCW+WBV; 3) CW+noWBV; and 4) noCW+noWBV. Movement trajectory was 

evaluated as an independent factor. Axial and off-axis movements were completed in an alternating fashion 

for the Exposure Status conditions. For the Trajectory independent variable, two movement trajectories 

were explored (MTAXIAL and MTOFFAXIS).  

Prior to participating in the experimental protocol each participant completed a 10-minute 

controlled warm-up including five minutes of elliptical exercise followed by five minutes of dynamic and 
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static neck/ shoulder stretching. The warm-up was provided to minimize the potential for injury during the 

conduct of maximum voluntary exertions. 

Prior to donning the helmet, BioSemi instrumentation as described above was applied to the 

participant. Next participants completed the warm-up and then completed the MVC trials for each muscle 

group. After completing the MVCs, participants sat in the civilian helicopter (Bell-412) seat, which was 

mounted on the HRS platform, and were restrained using the seat’s 4-point harness (Figure 5.2D). 

After restraining the participant in the seat, connecting the electrodes and donning the helmet and 

associated equipment were completed in the following sequence: 1) The 18 Cortech solutions electrode 

leads were connected to the BioSemi receiver, which was placed on an adjacent non-vibrating isolated 

column of the shaker; 2) the participant donned the pre-fitted helmet, with the specified pre-attached triaxial 

accelerometer on the helmet’s posterior superior mid-sagittal surface, 3) the helmet’s chin strap was 

adjusted and secured; 4) the laserBIRDTM head tracker was placed on the superior surface of the helmet; 5) 

the 3D-printed tubes, including the laser diode battery holder (separately attached on the superior surface 

of the helmet), was attached to the helmet’s NVG mount and were rotated to the down position; and 6) the 

laser diode was turned on and the position and orientation of the 3D-printed tubes were adjusted to optimize 

the participant’s field of view.     

To become familiarized with the experimental protocol and to eliminate potential familiarization 

effects (see Chapter 3, Study 1), as part of the experimental protocol, participants completed 12 

familiarization trials while wearing the Gentex helmet interfaced with 3D-printed tubes, representing a low 

HSM condition (L-HSM, Figure 5.1A and 5.1B). Prior to completing the familiarization trials participants 

read a standardized set of instructions (participant briefing) for the 3D-VTAS (see Appendix C). The first 

six familiarization trials were completed without WBV exposure, while in the last six familiarization trials 

participants were exposed to WBV. Subsequently, participants also completed a joystick-based target 

tracking task (JTTT) (Figure 5.2C and 5.2D) for a five-minute familiarization period. These data were 

recorded, but not analyzed in this study.  
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Following the completion of the familiarization protocol, the 3D-printed tubes and associated 

battery holder were removed from the helmet and replaced with the replica NVGs and associated battery 

holder in accordance with steps '5’ and ‘6’ in the sequence described above. However, unlike the 

familiarization trial, a replica NVG battery pack was attached to the posterior surface. Additionally, 

dependent on the experimental condition (CW or noCW) either the counterweight was attached or not 

attached to the posterior aspect of the battery pack. 

Participants then completed each Exposure Status condition of the experiment in a counterbalanced 

randomized fashion (Figure 5.5). For each experimental condition, participants completed a set of pre- and 

post- baseline trials for each movement trajectory in an alternating fashion between axial and off-axis 

movement trajectories. Following the completion of the baseline trials, participants were either 

continuously exposed or not to the predetermined WBV profile for 15 minutes. During this period, 

participants completed three sets of two rapid aiming head movement trials. Between successive VTAS 

trials, participants performed the joystick target tracking task (JTTT) for a pre-defined duration of 2 minutes 

and controlled the fixed aircraft position relative to a moving target on a PC connected monitor. For each 

Exposure Status condition, participants completed a total of 20 target acquisition trials, which were 

continuously recorded in LabView. 

For each 3D-VTAS trial the subject was instructed to successfully acquire, in 20 seconds, as many 

targets as possible in a reciprocal fashion until the system timed out. Approximately, 10 seconds of rest was 

provided between each VTAS trial completed within a set.  

For the duration of the experimental protocol each participant was placed in a restrained seated 

posture and for the VTAS trials were instructed to re-direct their gaze and move their head as rapidly as 

possible from the start target to the goal target and back to the start target in a repetitive, reciprocal fashion. 

Before visually acquiring the targets in a reciprocal manner along the movement trajectory, the participant 

was instructed to maintain a stationary neutral head posture and their gaze within the target orientation map 

(Figure 5.2C).
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Figure 5.5: Depiction of experimental protocol with instrumentation, familiarization period (FB), 

experimental conditions (CW+WBV, noCW+WBV, CW+noWBV, and noCW+noWBV), and post-

baseline (PB) trials shown. WBV conditions highlighted in yellow. Each block of VTAS trials alternated 

between the axial and the off-axis movement trajectories. The joystick target tracking task (JTTT) was 5 

minutes during the familiarization period and 2 minutes subsequently. The L-HSM configuration (3D-

printed tubes) was worn during familiarization and post-baseline trials. The effect of time for the 3D-VTAS 

performance data was considered as Epochs 1, 2, and 3, as E1, E2, and E3, respectively. 

 
 

 

 

Table 5.1: Mass of each component for the three HSM configurations employed: L-HSM, noCW-HSM, 

and CW-HSM. Total mass includes the large helmet mass for each condition. 
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5.3 Data Analysis 

5.3.1 Time Alignment and VTAS Trial Segmentation 

Using MATLAB (R2019a, MathWorks, Natick, MA), data were individually segmented into the 

20 target acquisition trials that were collected for each condition. Keeping in mind the 20 second VTAS 

trial duration, data for each signal type (i.e., VTAS, BioSemi, head tracker, and vibration data) were time 

aligned and partitioned into segments (see Appendix H). 

5.3.2 Target Acquisition Performance Analysis 

To assess the effect of Exposure Status and Trajectory on visual target acquisition performance, 

we used two dependent VTAS measures: 1) target acquisition time (TAT); and 2) error index (EI). The 

approach for calculating mean TAT and EI were previously described [60]. 

5.3.3 Kinematic Analysis 

To evaluate the effect of Exposure Status and Trajectory on head kinematics we calculated two 

kinematic dependent variables, peak velocity and TTPV [85], [86] for head movements about the yaw and 

pitch axes. TTPV represents a measure of motion symmetry between the acceleration and deceleration 

phases of rapid aiming movements [87], and has been reported to scale proportionally in movements with 

added inertial load [88]. Prior to calculating these kinematic measures, laserBIRD yaw and pitch orientation 

data were filtered with a zero-lag, low-pass 4th order Butterworth filter with a 10 Hz cut off frequency [89], 

[90]. The central finite difference approximation method [91] was used to determine angular velocity data. 

Peak velocities for yaw and pitch head motions were determined for each discrete target acquisition motion 

within each trial. Average peak velocities were calculated for yaw and pitch peak motions for each 

condition. To quantify TTPV, we determined the time duration to reach the peak velocity from the 

indication of successful target acquisition (i.e., rising edge of green LED signal). That is, we subtracted the 

time(s), representing the data samples that corresponded to the peak velocity for each movement within a 
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VTAS trial from time corresponding to the data sample of each green rising edge within the corresponding 

VTAS signal.  

For one participant, the laserBIRD kinematic data was not available due to an experimental set-up 

error. 

5.3.4 EMG Analysis 

To evaluate the effect of Exposure Status and Trajectory on neck muscular demand we calculated 

two EMG measures. The muscular demand measures included: 1) mean static EMG; and 2) mean peak 

EMG. 

Before calculating these EMG dependent variables, trial EMG signals for each muscle site were 

conditioned and processed in the following sequence: 1) the DC bias for each EMG electrode channel was 

determined and subtracted from each respective signal; 2) the signal was bandpass filtered from 25 to 500 

Hz; 3) the double differential technique [76]–[78] was applied to the three corresponding electrode signals 

for each muscle site (e.g., A1, A2, and A3 for SCM-L – see Figure 5.4A and 5.4B); 4) a series of notch 

filters were applied at specific frequencies to remove AC powerline noise (see Appendix H, Figure H.5); 

and 5) the signal was rectified and then linear enveloped using a zero-lag fourth order low-pass Butterworth 

filter with a 4.0 Hz cut-off frequency [92]–[95]. MVC signals were similarly processed and used to 

normalize the trial EMG signals.  

After conditioning and processing the EMG signals, the EMG dependent measures were then 

calculated for target acquisitions moving left to right. Static EMG was calculated as the average normalized 

EMG signal within the dwell time periods (i.e., Target 2 for MTAXIAL and Target 4 for MTOFFAXIS – see 

Figure 5.2), while peak EMG was determined as the average peak EMG signal between the rising green 

LED edges of the left and right targets. 

For one participant, the EMG data was excluded based on an outlier analyses [96]. 
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5.3.5 Statistical Analysis 

The significance of the independent variables (Exposure Status and Trajectory) on VTAS 

performance dependent measures were determined using a 4 x 2 repeated measures analysis of variance 

(RM-ANOVA). However, to strengthen the power to detect differences related to Exposure Status, for the 

kinematic and muscular demand dependent variables, independent RM-ANOVAs were conducted 

separately for the axial and off-axis movement trajectories. Distinct patterns of neck muscle activation and 

different underlying cervical spine kinematics compelled this decision. Though it is theoretically possible 

to design an experiment with any number of factors, our combining WBV and HSM into a single factor 

reduced the complexity associated with interpreting possible interaction effects between Exposure Status 

and Trajectory and enhanced statistical power by reducing the number of factors in the model [97].  

Adjacent target acquisition trials for each respective movement trajectory were averaged for each 

HSM configuration and WBV condition, which provided five distinct time periods (epochs), albeit only the 

middle three epochs were evaluated (Figure 5.5). To account for potential familiarization effects, we also 

assessed the effect of time, where three different time periods or epochs were considered. Generally, the 

effect of time was not significant, except for error index and TTPV which demonstrated a 4.56% 

improvement between Epoch 1 and 3, and a 2.80% improvement between Epoch 2 and 3, respectively. 

Therefore, the results for time were not deemed meaningful as the improvement is equivalent to the between 

session familiarization effects reported in Study 1 (Chapter 3).  

All statistical analyses were completed using a priori significance level of 0.05 in SPSS (IBM® 

SPSS®, 24.0, Armonk, NY, USA). Greenhouse–Geisser corrections were applied when the data did not 

meet the sphericity assumption, according to Mauchly's test of sphericity. When a significant main effect 

for an independent variable was detected, Bonferroni corrected pairwise comparisons were applied post 

hoc. If significant interaction effects were found between the independent variables, they were also 

evaluated using Bonferroni corrected pairwise comparisons. To determine the importance of the mean 

difference within the levels of our independent variables, effect sizes were also calculated in SPSS as partial 

eta squared (η2). Effects were considered significant and relevant when p < .05 and η2 > 0.1. 



160 

 

 

 

5.4 Results 

5.4.1 Performance Effects of HSM Configuration and WBV 

5.4.1.1 Target Acquisition Time 

For TAT, a main effect of Exposure Status was found (F(3,45)=26.460, p<0.001, η2 = 0.638). A 

pairwise comparison revealed that TAT for noCW+noWBV was lower by 18.09% (0.324 s), 12.73% (0.229 

s), and 9.27% (0.167 s) when compared to the CW+WBV, noCW+WBV, and CW+noWBV, respectively 

(Figure 5.6). For the CW+noWBV condition, TAT was found to be lower by 8.07% (0.157 s), and 3.17% 

(0.0620 s) when compared to the CW+WBV and noCW+WBV conditions, respectively (Figure 5.6). 

However, without WBV exposure, TAT was 9.32% faster in noCW+noWBV compared to CW+noWBV. 

5.4.1.2 Error Index 

For EI, main effects were found for Exposure Status (F(3,45)=51.843, p<0.001, η2 = 0.776) and 

Trajectory (F(1,15)=, p=0.002 η2 = 0.495). Pairwise comparisons are highlighted in Figure 5.7. For the main 

effect of Exposure Status, the noCW+noWBV condition had a lower EI by 36.46%, 29.01%, and 17.63% 

compared to the CW+WBV, noCW+WBV, and CW+noWBV conditions, respectively (Figure 5.7A). For 

the CW+noWBV condition, EI was lower than the CW+WBV and noCW+WBV conditions by 16.01% and 

9.67%, respectively. However, when WBV exposure was removed, EI for the noCW+noWBV was lower 

by 17.59% compared to CW+noWBV  For the main effect of Trajectory, the EI for the axial movement 

trajectory was 4.73% higher than that of the Off-axis trajectory (Figure 5.7B).
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Figure 5.6: Main effect of Exposure Status on mean target acquisition time (n=16). Standard error bars 

shown. 

 

 

 

 

 

Figure 5.7: Main effects of Exposure Status (A) and Trajectory (B) on mean error index (n=16). Standard 

error bars shown. 
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5.4.2 Peak Kinematics 

5.4.2.1 Peak Velocity – MT-Axial 

For Yaw peak velocity in the Axial movement trajectory (MTAXIAL), a main effect of Exposure 

Status was found (F(2.155,30.163)=7.749, p=0.002, η2 = 0.356). A pairwise comparison revealed that Yaw 

peak velocity for the noCW+WBV condition was 9.88%, 11.64%, and 8.35% higher compared to the 

CW+WBV, CW+noWBV, and noCW+noWBV conditions, respectively (Figure 5.8). 

5.4.2.2 Peak Velocity – MT-Offaxis 

For Yaw peak velocity in the Off-axis movement trajectory (MTOFFAXIS), a main effect of Exposure 

Status was found (F(3, 42)=3.344, p=0.028, η2 = 0.193). A pairwise comparison revealed that Yaw peak 

velocity for the noCW+WBV condition was higher by 8.37% and 5.26% compared to CW+noWBV and 

noCW+noWBV, respectively (Figure 5.9A). 

For Pitch peak velocity in the Off-axis movement trajectory (MTOFFAXIS), a main effect of Exposure 

Status was found (F(3,42)=6.234, p=0.001, η2 = 0.308. A pairwise comparison revealed that Pitch peak 

velocity for noCW+WBV was higher by 10.64% and 9.44% in comparison to the CW+noWBV and 

noCW+noWBV conditions, respectively (Figure 5.9B).
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Figure 5.8: Main effect of Exposure Status on Yaw peak velocity in MTAXIAL (n=15). Standard error bars 

shown. 

 

 

 

 

 

 

Figure 5.9: Main effect of Exposure Status on mean Yaw (A) peak velocity in MTOFFAXIS and mean Pitch 

(B) peak velocity in MTOFFAXIS (n=15). Standard error bars shown.
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5.4.3 Time to Peak Velocity (TTPV) – MT-Axial and MT-Offaxis 

5.4.3.1 Yaw TTPV MT-Axial 

For Yaw TTPV in the axial movement trajectory (MTAXIAL) a main effect of Exposure Status was 

found (F(3,42)=11.667), p<0.001, η2  = 0.455). A pairwise comparison revealed a 13.79% or 0.068 second 

increase in Yaw TTPV for condition CW+WBV compared to the CW+noWBV, while a 16.39 % or 0.079 

second increase was observed between conditions CW+WBV and noCW+noWBV (Figure 5.10). 

5.4.3.2 Yaw TTPV MT-Offaxis 

For Yaw TTPV in the Off-axis movement trajectory (MTOFFAXIS), main effects were found for 

Exposure Status (F(3,42)=13.522), p<0.001, η2  = 0.492), and Time (F(2,28)=3.577, p=0.041, η2  = 0.203. 

A pairwise comparison revealed that Yaw TTPV was lengthened in the CW+WBV condition by 14.47% 

(0.070 s) and 18.04% (0.085 s) compared to CW+noWBV and noCW+noWBV, respectively (Figure 

5.11A). For Yaw TTPV, the noCW+WBV condition was also lengthened by 11.68% (0.055 s) compared 

to noCW+noWBV. 

5.4.3.3 Pitch TTPV MT-Offaxis 

For Pitch TTPV in the Off-axis movement trajectory (MTOFFAXIS), main effects were found for 

Exposure Status (F(3,42)=11.520), p<0.001, η2  = 0.451). Pairwise comparisons revealed that Pitch TTPV 

for the CW+WBV condition increased by 13.48% (0.068 s) and 15.77% (0.078 s) in comparison to 

conditions CW+noWBV and noCW+noWBV, respectively (Figure 5.11B).
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Figure 5.10: Main effect of Exposure Status on Yaw time to peak velocity in MTAXIAL (n=15). Standard 

error bars shown. 

 

 

 

 

Figure 5.11: MTOFFAXIS main effects of Exposure Status on mean Yaw (A) time to peak velocity in 

MTOFFAXIS and mean Pitch (B) time to peak velocity in MTOFFAXIS (n=15). Standard error bars shown.
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5.4.4 Muscular Demand 

5.4.4.1 Static Muscular Demand 

For static EMG (Figure 5.12A and 5.12C, Table 5.2), no main effects were found for any of the 

neck muscles assessed.  

5.4.4.2 Peak Muscular Demand 

For peak EMG (Figure 5.12B and 5.12D, Table 5.2), main effects for Exposure Status were found 

for the right upper neck extensor (UNE-R) muscle in the axial trajectory (F(3,42)=3.372, p=0.027, η2 

=0.194) and the left upper trapezius (UTR-L) muscle in the Off-axis trajectory (F(3,42)=3.581, p=0.047, η2 

=0.204). However, post hoc analysis using Bonferroni pairwise comparisons did not reveal any significant 

differences for either muscle.
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Figure 5.12: Neck muscle activity for movements to the right for Exposure Status (n=15) expressed as a percentage of maximum voluntary contraction. Static (A) 

and peak (B) neck muscle activity for Axial movements. Static (C) and peak (D) neck muscle activity for Off-axis movements. Standard error bars shown. For static 

muscle activity, 2% MVC (yellow line) and 5.0% MVC (red line) static fatigue and pain threshold values are shown, while a 50% MVC muscle strain value (red 

lines) is shown for peak muscle activity. 
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Table 5.2: Main effects of Exposure Status on static and peak neck muscle activation (n=15). The * and ̂  respectively denote significant differences and trend results 

for the RM-ANOVA. Post-hoc analyses revealed no significant differences between the Bonferroni pairwise comparisons. 
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5.5 Discussion 

To unravel the complex issue of aircrew neck trouble a systematic approach is necessary.  In this 

study, we used a novel visual target acquisition system in combination with a human-rated shaker platform 

to better understand the performance and muscular demands associated with operationally relevant HSM 

configurations and acute WBV exposure. Participants were tasked with performing repetitive dynamic goal-

oriented movements, which entailed ballistic, time-optimal head movements across two movement 

trajectories and quasi-static postures at four different target locations.  

WBV exposure adversely affected the acquisition and correction movement stages as evident from 

the increased TAT and EI relative to the noWBV conditions. This finding supports our hypothesis. Similar 

to our previous results TAT and EI appear to be tightly coupled [60] and are similarly affected by WBV 

and added load in the form of a CW (Figure 5.6 and 5.7A). The addition of WBV appears to further degrade 

performance. However, a novel finding that emerged from this work was that the effect of HSM on 

performance was only detected in the noWBV conditions, demonstrating the interactive nature of HSM 

configuration and WBV exposure on performance. In previous work, we showed that the addition of 

operationally relevant HSM lead to an increase in EI, which ultimately lengthened TAT [60], consistent 

with our current findings. Extending our findings from our previous work [60], we note that WBV had a 

greater influence on TAT and EI than additional HSM, such that WBV effects overshadowed the HSM 

configuration effects. Collectively, these results suggest that performance is not affected by the addition of 

a CW when participants are exposed to WBV, consistent with the helicopter environment. However, in the 

absence of WBV, participants maintained better performance in the noCW condition as evident from lower 

EI and TAT. These findings reinforce that CW related strategies may have differential effects for rotary-

wing aircrew exposed to WBV and the dismounted soldier who is not subject to WBV exposure. 

Contrary to our hypothesis, we found that acute exposure to WBV lead to an increase in peak 

angular velocity of the head in both the yaw and pitch axes (Figure 5.8 and 5.9). Indeed, the range of peak 
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angular velocity magnitudes recorded in this study are consistent with those derived for various scanning 

tasks of military helicopter aircrew that are detailed in an operationally relevant physical demands analysis 

[98]. Interestingly, exposure to acute WBV without the CW increased yaw peak angular velocity in the 

acceleration stage in a manner that is difficult to explain but may be contextualized by looking at examples 

from sports and reaching tasks. In evaluating the bat swing speed of baseball players, Reyes et al. (2010) 

[99] found that pre-exposure to acute WBV increased bat speed by 2.6%. The one-repetition maximum of 

athletes performing half squats has also reportedly been improved by acute exposure to WBV [100]. In a 

dynamic reaching task, Kim and Martin (2013) [101] reported that acute exposure to WBV increased peak 

joint velocities of the upper limb. Various physiological mechanisms may be responsible for WBV-induced 

increases in movement speed and force production capacity of muscles. However, neurogenic potentiation 

via enhanced spinal reflex activity, known as the tonic vibration reflex, is the most plausible explanation 

for the associated increase in muscular force and speed production associated with acute WBV exposure. 

For the axial movement trajectory, there are no immediate explanations as to why the CW condition, under 

WBV, did not generate the same peak velocity about the yaw axis. Given that added rotational inertia is 

known impede movement initiation, it is plausible that the slight increase in the moment of inertia due to 

the CW [102] may have diminished the ability of the neuromuscular system to produce similar peak 

velocities. Alternatively, it may be that the oscillatory damping required to maintain pitch control of head 

with the CW conflicted with the goal of producing maximal yaw velocity in the axial movement trajectory. 

This should be explored in future work.  

Overall, exposure to WBV increased the time to peak velocity in comparison to the noWBV 

conditions and may reflect a WBV-induced disturbance in visual perception. Alternatively, it may reflect a 

systemic neuromuscular delay inherent during postural transitions between the corrective (quasi-static) and 

the acceleration stages of rapid aiming head movements under oscillatory perturbations. Interestingly, the 

EI results may lend support to this idea; where EI was slightly higher for the axial movement trajectory (see 

Figure 5.7B) and suggest that participants had more trouble honing in on the target and maintaining their 



171 

 

 

position when completing rapid aiming head movements constrained about the yaw axis. Compared to the 

effect of WBV on target acquisition time and error index, the relative degradation in performance as 

measured with TTPV is relatively small. Nevertheless, further investigation of electrooculography or the 

use of eye-tracking may be able to assist in explaining how the neuromuscular system manages these 

movement transitions. Invariably, the addition of the CW did not appear to significantly alter TTPV. It may 

be that the minimal increase in HSM and rotational inertia was not sufficient to delay the timing of peak 

velocity. This is somewhat contrary to the results of Nam and Choi [103] who reported that the addition of 

inertial load of 6 kg to a SPH4 Gentex helmet increased head movement initiation from 250 to 272 

milliseconds. 

Two pertinent EMG measures were used to evaluate the muscular demands placed on the cervical 

musculoskeletal system and were interpreted with respect to how neck muscle activity was affected by 

HSM configuration and WBV conditions, and also with respect to reported fatigue and pain thresholds. 

Contrary to our hypothesis, statistical differences were not found in any of the dependent EMG measures 

evaluated. When comparing the loaded to the unloaded head, Healey et al. (2019) [63] reported higher 

muscle activity of the upper neck extensors during a similar target acquisition task. Similarly, Thuresson et 

al. (2003) [104] reported higher upper neck muscle activity in their hNVG (helmet and NVG) and hCW 

(helmet with NVGs and CW) configurations when compared to the unloaded helmet, but found no 

differences between the loaded helmet conditions. Despite the differences within the performance and 

kinematic measures evaluated in this study, neck muscle activity was not significantly altered by WBV, 

which is perplexing. The lack of discernable statistical differences in the magnitude of muscle activation is 

quite surprising and may be attributed to different factors, such as: the redundancy of the 

neuromusculoskeletal system of the cervical spine. Given that several neck muscles have similar lines of 

action, different muscles can be recruited to perform the same task [105]. This is clearly the case for the 

SCM-L and UNE-R muscles which both concurrently contribute to axial rotation of the head to the right 

(see Figure 5.12). This reality offers the nervous system many different solutions, allowing for variation in 
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neck movement to produce the same resultant motion [106], all without altering kinematic output [105]. It 

has been suggested that this variability in movement redistributes or shares the load around the joints and 

muscles so that tissues and structures are not repeatedly loaded [107]. 

When interpreting EMG data relative to reported fatigue and pain thresholds, important findings 

independent of condition emerge. Various ergonomic researchers have established guidelines for acceptable 

and maximally acceptable static and peak muscular loads. For example, Jonsson (1982) suggests an 

acceptable limit for static work of 2% of MVC [108], while Potvin (2012) [56] suggest a maximal 

acceptable effort for static work as 2.5 % of MVC.  

For the static EMG measure, the only muscles that did not exceed the 2% threshold were the SCM-

R and the UTR muscles (Figure 5.12). The level of muscle activity recorded for the SCM-L and UNE 

muscles reflect the muscular demands for the correction stage of target acquisition in anticipation of 

dynamic movement to the reciprocal target. Thuresson et al. (2003) [104] reported similar neck extensor 

(lower and upper) activity between 7% and 10% of MVC for ipsilateral neck flexion and rotation maintained 

for five seconds. This low level of activation for the SCM-L and the UNE-R exceeds the magnitude of 

muscle activation, 5% of MVC [54], shown to cause localized muscle fatigue and pain. This should be a 

little concerning as participants in our study held these non-neutral quasi-static postures for only brief 

periods of time, on the order of 400 ms, whereas as rotary-wing aircrew are frequently exposed to prolonged 

static postures in non-neutral positions. During operational activities, 35 degrees of neck axial rotation 

and/or flexion-extension are routinely exceeded in several scanning tasks of aircrew [98], particularly for 

pilots engaged in search and rescue activities [109]. Murray et al. (2016) [109], reported sustained muscle 

activity of approximately 10% MVC in the UNE during sorties and noted an increase in muscular demand 

in portions of the mission related to search and rescue tasks. Furthermore, while the magnitude of static 

muscle activity recorded in our study is slightly lower than these investigators [109], low-level static 

exertions have been reported to be a risk factor for the development of cumulative trauma disorders and 

repetitive strain injuries [55]. Though the relationship between low-level static muscle contractions and 
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musculoskeletal disorders has not been fully characterized [55], musculoskeletal disorders have been found 

to be high in professions in which exposure is within the recommended levels of static loading [109]. While 

statistical differences were not found between Exposure Status conditions, the level of muscle activity 

observed during these briefly held static postures are a cause for concern. 

Peak muscular demand assessed in this study relates to the acceleration stage of rapid aiming head 

movements and the scanning movements required of pilots and flight engineers. When participants acquired 

the right target (target 4) in the Off-axis movement trajectory, the right upper neck extensors (UNE-R) had 

peak EMG values on average that exceeded 50% MVC. Within trial data of the UNE-R for some 

participants exceeded 120% of MVC. For fixed-wing pilots, various investigators define muscular strain as 

episodes of peak muscular activity that exceed 50% of MVC [57]–[59]. The magnitude of peak muscular 

demand recorded for the upper neck extensors in this study warrants further investigation to understand the 

potential injury implications. In quantifying parachute opening shock of sky divers, researchers [95], [110] 

have determined that transient EMG peaks of the neck muscles are tightly coupled to head acceleration, 

which may offer insight into neck pain sustained relative to high transient peak muscle activity. 

5.6 Limitations and Future Directions 

Care should be taken in applying these results to the general population of rotary-wing aircrew or 

to the range of potential HSM configurations, WBV levels, and operational activities. For example, the rate 

of head movement speed relative to search and rescue activities has not been previously reported. Therefore, 

it is difficult to determine how the movement speeds recorded within in this study compare to those required 

during operational activities. Given that we only measured 3 of the 20 muscle pairs that act on the cervical 

spine and head to generate multidirectional forces and movements [111], it is quite likely we did not have 

sufficient resolution to be able to fully appreciate how loading is shared between the superficial and deep 

cervical muscles. Other limitations noted in this experiment include: the assessment of only two HSM 
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conditions, the narrow age range of participants; the limited sample size of the participants evaluated; and 

the use of only male participants.   

The effect of both quasi-static posture and the use of the CW on head pitch motion in the WBV 

conditions should be evaluated to understand how different vibration resonance frequencies relate to the 

control and stability of the head. Acceleration data available for both the seat pad and helmet locations 

should be used to calculate ISO-2631-1-1997 [112] health weightings [74] to understand if posture and 

HSM configuration influence health risk. A median power frequency analysis should be undertaken to 

understand the influence of HSM and WBV on muscular fatigue. Additionally, an analysis of neck muscle 

coactivation relative to peak head acceleration should be undertaken to better understand overall muscular 

demand, spinal loading, control requirements and the injury potential of HSM and WBV.  

In attempting to define a threshold limit value for the inertial characteristics of the helmet-mounted 

system, further exploration of different HSM configurations and WBV levels should be conducted in 

simulated environments that closely replicate the demanding scenarios that rotary-wing aircrew encounter. 

For example, as previously highlighted, Murray et al. (2016) [109] found sustained muscle activity of 

approximately 10% MVC in the UNE during sorties. Search and rescue activities when combined with 

NVGs produced the highest levels of UNE activity and may be reflective of the substantial increase in time 

that pilots spent in non-neutral postures compared to the other conditions, such as cruise without NVGs 

[109]. Finally, it would be insightful to have pilots take part in the study to determine if their experience 

wearing different HSM configurations, as well as any potential neck strength, neuromuscular activation 

patterns, or degenerative differences affect the results. 

5.7 Conclusion 

A novel 3D visual target acquisition system was used to systematically explore the influence of the 

interdependent effects of HSM, WBV exposure, and movement trajectory on performance, and better 

understand how relevant kinematic and muscular demand measures functionally contribute to the different 
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stages of rapid aiming head movements. Indeed, consistent with the literature, WBV exposure degraded 

performance, but surprisingly led to an increase in peak velocity when wearing the HSM configuration 

without the CW. Though differences in muscular demand were not found between conditions, qualitatively, 

the magnitude of static and peak muscle activity recorded, independent of condition, suggest that further 

investigation be undertaken to validate these findings. It may be that comparing changes in individual 

muscle activity to understand neck muscle strain is too simplistic of an approach for the highly redundant 

neuromusculoskeletal system of the head and neck that relies on tightly coupled synergistic muscle 

recruitment to complete goal-oriented movements. Nevertheless, the level of static and peak muscle activity 

recorded during rapid aiming head movements are somewhat concerning. Despite the lack of statistical 

differences between Exposure Status conditions from a muscle activation perspective, the neck trouble issue 

for military aviators is still at large. The mitigation of this complex problem requires the development and 

use of measures that can reveal how occupational risk factors influence the integrated neuromuscular 

system, rather than focusing solely on individual elements. The sensitivity of simple measures such as target 

acquisition time and time to peak velocity, further underscores the importance of using approaches that 

capture the differences in performance and movement outcomes due to WBV and HSM.  
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Chapter 6 

General Discussion 

 

6.1 Introduction 

Aircrew neck pain is a complex, multifactorial issue that requires a systematic assessment approach 

to better understand the interdependent performance effects arising from the myriad of occupational risk 

factors. The development of the three-dimensional visual target acquisition (3D-VTAS) was prompted by 

a lack of transparent, robust, and reliable functional assessment tools that exploit dynamic, goal-oriented 

head movements to evaluate the performance effects of head supported mass (HSM). Aligned with the 

objectives of this research, several validation activities confirmed that the 3D-VTAS: 1) satisfied the 

established functional requirements (Study 1); 2) achieved fair to excellent between-day test-retest 

reliability for three human performance metrics (target acquisition time, time to move off target, and error 

index) after accounting for within-day familiarization (Study 1); and 3) confirmed that the established 

human performance metrics were sensitive to changes in added HSM (Study 2 and 3) and whole-body 

vibration (WBV) as assessed in Study 3. Aside from confirming that the prototype 3D-VTAS as designed 

met the functional requirements and was sensitive to changes in HSM and other ergonomic risk factors such 

as posture, and WBV, it is appropriate to consider the collective implications of this research. 

 

6.2 Integrated Summary 

6.2.1 A Novel System to Assess Performance and Function of the Cervical Spine 

An identified limitation of most current approaches in assessing neck pain is an overreliance on 

static outcome measures. The need to evaluate dynamic head movements in relation to HSM and neck pain 
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has been highlighted in recent investigations, where consideration should be made for the high-fidelity 

reproduction of the speed of movements and the range of motion extremes that occur during in flight 

activities [1], [2]. A critical appraisal of the literature (Study 1) facilitated the identification of three different 

lines of research inquiry to inform the motivation and basis for developing and designing a system to 

evaluate the effects of HSM and neck pain on performance. These lines of research inquiry were: 1) time-

optimal head movements [3]; 2) fast cervical axial rotations [4]; and 3) Fitts’ Law inspired rapid aiming 

head movements [5]. The incorporation of rapid aiming head movements into the design of the 3D-VTAS 

was pivotal in overcoming the limitations associated with static outcome measures. For example, De Loose 

et al. (2009) found no differences in neck muscle strength and joint position sense in fixed-wing pilots with 

and without neck pain [6], supporting the hypothesis that static measures are not sufficiently discriminative. 

The conceptualization, design, and development of the 3D-VTAS directly addressed the need to assess the 

effect of operationally relevant HSM during the execution of high-fidelity head movement speeds and range 

of motion extremes. 

Embedded within our design process, verification activities were conducted (Study 1) to confirm 

that the system satisfied the functional requirements and that the system was ‘built right’. To perform 

system verification, rapid aiming movements of the unloaded head were used to evaluate the effect of target 

size and movement trajectory on target acquisition performance. An important consideration in designing 

the 3D-VTAS was ensuring the laser pointer and associated equipment were as light as possible. System 

verification activities, as anticipated, confirmed that movement trajectory was fastest for axial movements 

about the yaw axis and that target diameter appropriately influenced mean target acquisition time (TAT) 

and error index (EI). Aligned with our expectations, axial head rotations (yaw) produced the fastest TATs 

compared to the sagittal plane (pitch) and the two off-axis movement trajectories (combined yaw, pitch, 

and roll), demonstrating the ability of the 3D-VTAS to detect meaningful differences in performance. Our 

findings were different compared to the work of others. Jagacinski and Monk (1985) [7] did not find 

differences in performance between axial and sagittal movements, which may be attributable to their use 
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of a 1.5 kg helmet sight. Our use of a substantially lighter laser pointer (110 g) likely decreased muscular 

demand in the non-neutral aspects of the dynamic movements and was important in ensuring the system 

was built right and sensitive to known performance differences associated with movement trajectory.  

System validation is an important aspect in the development of a new performance-based system 

and often requires a determination of test-retest reliability. Imperative to this investigation (Study 1) was 

contextualizing the influence of task familiarization on performance in relation to test-retest reliability. 

Similar to the work of Little et al. (2015) [8], we found that participants’ performance stabilized after the 

first two sets of trials and that the use of a Fitts’ law paradigm was not overly prone to task familiarization 

effects. Between-day test-retest reliability also improved, achieving fair to excellent intraclass correlation 

coefficient (ICC) results after the first two trials, indicating that task familiarization and test-retest reliability 

are indeed related. In ensuring that the ‘right’ system was built, our validation activities confirmed that the 

system, in the absence of inactive regions on the solar panel, is repeatable. 

The development of the 3D-VTAS is novel (see U.S. Patent and Trademark Office, Patent Number 

- 10,712,830 [9], Appendix F). However, other systems, such as the ‘Fly’ [10], [11] or ‘Dynavision D2’ 

[12], incorporate dynamic head and arm movements to respectively facilitate the assessment of cervical 

spine dysfunction including chronic neck pain, whiplash-associated disorders, and post-concussion 

syndrome. The ‘Fly’ test is purported as a clinical test that measures the control of cervical spine movements 

and “addresses an important proprioceptive function, which is the regulation of movements, i.e., detection 

and correction of errors through feedback and reflex mechanisms, while performing active movements” 

[11].  However, the main drawback of the Fly test is that it is challenging to generate incrementally difficult 

sets of movement patterns to precisely grade the impairment [10]. Additionally, the ‘Fly’ makes use of a 

computer monitor which is constrained in size and may not allow consideration of dynamic movements 

across the full range of motion of the cervical spine. The 3D-VTAS currently facilitates the detection and 

correction of errors through feedback and reflex mechanisms. The potential to incorporate different index 

of difficulty (ID) levels into the existing 3D-VTAS design should overcome the limitations of the ‘Fly’. 
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Clark et al. (2017) [12] using the Dynavision D2 demonstrated that visual reaction time is a sensitive metric 

to discriminate healthy participants from individuals with post-concussion visual symptoms. Furthermore, 

longitudinal studies on NCAA football players have shown that vision training, incorporating Dynavision 

D2 light board training over several football seasons, resulted in a significantly lower rate of concussion 

[13]. Arguably, the 3D-VTAS could potentially be used to assess cervical spine dysfunction and also 

facilitate vision training to enhance visual reaction time. Future work will be prioritized to examine the 

ability of the 3D-VTAS to detect cervical spine dysfunction. 

6.2.2 Performance Effects of HSM 

The performance measures used in this dissertation to probe the effects of HSM on performance 

included target acquisition and kinematic metrics. To further understand the effect of HSM on performance, 

it is important to elaborate on the how the work presented in this dissertation relates to similar work 

undertaken by other investigators. 

To address the potential performance degradations associated with HSM and other occupational 

risk factors, a systematic approach was developed and employed that enabled these risk factors to be 

examined in isolation (Study 2) and in combination (Study 3). Added HSM can adversely affect mission 

effectiveness either directly via physical effects or indirectly via fatigue [14].  The physical effect of 

increased inertia alone causes rapid lateral head movements to be delayed. As early as 1968, research at the 

U.S. Army Human Engineering Laboratory showed that HSM “in excess of 2.4 kg (5.3 pounds) slowed 

head motions, as well as degraded the performance of complex sighting tasks” [14]. The research findings 

within this dissertation both corroborate this pioneering work but also add to it. For example, Fraser and 

Alem (2005) [15] found that target location and helmet mass affected target acquisition time. Similarly, we 

found that movement trajectory in the absence of WBV systematically influenced performance. The 

deployment of the 3D-VTAS facilitated an evaluation of both the static postures adopted as a result of night 

vision goggle (NVG) use and the dynamic head movements of rotary-wing aircrew required in maintaining 

situation awareness. By incorporating a pre-defined acceptable dwell time duration of approximately 300 
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ms, we were able to assess the quasi-static aspects of control and provide a repeatable means to quantify 

reaction time and movement initiation. An important aspect of verifying the operational relevance of the 

3D-VTAS was confirming that our experimental approach had a high degree of ecological validity. To this 

end, angular head position data, from the Mission Function Task Analysis conducted by Tack et al. (2014) 

[16] (made available by DRDC staff), were differentiated and used to confirm the operational relevance of 

using the 3D-VTAS to generate time-optimal rapid aiming head movements. Indeed, average peak 

velocities about the yaw (200°/ s) and pitch (150°/ s) axes found in Study 3 were similar to the range of 

peak velocities determined for scanning activities of the flying pilot and flight engineer. Albeit the postural 

sequences evaluated in the Mission Function Task Analysis were not conducted in Situ. While various 

investigators have studied the head position [17]–[20] and rate of movements [19], [20] during fixed-wing 

sorties, data is quite limited for the rotary-wing environment. To gain a more fulsome understanding of the 

key contributors to aircrew neck pain, the range of head positions and movement speeds should be 

determined during a sortie. 

The use of time-optimal rapid aiming head movements with two ID levels contrasted against two 

different HSM configurations similarly challenged participants’ ability to stabilize their head (Study 2). 

Added mass to the head increases the potential energy of the head-neck system which is known to decrease 

stability [21], [22]. This decrease in stability may have contributed to the increased TAT and EI for the H-

HSM condition compared to the L-HSM condition (Study 2) and may have implications for participants’ 

degraded performance when subjected to WBV (Study 3). While the addition of a counterweight 

redistributes the load relative to the head’s center of mass (COM) and is believed to reduce muscular strain 

[23], in some postures the added mass may destabilize the head, which in turn requires increased neck 

muscle activity [24]. The addition of HSM and exposure to WBV decreases participant’s ability to control 

their head and stabilize their gaze on target. 

Though a limited number of HSM configurations were evaluated within this dissertation, the use 

of time-optimal head movements enabled the detection of relatively small differences in HSM. Notably, an 
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investigation conducted in parallel by Healey, Derouin, Callaghan, Cronin, and Fischer (2020) [25] 

examined a broader range of HSM configurations using the 3D-VTAS. However, it is important to highlight 

 and contrast the results of this study against the findings presented within this thesis, as important 

differences in the instructions provided to participants are believed to significantly influence the 

performance differences between various HSM configurations. Healey et al. (2020) [25] instructed 

participants to “acquire as many targets as possible”, but did not instruct participants to move as fast as 

possible, which may have influenced performance as participants could have adopted a different movement 

strategy that was not time optimal. Subsequently, differences in peak velocity and acceleration were not 

found between the four HSM conditions (helmet alone – hOnly; helmet and NVGs – hNVG; helmet, NVGs 

and traditional counterweight – hCW; and helmet, NVGs, and a CW liner – hCWL). Ancillary results to 

this work by Healey et al. (2020) also did not find differences in TAT between the four HSM configurations. 

The use of time-optimal head movements to explore these different HSM configurations may have resulted 

in different outcomes. In contrast, throughout the series of experiments (Study 1, 2, and 3), we provided 

participants with consistent instructions to move their head as rapidly as possible; which is aligned with the 

definition of time-optimal head movements “in which a motivated subject is instructed and attempts to 

change the position of his head as ‘fast as possible’ from one position to another” [3]. As expected, we 

found performance differences between the operationally relevant H-HSM (Helmet and NVGs) and the L-

HSM (GoPro strap and 3D-tubes) configurations (Study 2). In the absence of WBV (Study 3), we detected 

small but significant differences in performance for TAT and EI between HSM configurations that differed 

by only ~ 600 grams, the mass of the counterweight (CW). Providing participants with consistent 

instructions to move their head as fast as possible is critical to detecting performance differences and 

understanding the influence of different operationally relevant HSM configurations on performance. 

6.2.3 Effects of HSM on Muscular Demand 

Muscular demand may be evaluated by using measures such as muscle activation amplitude, 

spectral analysis, and co-contraction. To further understand the effect of HSM on muscular demand, it is 
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necessary to elaborate on the how the work presented in this dissertation relates to similar work conducted 

by other researchers. 

Healey et al. (2020) [25], despite not detecting performance differences, did find that neck muscle 

activity was significantly influenced by HSM condition during rapid scanning head movements. Across the 

six bilateral neck muscles evaluated, 50% (five of the ten) of the significant pairwise differences reported 

were between the hOnly and the ‘helmet and NVG’ conditions. Unsurprisingly, the neck muscle activity of 

the hOnly condition was always lower than that of the helmet and NVG configuration. Similarly, in an 

evaluation of various non-neutral statically held neck and trunk postures, Thuresson et al. (2003) [26] did 

not find changes in muscle activity between the hNVG (helmet and NVG) and the hCW (helmet, NVG, and 

counterweight) configurations, but did report an increase in upper neck muscle activity between these 

configurations and the helmet only condition. While our static EMG results were not significantly different 

between Exposure Status conditions, the levels of static muscle activity recorded corroborate the findings 

of Thuresson et al. (2003) [26], Murray et al. (2016) [27], and Healey et al. (2020) [25]. Interpretation of 

our peak EMG results should be done with caution as we did not use the same definition of muscular strain 

as other researchers. Previous investigators have defined muscular strain as episodes of muscle activity that 

exceed 50% of maximum voluntary contraction (MVC) for either 1 s [28], [29] or 100 ms [30]. Peak UNE-

R muscle activity recorded across conditions on average was greater than 50% of MVC. Nevertheless, these 

levels of muscular demand represent a potential injury pathway for rotary-wing aircrew, who are routinely 

required to complete scanning tasks during missions. 

Added load to the head in the form of NVGs also increases the neck flexor moment. To maintain 

the head in a neutral posture, in principal, a subsequent stepwise increase in muscle activity of the neck 

extensors is expected. Oddly, many investigators report contrary results. For example, Thuresson et al. 

(2005) [31], evaluated three HSM conditions (helmet; helmet and NVGs; and helmet, NVGs, and 

counterweight) with the head in a neutral position and in 20° neck flexion and found that the magnitude of 

the induced biomechanical load was higher than the superficial dorsal neck muscle activity indicated, 
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particularly when related to maximum strength. Similarly, our lack of significant differences in EMG 

amplitude between Exposure Status conditions (Study 3) is puzzling. Two hypotheses have been put forth 

in the literature to explain this perplexing finding: 1) load sharing by connective tissue of the cervical spine 

[31]; and 2) load sharing between the superficial and deep muscles of the cervical spine [32]–[34]. 

According to Thuresson et al. (2005) [31], “the reason for the low activity levels in the flexed position with 

relatively high loads might be that the muscles are counteracted by connective tissues in the flexed 

position”, which is similar to the flexion-relaxation phenomenon in the lower back [35]. Given the 

redundancy of the cervical spine, we reasoned that load sharing between neck muscles with similar lines of 

action, in combination with movement variability, may redistribute the load around the joints and muscles.  

Previous investigators [36] have analyzed EMG data of U.S. navy pilots using a ‘moving window’ spectral 

analysis technique and found that as muscles fatigue that there is an increase in root-mean-square (RMS) 

amplitude and a decrease in frequency. Surprisingly, they reported that for some subjects the RMS value 

decreased before the subject fatigued, which they contend is indicative that other muscle groups are being 

recruited. In 2018, Wright-Beatty et al. [37] reported a decrease in median power frequency with increasing 

vibration levels while sitting on the original equipment manufacturer (OEM) cushion compared to a passive 

mitigating cushion. While we did not assess EMG spectral characteristics in Study 3, we did not find an 

effect of time on either the static or peak EMG metrics evaluated. Given the lack of statistical EMG 

amplitude findings in Study 3 and related work, future work should explore if different combinations of a 

broad range of HSM configurations and WBV levels influence the median power frequency of the EMG 

signal. Due to load sharing between neck muscles, the magnitude of neck muscle activity does not match 

the moment demands and thus requires a different approach to capture changes in muscle recruitment 

related to fatigue. 

In evaluating quasi-static head movements, Callaghan (2014) [38] did not find main effects of neck 

muscle co-activation between five different HSM configurations during static postures, but he did find an 

interaction effect between HSM and posture. Callaghan reported that the two counterweight conditions had 
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the highest values in the combined posture of 45° rotation and 30° extension. Similarly, Healey et al. (2020) 

[25] found that co-contraction was increased for the two counterweight conditions (CW and CW-liner), 

compared to the helmet only and NVG conditions, for rapid aiming head movements about the yaw axis of 

the cervical spine. For aviators who frequently assume deviated postures beyond 35 degrees these results 

suggest that the use of a CW may have deleterious consequences, particularly if the CW is too heavy [39]. 

These results reinforce that posture in combination with HSM are critical factors affecting muscular 

demand. 

6.2.4 Interdependent Effects of WBV, Posture, and HSM 

In the absence of WBV, time-optimal movements are most efficient about the yaw axis of the head. 

The neuromusculoskeletal system of the cervical spine in the absence of WBV for the unloaded head (Study 

1) and loaded head (Study 2 and Study 3) generated the lowest TAT in axial-constrained head movements. 

In Study 3, operationally relevant WBV (5.4 to 43.2 Hz) degraded performance primarily during the homing 

phase or corrective stage of target acquisition and reflects the inability of participants to voluntary attenuate 

pitch motion of the head. The lack of substantial performance improvements related to the duration of WBV 

exposure (Study 3, see section 5.3.5) highlights the inability of the neuromuscular system to attenuate 

operationally relevant WBV. 

Reflexes inherent to the head-neck system such as the vestibulocollic reflex (VCR) and 

cervicocollic reflex are known to facilitate neck muscle activation to attenuate vibration-induced 

perturbations of the head.  However, these reflexes are only responsive to vibration frequencies between 1-

4 Hz [40], [41]. For example, Goldberg and Cullen (2011) [40] assert that “the influence of the VCR on 

damping is concentrated in a relatively narrow band (1–3 Hz) centered on the resonant frequency”. 

According to Happee et al. (2017) [41], “this modulation of control may well be beneficial in terms of 

comfort, limiting the transfer of 1–4 Hz horizontal seat motions to the head, where comfort standards for 

whole-body vibration attribute considerable weight to these frequencies (ISO-2631-1 1997)”. 

Unfortunately, the nervous system through reflexive control is unable to attenuate pitch movements induced 
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by seat-to-head vibration transmission above 4 Hz, and thus the ISO-2631 standard should be revisited to 

account for higher frequency vibration transmission to the head and neck [37] that are known to contribute 

to discomfort and muscular fatigue [37]. The lack of an efficient neuromuscular feedforward or feedback 

reflexive control system to mitigate WBV above 4 Hz might explain the lack of statistical EMG findings 

between Exposure Status conditions.  

Low magnitude, cyclic, axial loading of the cervical spine induced by vertical WBV might be a 

plausible mechanism of neck pain and injury [42]–[44], as a “high number of cycles applied in a condensed 

period will undoubtedly result in some structural changes or degeneration of the involved tissues” [42]. In 

vitro disc degeneration has been observed empirically in porcine spine specimens as low as 240 N [42] and 

results in changes to cadaveric disc height induced at 150 N [43].  

During statically held postures the response of the head-neck system to WBV might be equivalent 

to a passive underdamped second order mechanical system [40], [45], where the active force contributions 

of individual muscles are minimally increased compared to the non-vibratory conditions. While an increase 

in co-contraction in response to vibration has been reported for forearm [46], arm [47] and thigh [48] 

muscles, limited research investigating the role of co-contraction during seated WBV exposure is equivocal. 

For example, Slota (2008) [49] did not find an increase in trunk muscle co-activation during 30 minutes of 

exposure to seated WBV, while other investigators for higher magnitude accelerations reported an increase 

in co-activation of the trunk muscles [50]. Posture and HSM are concomitantly known to increase neck 

muscle co-contraction [25], [38]. Given that co-activation is used a strategy by the neuromuscular system 

to increase joint stiffness [21] and movement accuracy [51], it is plausible that antagonistic muscle activity 

is increased during WBV exposure to mitigate the oscillatory perturbations induced by WBV. 

Understanding how posture and HSM configuration influence the transmission of axial WBV from 

the seat to the head is extremely important to reducing the risk of neck trouble. While the excellent 

dissertation work of Butler (1992) [52], titled ‘Helmeted Head and Neck Dynamics under Whole-Body 

Vibration’, examined the effect of short duration exposure to 12 different HSM configurations and 5 distinct 
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sinusoidal axial vibration frequencies (3, 4, 8, 12, and 16 Hz) on head pitch motion and ultimately informed 

the development of the United States Army Aeromedical Research Laboratory (USAARL) curve; no 

considerations were given to the effect of non-neutral postures on performance outcomes. It is important to 

 highlight the importance of considering all the risk factors, as highlighted in an excerpt from the 2019 US 

report to the Armed Services Committees of the Senate and House of Representatives: [53]: "The literature 

most frequently cites the relationship between the helicopter pilot occupation and neck and back pain, which 

are exacerbated by increased head-supported mass, and aircraft vibration and aviator posture, respectively”. 

Future analysis of the current data set (Study 3) is imperative to furthering our understanding of the potential 

co-activation strategies adopted by the neuromuscular system to maintain stability of the head when 

challenged by non-neutral postures, HSM, and WBV. 

6.2.5 Design and Administrative Considerations 

Five causal factors, identified by the NATO HFM-252 Task Group [54], are believed to contribute 

to aircrew neck pain (see Figure 1-2 and Table 1-1) and serve as a useful framework to develop potential 

solutions. These causal factors are: 1) human factors; 2) body-borne equipment; 3) aircrew behaviours; 4) 

aircraft workspace; and 5) organization. Vital to resolving the issue of neck trouble is understanding the 

interrelationships between these causal factors on performance and function. The work presented in this 

thesis demonstrates that added HSM and exposure to WBV degrade performance, while placing 

considerable strain on the muscles of the cervical spine. While changes to the aircraft workspace and 

aircrew behaviours may be more challenging to implement, improvements to the design of body-borne 

equipment (i.e., helmet mass, COM, and inertia) and organizationally driven work-rest schedules are areas 

where feasible enhancements could reap huge dividends in terms of safety and reduced risk of developing 

chronic neck pain.  

The performance degradations associated with added HSM (Study 2 and 3) further reinforces the 

need to revisit the established USAARL curve and include required recovery periods based on length of 

wear time. Concurrently, these results should inform the re-design of NVGs towards a sleeker, lighter 
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device that does not anteriorly shift the COM of the head. As the research community continues to work 

towards re-defining the acceptable limits for mass and its distribution on the head, it is imperative that time-

optimal movements that replicate the rate of head movements assumed during operationally relevant 

scanning tasks be employed. 

A recent Innovative Solutions Canada Program Challenge, EN578-170003/06: Night Vision 

Ergonomics Enhancement, solicited and challenged bidders to propose and develop alternative technologies 

to image intensifiers (NVGs), with the goal of providing an integrated platform (NVG and Helmet) that 

mitigates aircrew neck pain issues. While the results of this ongoing work will likely take quite some time 

before a feasible solution is implemented. Certainly, the use of thin-transistor film liquid crystal or organic 

light emitting diode displays [55] could offer a lightweight solution that could approach the mass of a helmet 

only configuration. The 3D-VTAS could be used as part of the assessment strategy and the bidder 

evaluation for feasible solutions that have reached technological maturity. 

If the mass of NVGs and other helmet-mounted devices cannot be readily re-packaged in the 

foreseeable future, the 3D-VTAS could be explored as a platform for monitoring aircrew for excessive 

muscular fatigue and detecting the development of sub-clinical neck pain. This would be quite useful in 

determining appropriate work-rest intervals for aircrew scheduling and a potential third dimension of a 

revised USAARL curve (see section 6.5.1). 

6.2.6 Contribution to Ergonomics 

The systematic approach taken in this dissertation in considering static postures and dynamic rapid 

aiming head movements in different movement planes over large rotational amplitudes adds to our shared 

understanding of how HSM and WBV affects performance. Collectively, the results of these studies 

demonstrate that the 3D-VTAS is a valid means to facilitate reciprocal, rapid aiming head movements to 

systematically explore the ergonomic risk factors relevant to the rotary-wing environment including HSM, 

posture, and WBV. The conceptualization, development, validation, and deployment of the 3D-VTAS to 

assess HSM, posture and WBV serves as a benchmark by which researchers, practitioners, and clinicians 
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may use to facilitate further exploration of neck trouble in aircrew. Certainly, the development of the novel 

3D-VTAS meets the call of Winters and Peles (1990) [56] who identified “a great need for new diagnostic 

tools for functional assessment of the head-neck system”. As demonstrated in this dissertation, the 3D-

VTAS enabled the quantification of novel and meaningful performance and kinematic measures. 

Additionally, the timing information generated by the 3D-VTAS was exploited to facilitate the calculation 

of static and peak EMG measures, which are both important in understanding the control aspects of rapid 

aiming head movements under load and vibration. Furthermore, the use of goal-oriented, dynamic 

movements as a paradigm to evaluate ergonomic risk factors and neck pain also satisfies the 

recommendations of Bahat et al. (2010) [57], who stated that, “unlike range of motion and other static 

measurements, these dynamic variables (velocity and smoothness of cervical motion) reflect functional 

cervical motion and therefore contribute to a better understanding of the impairment associated with neck 

pain”.  

The issue of neck trouble in military aircrew is complex and requires robust tools to facilitate the 

systematic exploration of the myriad of occupational risk factors present in the operational environment. 

Though the unloaded head (Chapter 3, Study 1) and loaded head (Chapter 4, Study 2) generated the lowest 

TATs in axial-constrained head movements, the combination of HSM and WBV appear to equalize 

performance outcomes across the two movement trajectories explored in Study 3. Despite not being able to 

solve the neck trouble issue in this dissertation, the development of the 3D-VTAS and its deployment in 

simulated environments paves the way for future work aimed at resolving the multifaceted issue of neck 

pain in military aircrew. 

6.3 Strengths of the Dissertation 

Our work further extends the use of Fitts’ law to three dimensions and carefully incorporates 

concepts of  “behavioural measures such as reaction time (RT), movement time (MT) and error data to gain 

further insight in the underlying processes that could explain Fitts’ Law” [58]. The use of these measures 
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is also quite relevant in explaining the effect of movement trajectory, HSM, and WBV on performance. 

Additionally, the timing signals from the 3D-VTAS facilitated the calculation of time to peak velocity and 

static EMG. Other metrics such as time to EMG onset, time to peak EMG, and time to peak acceleration 

could also facilitate a deeper understanding of the control aspects of time-optimal head movements under 

load.  

The deployment of a prototype version of the 3D-VTAS in this dissertation was not without its 

shortcomings and criticisms. For example, National Research Council Canada pilots who have observed or 

used the 3D-VTAS have commented that the size of the targets used is not representative of what they 

might focus their attention on during operational scanning activities. Not to dismiss their comments, but 

the use of time-optimal, rapid aiming head movements with the 75 x 75 mm targets employed in Study 3 

of this dissertation facilitated the detection of performance degradations (i.e., increased TAT and EI) 

associated with HSM differences of approximately 600 grams and exposure to WBV (i.e., increased TAT, 

EI, and TTPV). Furthermore, by using two different target sizes (20 mm and 60 mm) in Study 2, we were 

able to demonstrate that operationally relevant HSM (H-HSM/60 mm target) similarly degrades 

performance by influencing accuracy and movement control akin to the L-HSM/ 20 mm target  (see Figure 

4.4). Though the target sizes employed in this dissertation may not be representative of those encountered 

during operational activities, it is important to point out that Gallagher et al. (2008) found no performance 

differences in their awareness checks and a visual search task (see Figure 9 [59]), which ‘proved to be too 

easy”. Nevertheless, when making improvements to the 3D-VTAS consideration of the most appropriate 

target sizes to use in future work will be prioritized. 

By asking participants to move their head as fast as possible, we also took advantage of the 

principles inherent to Newton’s Second Law (i.e., F = ma or a = F/m or angular acceleration α =  / I), 

where angular acceleration (α) or peak velocity () of the head is directly proportional to the torque ( = F 

x r) generated by the neck musculature and inversely dependent on the combined inertia (I) of the head and 

helmet. During the acquisition and correction (homing) stage of rapid aiming head movements, the concept 
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of angular momentum is also important to consider. Anecdotally, added mass to the head increased target 

overshoot during the homing phase, which may be representative of an underdamped second order system 

[40], [45]. The braking process employed by the neuromuscular system appears to be dependent on the 

speed of movement and whether the agonist muscle forces exceed the passive viscoelastic tension (force) 

developed in the agonist and antagonist muscles. In evaluating three different movement speeds (natural, 

low speed, and high speed) of the elbow joint, Lestienne (1979) [60] found that peak velocity for the high 

speed movements occurred earlier during the ‘transport phase’. He also reported that the braking process 

for the natural and low speed movements relies solely on viscoelastic forces when the agonist force is below 

a force threshold between 20 to 35 N. Adding inertia to the head increases the kinetic energy of the moving 

mass which must be dissipated [61]. The importance of using time-optimal rapid aiming head movements 

as a research paradigm will allow the future exploration of the strategies employed by the neuromuscular 

system to arrest the angular momentum of the loaded head and may contribute to an increased understanding 

of the injury mechanisms related to neck pain. 

 

6.4 Limitations 

  

Several limitations from a technological and logistical (experimental design) perspective need to 

be considered when assessing the contribution of this dissertation to furthering our understanding of how 

occupationally relevant risk factors such as HSM, posture, and WBV affect performance and function. 

6.4.1 Technological Limitations 

6.4.1.1 3D-VTAS 

The use of only two HSM configurations in both Study 2 and 3 represent additional areas for 

improvement. However, to better understand how inertia influences performance and movement accuracy, 

in Study 2, it was important to contrast a minimal HSM (L-HSM) against an operationally relevant HSM 
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(H-HSM) configuration. The difference in ID between the 20 mm target (ID = 8.07) and the 60 mm target 

(ID = 6.49) represents a 24.3% increase, while the addition of 2.47 kg to the average head (4.46 kg) 

represents a 55.4% increase. Given we did not find a difference between the L-HSM+20 mm target 

compared to H-HSM+60 mm target combination, further work should be undertaken to determine how 

different HSM and ID levels are related. The incorporation of more appropriate sized targets along with 

careful consideration of a more diverse set of HSM configurations will facilitate the ultimate goal of this 

research, which is to re-define performance-based acceptability criteria or threshold limit values for mass 

and COM location that eliminates aircrew neck pain. 

The implementation of the 3D-VTAS in this dissertation did not explore a range of target sizes and 

movement amplitudes (target span angles) typical of Fitts’ Law research. Typically, investigators who 

conduct research exploring Fitts’ Law related concepts compare empirical results to those predicted with 

the formula for movement time (i.e., MT = a + b(ID)). Unfortunately, given the constraints of exploring the 

effect of multiple occupational risk factors on performance, such as posture, HSM, and WBV, we were not 

able to quantify performance against a broader range of index of difficulties (IDs). Future work should 

explore how movement plane (axis of cervical rotation), target width, and target span angle 

interdependently influence target acquisition performance. 

Another area for improvement relates to the non-deterministic aspects of the responsiveness of the 

3D-VTAS. The dwell time metric employed within this dissertation is one of many potential determinants 

of system performance. Although we did not find significant differences in recorded dwell time between 

any of the conditions evaluated across the dissertation’s three studies, the system’s performance based on 

the use of the NI-USB-6001 A/D system could be improved to minimize variability between the multiple 

reciprocal aiming motions captured in each trial. Additionally, to minimize the potential contribution of 

system lag to increased error rates, the end to end latency of the system should be constrained to between 

20 ms to 75 ms [62], [63], in consideration of cost and availability of technology. 
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Though the results of this dissertation generally demonstrate that the 3D-VTAS is a valid and robust 

approach for assessing operationally relevant HSM, postures, and WBV, the system in its present form does 

have some technological limitations. The 3D-VTAS was developed under constrained cost and time. For 

example, the use of the Sundance solar panels, which were relatively inexpensive and readily available, 

unintentionally lead to performance repeatability issues for the 60 mm targets, as highlighted (Study 1 and 

Study 2). The solar panels initially procured had inactive regions that were found to contribute to lower 

test-retest reliability scores in the 60 mm target conditions. To overcome this design concern, different solar 

panels with similar electrical parameters, but without inactive regions, were procured and utilized in study 

3 (Chapter 5, Figure 5.2; Appendix E, Figure E.14).  

6.4.1.2 Replica NVGs 

Though our best attempts were made to match the mass properties of the replica NVGs to the 

functional NVGs used by Griffon aircrew, due to the International Traffic in Arms Regulations (ITAR) 

restrictions and Controlled Goods program of Transport Canada Civil Aviation [64], it is difficult to fully 

understand if the inertial properties of the replica NVGs were accurate. However, we were able to increase 

the fidelity of the mass and operability of the replica NVGs in the last study (Study 3 – Chapter 5). In the 

second study (Chapter 4), the mass of the replica NVGs was matched to that of specification provided on 

an NVG product data sheet. In the last study (Chapter 5), the proper NVG mount and a mounting plate with 

the appropriate pins to interface with the mounting bracket detents on the helmet were procured to increase 

the robustness of the helmet-NVG interface.  

6.4.1.3 Helmet and Auxiliary Equipment 

Our best attempts were made to properly fit the helmet to each participant, however, typically a 

qualified Aviation Life Support Equipment (ALSE) technician is used to size and fit the helmets. This 

limitation may have unknowingly contributed to increased movement and shifting of the helmet with 

respect to the head during rapid aiming head movements. However, while survey results indicate that 
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acceptable helmet fit is attained for up to 84% of aircrew respondents [65], [66], subjective comments 

indicate that slipping and shifting of the helmet is a persistent issue, particularly when NVGs are used [65]. 

NVG use in conjunction with aircraft vibration is also associated with forward tilting of the helmet [65], 

[67].  

6.4.1.4 EMG Signal Integrity and Normalization 

To quantify the muscular demands associated with rapid aiming head movements under load and 

WBV, many steps were required during the collection and processing of the maximum voluntary 

contractions and the trial EMG signals (Study 3). Notch filters were used to eliminate electromagnetic 

interference from the EMG signal, which may have inadvertently reduced overall signal power. Given the 

extended duration of the study, one or more of the three monopolar electrodes at different muscle sites may 

have become detached from the skin and very infrequently required the data to be discarded. 

6.4.2 Experimental Design Limitations 

Given the developmental aspects associated with the design and validation of a novel 3D-VTAS, 

the first study of this dissertation used a relatively small sample size of ten participants to evaluate the effect 

of movement trajectory, test-retest reliability, and task familiarization on performance (Study 1). Despite 

these sample size limitations, a moderate main effect size of movement trajectory for the TAT dependent 

variable was observed for Study 1. For Study 2 and Study 3, sample sizes were constrained to 15 and 16 

participants, respectively. Again, despite the small sample size employed, moderate and large main effect 

sizes were found for some of the dependent measures evaluated. Another limitation related to participant 

recruitment was the use of only male participants, who were typically young and uniform in age. For 

example, Harrison et al. (2011) [68] reported an average age of 35.3  5.6 years for CH-146 aircrew, which 

is substantially higher compared to the average reported ages in this dissertation (23.1 ± 2.2 years, Study 1; 

22.8 ± 1.9 years, Study 2; and 26.7 ± 5.1 years, Study 3). Previous work has shown that rapid aiming head 

movement time increases with advancing age [69]. The use of a largely homogenous young subset of the 
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male population may have inadvertently led to decreased variability in the performance, kinematic and 

EMG measures assessed here within. 

This thesis only captured data from male participants. However, in recent years, the number of 

women assuming aviator roles in the military is increasing [36]. Yet, “literature coverage is lacking, with 

scarce available studies related to specific evaluation of sex differences in the cervical and trunk 

musculoskeletal characteristics among military helicopter pilots” [70]. In 2004, based on the results of a 

neck strain survey for CH-146 Griffon aircrew, Adam [71] reported that only 2.9% of the 138 respondents 

were female. In 2016, Chafe and Farrell [72] conducted a similar survey and found that females comprised 

6.1% (13) of the 213 survey respondents. In certain squadrons, the proportion of females may be higher. 

For example, four of the 40 (12.5%) participants recruited in a 2011 CH-146 aircrew neck pain study were 

female [68].  In a 2015 multinational rotary-wing aircrew neck pain survey [73], overall, 279 (17.6%) of 

1541 respondents were female, whereas 28.6% (211 of 737) of U.S. army females were respondents. While 

the number of female respondents in the earliest Canadian Forces study by Adam (2004) [71] are not 

sufficient to examine the effect of sex on aircrew neck pain, the 2015 multinational survey [73] found that 

sex was a significant predictor of ‘pain related to flying’, with females having a higher risk of reporting 

neck pain. However, the prevalence of ‘neck pain during flying’ was not significantly different between 

male and female aircrew. 

Several diverse reasons may account for the higher risk of females reporting neck pain related to 

flying.  As a biological construct [74], sex is an important discriminator in the perception of pain [75], [76], 

anatomical variability of the cervical spine [77]–[80], neck muscular strength [70], [79], [81]–[83], 

muscular endurance [84], [85], and neck pain prevalence in the general population [86], [87].  For example, 

Fejer et al. (2006) [86], reported that “except for lifetime prevalence, women reported more neck pain than 

men”, which is contrary to the results of the Global Burden of Disease Study which reported no significant 

sex differences in neck pain [87].  In 2016, Nagai et al. [70] reported that, compared to male pilots, female 
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pilots have significantly lower cervical flexion strength, trunk flexion strength, and trunk right rotation 

strength. 

While sex differences in neck strength may contribute to the increased risk of females developing 

neck pain, these differences in neck strength may also influence the degree to which target acquisition 

performance is affected by the addition of HSM. As only male participants were assessed in this 

dissertation, our research outcomes may not be generalized to the female aircrew population.  Given the 

increased risk for females to develop neck pain and the increasing proportion of female aircrew, the 

inclusion of females in future research is an important consideration. 

 

6.5 Future Directions 

6.5.1 General Research Considerations 

The U.S. Army has recently (2019) prioritized a project to update the USAARL Performance 

Decrement Curve [73]. Since the Butler (1992) [52] study, modifications in helmet fit [88] and design as 

well as vibration exposure [37] may have improved tolerance to mass and COM offset, however, despite 

these improvements operational requirements dictate that mass and COM offsets be increased beyond the 

previously established limits [73], [89].  Accordingly, “the kinematic, performance, and physiologic 

response to these mass and CoM changes must be determined” [54], and thus the objective of the proposed 

USAARL project is to [54]:   

Assess a broad spectrum of helmet and helmet-mounted systems and expand the 

knowledge of the impact of HSM, vibration exposure, and duration of wear on multiple 

physiologic/biomechanical, kinematic, performance, and subjective measures. Neck 

pain as a quantifiable metric is difficult to assess in volunteer studies for various 

reasons, including human research volunteer protection regulations and ethics, 

variability in individual pain perception, truthfulness in responses due to concerns of 

repercussions or negative impact on job performance, and lack of an 

identifiable/standardizable ‘pain’ measure. 
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The challenges in effectively updating the USAARL curves are immense. An integrated approach 

needs to be adopted that fulsomely considers both engineering and administrative changes to equipment 

design and aircrew scheduling that includes provisions for adequate recovery in consideration of 

neuroinflammatory biomarkers, muscular fatigue, psychophysics, and performance. There appears to be a 

disconnect related to how neck pain develops and how standards to prevent aircrew neck pain are 

established. For example, many studies [52], [90], [91] have narrowly focused on the acute effects of WBV 

and HSM exposure, which ultimately led to the development of the USAARL Performance Decrement 

Curve.  However, Fraser et al. (2015) [73] report that approximately 60% of aircrew develop neck pain 

between 100 to 200 hours of NVG exposure. Additionally, the reported probability of reporting pain during 

flight after 1 hour of NVG use is ~ 42% and increases to over 60% after 5 hours of NVG use. Unfortunately, 

all too many studies [52], [90], [91], including the work contained within this thesis (Study 2 and Study 3), 

due to resource constraints only expose participants to each occupational risk factor for approximately 30 

minutes.  Yet, we know that prolonged exposure to HSM decreases endurance time, increases the root mean 

square amplitude of neck muscles, and decreases the median power frequency [59], [91].  Various 

investigators [1], [38], [59] using quasi-static awareness checks, where participants slowly assume non-

neutral head positions directed at various targets that are statically held for 5 seconds, have not reported 

differences in muscle activation between at least 5 different HSM configurations, even after 8 hours of 

exposure [59].  Similarly, Butler and Alem (1997) [92], found no significant differences in pitch response 

of the head associated with exposure duration, where participants were subjected to WBV for up to four 

hours. While these investigators reported differences in pitch response between the four helmet 

configurations, the lack of head pitch response findings over time does not match the reports of subjective 

discomfort and fatigue, and the EMG findings indicative of fatigue. For example, Nolan (2018) [93] showed 

that following induced back muscle fatigue participants reported increased discomfort when exposed to 

acute WBV and also noted increased discomfort associated with higher vibration frequencies (4.0 and 4.5 



206 

 

Hz greater than 1.25, 2.0 and 2.5 Hz, see Figure 7). To overcome the challenges associated with improving 

the USAARL Performance Decrement Curve, an integrated approach that embraces measures beyond 

vibration transmissibility is required. 

Relying only on the passive response of an underdamped second order system to establish a 

performance decrement curve clearly has its limitations. In searching for the mechanisms that contribute to 

the development of neck pain, it is imperative to revisit the inflammation (see Figure 2.1, based on 

Porterfield and DeRosa [94]) and somatosensory (see Figure 2.2, based on Treleavan, 2008 [95]) models 

and emphasize that ischemia (decreased blood flow), fatigue, and pain are common factors to each model. 

Research focused on the neuroinflammatory responses to WBV is clearly lacking. A new approach is 

desperately needed to understand the muscular fatigue and neuroinflammatory processes [96]  associated 

with both acute and prolonged independent and concomitant exposure to HSM and WBV during 

operationally relevant tasks.  

Rhomert in 1973 [97] and in earlier works provided an eloquent approach to determining optimal 

working rhythms by measuring stress and strain in static and dynamic muscular work. For both static and 

dynamic work he proposed that exponentially longer rest allowance was required to offset increases in the 

working period. For example, “doubling the holding time from 25% to 50% of the maximal time requires 

the prolonging of rest allowances from 150% to 400%; tripling the duration of working period to 75% 

necessitated a resting period, after each working period, seven times longer than the working period” [97]. 

This same approach is advocated in empirically determining adequate recovery for aircrew who fly on 

extended missions, but with the following caveats: 1) experimental exposure durations to each independent 

and interdependent occupational risk factors needs to match those encountered during missions; 2) 

neuroinflammatory biomarkers should be established at baseline and at frequent intervals throughout the 

exposure condition and followed-up after removal of risk exposure (two to four days post exposure); 3) 

performance indicators (i.e. target acquisition performance, vigilance decrement, etc.) should be established 

at baseline and at frequent intervals throughout the exposure condition and followed-up after removal of 
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risk exposure (two to four days post exposure); 4) neuroinflammatory biomarkers and performance 

indicators should be established at baseline and throughout the career of the each aircrew member and 

correlated with empirical laboratory data; and 5) fatigable musculoskeletal models of the cervical spine [98] 

that incorporate load sharing and predict offloading between redundant neck muscles should be used to 

predict endurance capacity rather than solely relying on an interpretation of EMG amplitude or spectral 

characteristics. Certainly, the old adage that ‘an ounce of prevention is worth a pound of cure’ is still 

relevant to safety engineering, workplace ergonomics, and organizational design [99]. The incorporation of 

empirically derived work-rest limits into a revised USAARL Performance Decrement Curve could have a 

large return on investment in preventing and mitigating aircrew neck trouble. 

Essentially, I am proposing that the USAARL Performance Decrement Curve be re-defined to 

include a third axis, ‘exposure duration’, in addition to the mass and center of mass considerations. This 

approach aligns closely with the threshold limit value (TLV) concept of the American Conference of 

Governmental Industrial Hygienists (ACGIH) Society which includes time-weighted average (TLV-TWA), 

short-term exposure limit (TLV-STEL) and ceiling (TLV-C) definitions [100]. Instead of attempting to 

control exposure to chemicals, lifting [101] or localized upper limb fatigue [102], the TLV concept could 

feasibly be applied in controlling the duration of exposure to mass, center of mass displacement, and WBV. 

6.5.2 Future Technological Direction  

To improve portability and reduce set up times, a wireless communication interface and protocol 

between targets and the VTAS enclosure should be developed and implemented, which is fixed at less than 

25 ms end to end. The solar panel-based targets could be designed with remotely adjustable target apertures 

to improve re-configurability between different target sizes. Biofeedback on head angular velocity on a 

trial-by-trial basis could be employed to ensure that participants are generating similar kinematic profiles 

relative to various HSM configurations, postures, and or vibration profiles; or conversely angular velocity 

of the head could be assessed as an independent variable. This could be accomplished by way of integration 

of the laserBIRDTM head tracker or alternative technology that is capable of recording head kinematics 
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relative to the torso, such as an electromagnetic tracking device (3-Space Fastrak, Polhemus, Colchester, 

VT) [103] or a motion capture suit. Additionally, eye tracking or electrooculography technology could be 

integrated within the 3D-VTAS to enable a fulsome assessment of the influence of HSM and WBV on 

saccadic eye movements. Finally, the measurement and characterization of the inertial parameters of helmet 

and helmet-mounted equipment should be conducted and linked to performance and functional outcomes 

to facilitate the development and establishment of revised tolerance threshold limits for military equipment 

designers. 

6.5.3 Near-, Medium-, and Long-Term Future Work 

  The development and validation work established in this dissertation is foundational to near-, 

medium-, and long-term future work.  

Near term, using the current dataset from Study 3 (Chapter 5), helmet and seat accelerometer data 

should be evaluated to understand if pitch control of the head is altered during exposure to WBV and the 

two HSM configurations (CW and noCW). This line of inquiry could potentially support and further 

highlight the need [37] to revise the ISO-2631-1 standard [104] to incorporate specific head vibration 

transmission limits.   

In the medium-term, it is important to understand the role of co-contraction, neuromuscular control, 

and muscular fatigue associated with prolonged exposure to HSM, WBV, and awkward postures. In 

particular, the quantification of neck muscle co-contraction may provide valuable insight into how these 

risk factors influence stiffness and stability of the cervical spine, which may be augmented by neck pain. 

For example, Cheng et al. (2014) [105] reported higher co-contraction ratios in neck pain patients compared 

to controls. Further to this line of inquiry, it is critical to understand how various levels of HSM and WBV 

and their interactions influence joint reaction forces (compression and shear), rotational joint stability [106], 

and dynamic stability [107], [108] of the cervical spine using an EMG-driven musculoskeletal model. To 

accomplish this within the Human Rated Shaker Facility at the National Research Council of Canada, 

electromagnetic tracking or motion capture technology would need to be adopted.  
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Longer term, isokinetic and or fixed frame dynamometry should be employed to account for 

potential differences between dynamic and static maximum voluntary exertion (MVE) results and to ensure 

that unity is not exceeded when EMG trial data is normalized. Further to this work, non-symptomatic and 

symptomatic aircrew should be evaluated in the laboratory and field to understand differences in 

performance, motor control and functional outcome measures including peak kinematics and co-

contraction. Additionally, the level of aircrew experience could be evaluated to determine if this affects 

head kinematics, neck muscle activation, and neuromuscular control. Lastly, it is important to understand 

how HSM and WBV influences intervertebral joint kinematics of the cervical spine during dynamic 

movements along different motion planes. This could be accomplished by working collaboratively with the 

Skeletal Observation Lab of Kingston General Hospital, which has a biplanar videoradiography system that 

uses high speed 2D X ray images in conjunction with an optical motion capture system. 

Based on the findings of this dissertation and proposed future work, rather than solely relying on 

empirical data, it may be possible to develop a modeling approach to predict injury risk, performance, neck 

kinematics, neck muscle activation patterns, and joint loading. Zangemeister and Stark (1982) [109] and 

others [110] have laid the foundation for using homeomorphic modeling to predict kinematic and EMG 

profiles associated with different movement amplitudes, directions, and loading conditions (inertial, 

viscous, and elastic). This work could be extended by the development and use of specific musculoskeletal 

multibody dynamic models of the head and neck. Therefore, we propose to address several primary 

questions related to HSM, posture, and WBV in our future research: 1) Using the 3D-VTAS performance 

metrics, kinematics, and neck muscle activation patterns, is it possible to reliably distinguish individuals 

with neck pain from the those without?; 2) Is it possible using homeomorphic or multibody dynamic 

modeling to predict injury risk based on in-flight kinematic profiles and the exposure duration of HSM and 

WBV?; and 3) Is it possible to relate the outputs of an injury prediction model to epidemiological data of 

military aircrew to influence the specifications that designers of military helmets, helmet-mounted 

equipment, and seating systems are required to meet? If successful, the findings from this continued 
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research will be very important to the military aviation community, military aircrew, and other individuals 

affected by neck pain. 
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Study 1 and 2 – Informed Consent, Queen’s University 
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Participant Briefing for the 3D-VTAS 

 

Three Dimensional Visual Target Acquisition System (3D-VTAS) 

The three dimensional visual target acquisition system (3D-VTAS) is based and extended from Fitts’ 

Law, a robust cognitive psychology principle. The system facilitates the visual acquisition of solar panel-

based targets in various movement trajectories through the use of a head-mounted laser pointer. The 

interaction of the laser pointer with each solar panel provides real-time visual feedback by way of a 

cluster of two or three tricolour (Red-Green-Blue) light emitting diodes (LEDs) that surround the round 

solar panel. Each pair of targets are separated by an angle of 70 degrees and positioned approximately 2.2 

m from the rear, top portion of the seat back. The target pairs are oriented in movement planes or 

trajectories that correspond to anatomical planes or off-axis motions of the cervical spine. Target 1 (T1) 

and target 2 (T2) are paired together as movement trajectory A (MTa) and target 3 (T3) and target 4 (T4) 

are paired together as movement trajectory B (MTb). The 3D-VTAS facilitates the continuous reciprocal 

visual acquisition of targets for a duration of 20 seconds.  

As participants direct their head on target the energy from the laser pointer induces a voltage increase 

measured across the solar panel and results in a change of LED colour from red to blue. If the participant 

remains on-target longer than approximately 300 milliseconds the LEDs change color from blue to green 

indicating successful target acquisition. Following successful target acquisition, participants as per 

instruction re-direct their gaze and move their head in a time-optimal fashion to acquire the next target in 

the movement trajectory. However, if the participant moves their head off target before the 300 

millisecond dwell time period has elapsed the LEDs change back from blue to red.  

The 3D-VTAS is unique in that it enables the repeatable assessment of dynamic head movements to 

account for how changes in inertial properties of the head-helmet system impact on performance, in 

combination with other known occupational risk factors, such as vibration and non-neutral postures. 

Three human performance metrics generated from the 3D-VTAS, include: target acquisition time, 

reaction time (time to move off target), and error index (error frequency). 

Today, you are tasked with using the 3D-VTAS in the following manner: 

1) Maintain your head in a neutral posture with your field of view focussed inside the monitor that is 

used for the visual tracking task with the joystick; 

2) Upon visual indication by way of the green LED illuminating within the target orientation map, 

move your head as rapidly as possible towards either target 1 (T1) or target 2 (T2), whichever is 

illuminated red, and attempt to visually acquire the target as quickly as possible; 

3) After successful target acquisition on either T1 or T2, quickly redirect your gaze and move your 

head as rapidly as possible towards either T3 or T4; 

4) Continue to visually acquire targets successively as fast as possible until the system times out 

after approximately 20 seconds; 

5) After the LEDs turn off and the system times out, return your head to the target orientation map 

and maintain your head in a neutral posture and await the start of the next visual target acquisition 

task or the next visual tracking trial. 
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Letter from NRC’s Flight Research Laboratory 

 

 National Research Council 
Canada 

Montreal Road 
Ottawa, Canada, K1A 0R6 

Conseil national de recherches 
Canada 

Chemin Montréal 
Ottawa, Canada, K1A 0R6 

 
 

 

 
 

May 22, 2018 
 

Aaron Derouin 
1933 Schroeder Crescent, 
Orleans, ON K4A 4P8 

 
Dear Aaron, 

 
On behalf of the National Research Council (NRC), I would like to invite you to participate 
as an Independent Visitor with Viresh Wickramasinghe. Subject to obtaining the 
appropriate security clearance and immigration status (if required) your Independent 
Visitor status is expected to start on June 15th, 2018 and end on June 14th, 2019. 

 
Please note that this invitation does not constitute an offer of employment nor will the 
National Research Council pay you any salary. In addition, NRC will not assume 
responsibility for your medical insurance (it is your responsibility to obtain this coverage 
prior to your start at NRC. Please also note that this invitation is subject to you being able 
to obtain and retain a security clearance prior to your arrival. NRC reserves the right to 
cancel this invitation and any or all access at any time. 

 
We are also including several forms that must be completed and returned in advance to 
Pascale Clermont, at the Institute to secure your visit. I note, in particular, that, in order 
to participate as an Independent Visitor, you must sign the Independent Visitor’s 
Agreement. 

 
Please do not hesitate to contact Viresh Wickramasinghe at (613) 998-0010 or via e-mail 
at Viresh.wickramasinghe@nrc-cnrc.gc.ca if you need further information. 

 

I look forward to your participation with our team. I have no doubt that you will find your 
visit with us to be rewarding and fruitful. 

 
Yours sincerely, 

 
 
 
 
 

Dr. Ibrahim Yimer 
General Manager 
Aerospace Portfolio 
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NRC Independent Activity Work Description 

 
  National Research Council 

Canada 

Conseil national de recherches 
Canada 

 

 

 

 
 

 
 
 
 

Independent Activity 
 
 

Work Description: 
 

 

Neck pain is a debilitating issue for the vast majority of Griffon Rotary Aircrew in 
 Canada’s military, which is primarily attributed to the use of night vision goggles (NVGs). 
Recently, a 3D visual target acquisition system was developed and tested to determine 
the feasibility of this system in evaluating the performance effects of head supported 
mass, including NVGs. In collaboration with researchers and experts at the National 
 Research Council (NRC), I endeavor to collect and analyse data using the NRC’s 
Human Rated Shaker Table and ancillary equipment to better understand the effect of 
prolonged exposure to vibration under three different head support mass conditions. It is 
anticipated that this research will further elucidate the mechanisms that are contributing 
to pain and injury in Griffon aircrew. 

 
 

NRC Supervisor: Viresh Wickramasinghe 
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Queen’s University Certificate of Comprehensive General Liability Insurance 
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 NRC Independent Visitor Contract 

 

 
 

 

 ‘Redacted’ 
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Block Diagram Description of Study 1 and 2 

 
To validate the design of the VTAS and the basis for the experimental protocol, two separate studies were 

conducted in Phase I of this dissertation. Data collection for Phase I of this dissertation was conducted at 

Queen’s Gait Lab within the Biomechanics Lab in the School of Kinesiology and Health Studies (SKHS). 

The block diagram presented (Figure E.1) on the next page provides a graphical representation of the 

interfaces between various hardware components required for each data collection session. In total, 9 

functional blocks (FBs) in the diagram represent the hardware, as follows:  

1) A USB-2533 analog board connected to the 13 Oqus cameras and a Delsys EMG trigger module, both synched 

through camera no. 5;  

2) A Delsys Trigger Module (DS:U02., Natick, MA) and 13 Oqus Cameras connected to a QTM-based PC (FB-

7); 

3) A ThinkPad Lenovo Laptop (T410) operating Windows 7 and MATLAB (v. R2015a, daqmultiplexer.m) 

connected to a NI-USB-6001 DAQ device (National Instruments, Austin, TX), a 50ft VGA cable, and a 

wireless mouse;  

4) Side A of a custom designed and fabricated VTAS enclosure (Figure E.2), that houses a NI-USB-6001 

‘Multifunction I/O Device’, with inputs for 8 DB9 connectors, 1 VGA I/O connected to a 4-way VGA switch, 

and 8 female BNC terminals connected to channels 49-56 (49-T1LED-R,  50-T1LED-B, 51- T1LED-G, 52-T1A-Voltage, 

53-T2LED-R, 54-, T2LED-B, 55- T2LED-G, and 56-T2A-Voltage) of USB-2533 analog board (363744); 

5) Side B of a custom designed and fabricated VTAS enclosure (Figure E.2), that houses a NI-USB-6001 DAQ 

device, with inputs for 4 VGA I/O connectors to a 4-way VGA switch and to 4 VGA connectors connected 

internally within the VTAS enclosure as paired targets to the 8 DB9 connectors, as follows: MTAXIAL (T1 and 

T2), MTSAG (T3 and T4), MTOAL (T5 and T6), and MTOAR (T7 and T8); 

6) Eight custom designed and 3D-printed integrated target interfaces each housing a 6 V, 100 mA round solar 

panel (Sundance Solar, Hopkinton NH), 3 tri-colour LEDs separated in a radial cluster by 120°, and that 

accommodates a ¼-20 threaded fastener from various tripod mounts and articulated camera mounts; 

7) The Gait Lab desktop table with the several pieces of strategically positioned computer hardware including the 

BioErg PC (Lenovo Thinkstation, Windows 7 Enterprise) that was running QTM (v. 2.1211, Build No. 2902), 

two LCD monitors, a 4-way VGA switch connected to five 50ft VGA cables and the VTAS (FB-4, FB-5), a 

paired wireless keyboard and mouse connected to the BioErg PC, and a wireless mouse connected to the 

laptop (FB-3);   

8) A Delsys Trigno EMG system with 7 wireless sensors paired through the Trigno Control Utility software 

module (CH1 = Analog Sensor, CH2 = SCM-R, CH3 = SCM-L, CH4 = UTR-R, CH5 = UTR-L, CH612 = 

UNE-R, CH7 = UNE-L); with pin number 6 (EMG)  and 5 (common) of the analog adapter’s DB9 (Figure 

E.3) connector mated with a DB9/BNC banana plug connected via a BNC splitter to CH49 of USB-2533 and 

T1LED-R ; 

9) A target orientation map with 2D spatial representation of the 8 target orientations (Figure E.5) in 3D-space 

and a simple circuit with 3 LEDs (RGB) and a resistor with a terminal block connected as an output from side 

A of the VTAS (CH53 of USB-2533 and T2LED-R in FB-4). The cluster of LEDs is triggered to simultaneously 

illuminate as the VTAS system initializes and all of the LEDs in the respective targets light up red.

 

11 All data were collected with v. 2.12 of QTM, except for the last data collection session, as v. 2.14 of QTM was 

installed on Feb. 13, 2017. 
12 The CH6 sensor for UNE-R muscle would not pair with the Trigno Control Utility Module after collecting S11. 

Therefore, a different sensor was used subsequently for S12-S15 and all participants that completed session 2. 
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Figure E.1: A block diagram representing functional blocks of the required hardware and components to conduct each experimental data collection 

session for Phase I (VTAS validation). The connector type is provided for each FB experiment except for FB-7.
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Design of 3D-VTAS 

 

Figure E.2: Drawing and image of the front (A) side and back (B) side of the 3D-VTAS v.1.0 custom 

enclosure. The faces of the A and B side of the enclosure were designed in Solid Edge ST7 and laser cut to 

accommodate 8 DB9 and 5 VGA terminals, as appropriate. The housing for the 8 female BNC connectors 

(side A) was designed in Solid Edge ST7 and 3D-printed. 

 

Design of Trigno ‘Analog Adapter’ Sensor Cable 

 

Figure E.3: (A) Delsys Trigno wireless ‘Analog Adapter’ sensor pinout diagram; (B) ‘DSUB Pin’ sensor 

specifications with channel number and associated sensor information; (C) male DB9 connector, with 

plastic hood and internal connections to pin 5 (common) and pin 6 (EMG),  mated to the ‘Analog Adapter’  

with the male DB9 wire connected to a BNC connector (via a BNC banana plug connector); and ( D) an 

image of front face of female DB9 portion of ‘Analog Adapter’ with respective pinout numbers. 
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Figure E.4: Design of the Target Alignment Jig to ensure that target pairs for each movement trajectory 

were separated by a target span angle of 70°. Note that the laser measurement tool (GLM 15, Bosch, 

Farmington Hills MI) according to the manufacturer, “measurement takes place at the center of the laser 

beam”. For this reason, the target alignment jig was designed so that each red laser pointer (635 nm, 

Laserglow Technologies, North York, ON) was 70° from the center of the laser beam outlet. 

 

 

 

 

Figure E.5: Illumination of the cluster of green LEDs, within the TOM, just prior to the participant reacting 

and moving towards target 1, positioned off image to the left. In the left image participant is wearing a 

Gentex Helmet (HGU-P/56) with replica NVGs and in the right a GoPro head strap with 3D-printed tubes. 
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Figure E.6: Screen capture of the VTAS LED signals and motion capture data in Qualisys Track Manager 

software. 

 

 

 
 

Figure E.7: An initially proposed approach to the determination and calculation of movement time (MT), 

dwell time (DT), and reaction time (RT).  A miss (in red), where the participant commits an error in 

acquiring the target is illustrated, as appropriate.
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Block Diagram of Study 3 

 

 

Figure E.8: Block diagram of equipment and instrumentation setup at the National Research Council’s 

Building U66A, Human Rated Shaker Facility. The integrated systems used included the CompactRIO 

(National Instruments, Austin, Texas) and the Integrated Physiological Monitoring System (IPMS, NRC, 

Ottawa, Ontario). 3D-VTAS and vibration data were routed through the CompatRIO and recorded by the 

IPMS. 

 

3D-VTAS

(RGB LED data, solar 

panel voltage, PPS & MT 

Confirm – 10 channels)

Environmental data

(e.g. vibration, air quality)

BIOSEMI

Physiological data 

(EMG, EOG, EEG, ECG)

Timing data

(e.g. GPS & NTP time, 

event triggers)

Configuration data

(e.g. settings, metadata)

Real-time displays

(e.g. waveforms, status 

indicators) 

Data files

(e.g. bdf, ogg)

IPM Hardware

Sensors

Microcontrollers

DAS hardware

Acquisition PC

GPS receiver 

Wireless router 

Audio detector

Etc. 

IPM Software

LabVIEW software 

NTP client

Etc.

CompactRIO

3D-VTAS (via DB-37 

BNI-9205 C Series 

module) 

Vibration (via NI-9234 C 

Series modules)

LaserBIRD head tracker 

data 

(6 DOF kinematics)

INPUTS
INTEGRATED 

SYSTEMS 
OUTPUTS



260 
 

 

Figure E.9: Drawing of custom wire harness from 3D-VTAS to CompactRIO terminating in DB37 connector via NI9205 module.  

Note: The ‘MT CONFIG’ wire was routed from the 2-way VGA switch to the CompactRIO to indicate when the MTAXIAL (yaw) was selected.
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Figure E.10: CompactRIO 9035 analog inputs from 3D-VTAS and various vibration (acceleration) inputs 

via the NI 9205 and NI 9234 modules, respectively. 

 
 
 

Table E.1: Acceleration sensor locations on CompactRIO. 

Sensor No. Description 

1.   Seat Pad X 

2.  Seat Pad Y 
3.  Seat Pad Z 

4.  Helmet X 

5.  Helmet Y 

6.  Helmet Z 

7.  Platform 1 Z 

8.  Platform 2 X 

9.  Platform 2 Y 

10.  Platform 2 Z 

11.  Seat Bottom X 

12.  Seat Bottom Y 

13.  Seat Bottom Z 

14.  Seat Back X 

15.  Seat Back Y 

16.  Seat Back Z 
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Figure E.11: Accelerometer placements: A) top-view of chair; B) close-up, top view of seat pad 

accelerometer; C) helmet accelerometer (blue wire above battery pack); D) platform 1 accelerometer; E) 

seat bottom accelerometer; F) platform 2 accelerometer; and G) seat back accelerometer.  

 
 
 
 

A B C

GD E F
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Figure E.12: Accelerometer sensitivities, model, and serial numbers for Study 3.
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Figure E.13: A) AirBoss – Professional Dual GPS camera (Bad Wolf Technologies, Mequon, WI) rear-

view placement; B) top-view of Integrated Physiological Monitoring System (IPMS, NRC, Ottawa, 

Ontario, Canada); C) GPS compatible antenna (NovAtel ANT-C2GA-TW-N Dual-Frequency, Calgary, 

Alberta, Canada) for connection to a NovAtel OEMStarTM GNSS receiver inside IPMS.

A

B C
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Figure E.14: A) The ALLPOWERS (130 mm x 150 mm, 5V, 500 mAh, 2.5W, Guangzhou, Guangdong, 

China) solar panels procured for Study 3. B) A 75x75 mm window void of inactive regions enabled 

uninterrupted laser pointer signal detection. Two RGB light emitting diodes are shown.

A B
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USPTO Non-Provisional Patent Application Filing Receipt 
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USPTO Electronic Acknowledgment Receipt of Provisional Patent Application 
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CIPO Filing Certificate 
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USPTO Notice of Allowability 
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USPTO Issued Patent (First Page) 
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Appendix G 

System Performance of the 3D-VTAS (Study 1)
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Dwell Time Results (Study 1) 

 

Figure G.1:  A) Minimum and maximum Dwell Times for day 1 and day 2 trials; B) Average difference between maximum and minimum dwell 

times for day 1 and day 2 trials. 
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Appendix H 

Study 3 Data Segmentation and Processing
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Data Segmentation and GPS Time Alignment 

 

Figure H.1: Validation of successful data segmentation and GPS time alignment in MATLAB 2019a for 3D-VTAS, laserBIRD head tracker, MT-

confirm, and Accelerometer data signals. The MT-confirm signal was used to determine if the trial was an Axial or an Offaxis movement trajectory. 

GPS and IPM system times are recorded as the decimal number of seconds (with 604800 seconds per week) after 00:00 UTC on Sunday, where the 

absolute GPS time of each sample can be resolved down to 0.000488 seconds at the default sample rate of 2048 Hz.
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Validation of MATLAB Code to Determine Helmet Peak Angular Velocity and Time to Peak Velocity 

 

Figure H.2: Validation of MATLAB code to determine Peak Velocity and Time to Peak Velocity.
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EMG Data Integrity Verification - Spectrograms 

 

Figure H.3: Spectrogram plot of poor quality left upper neck extensors (UNE-L) from MATLAB (2019a). Electromagnetic interference can be 

observed at 60 and 180 Hz, which was removed using notch filters (see Figure H.5).
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EMG Conditioning 

 

Figure H.4:  Processing and conditioning steps for tripolar EMG signals of left sternocleidomastoid (SCM-L) from MATLAB (2019a). Unprocessed 

individual monopolar EMG signals (A), DC bias corrected monopolar EMG signals (B), bandpass filtered monopolar EMG signals (C), tripolar 

EMG signals with and without bandpass filtering effects showing the importance of removing motion artifact (D).    
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EMG Data Integrity – Power Spectral Density 

 

Figure H.5: Power spectral density (PSD) plots of poor-quality left sternocleidomastoid (SCM-L) from MATLAB (2019a). Electromagnetic 

interference can be observed at 60 Hz and harmonics up to 480 Hz, which was removed using notch filters. The 4/rev harmonic vibration signal 

(21.6 Hz) is also observed as a source of noise at 21.9 Hz, which required attenuation by increasing the high pass portion of the bandpass filter from 

20 Hz to 25Hz. Notch filtering was applied following bandpass filtering and double differentiation. 
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Normalized EMG with Identified Peaks 

 

Figure H.6: Normalized EMG data with peaks identified in MATLAB (2019a) based on direction of target acquisition, TAT1 (Left Targets - Target 

1 and Target 2) or TAT2 (Right Targets - Target 3 and Target 4). 
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