
DYNAMIC MODELLING FOR THE DESIGN OF 

HEAD-NECK LOAD CARRIAGE SYSTEMS 

by 

Markus Andreas Hetzler 

A thesis submitted to the Department of Mechanical and Materials Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

Queen’s University 

Kingston, Ontario, Canada 

April, 2021

Copyright © Markus Andreas Hetzler, 2021 



ii 

 

Abstract 

Head load-carriage systems have broad application, allowing people to carry awkward or heavy loads, but 

can cause chronic pain when the neck is loaded improperly.  Studies have identified military helicopter 

crew neck pain as a significant issue, with reported incidence of neck pain amongst Canadian flight crews 

in excess 70% [1][2][3], leading to high costs and operational downtime. Although the problem is multi-

factorial, one area of interest is due to the adoption of helmet mounted night-vision goggles, which create 

large, unbalanced moments on the neck. While no single point solution has been identified, research has 

ranked external neck support devices fourth out of twelve recommended measures, following education, 

exercise, and workload distribution, that could have the greatest benefit to reducing neck pain, with an 

estimated efficacy of 66.1%[4]. 

 

The objective of this study was to develop a simplified multibody dynamics (MBD) model to evaluate the 

C7-T1 moments in flexion-extension (down-and-up motion of the head) and in yaw (side-to-side rotation 

of the head) for a series of visual scanning tasks.  Three base head load conditions were considered: the 

head-only, a head and helmet, a head and helmet with night-vision googles and battery pack.  

 

The model was used to evaluate three potential countermeasures in effort to return the neck moments to 

the baseline condition (head and helmet). The countermeasures evaluated were: a counterweight, a single 

line-of-action spring system, and a dual line-of-action spring system.  The model demonstrated that the 

counterweight solution provides increased moments in virtually all situations except for the neutral 

posture, which is unlikely to reduce long-term injury risk.  In contrast, both spring systems have potential 

to return the flexion moments to the baseline, however these suffer from a restorative moment when the 

head is rotated in yaw.  

 

The potential for improvement however is significant, and the results show further development of 

implementable solutions is merited. Further work should also be performed to upgrade the MBD model to 

include a broader set of environmental and task-based loading conditions, and to improve the treatment of 

variability such as differences in base geometry and how the head-to-helmet connection is simulated. 
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Chapter 1 

Introduction 

For literally thousands of years humans have been pressed into situations where they carry 

substantial loads with their heads or use their heads in new and unique ways. In Africa, women 

have been known to carry loads of up to 70% of their body weight on their heads over long 

distances [5], and in Nepal it has been reported that some porters carry 146 ±30% of their body 

weight. More contemporary applications include Western occupations such as fire-fighters, 

welders and military personnel (Figure 1).  

 

 

  

Figure 1: Evolution of Load Carriage Systems. Left: Traditional Load Carriage in Africa. [6] 
Right: Contemporary Military Application with Head-borne Augmented Vision. [7] 

 

 

With traditional human ingenuity new methods and tools have been adopted and adapted to help 

the situation whenever possible. In many cases this involves developing Head-Neck Load 

Carriage Systems, which are simply tools that improve the management of head-borne loads. 

 

However, this often leads to neck pain, which is a recognized problem across society, with studies 

noting an overall prevalence of neck pain from 0.4% to 86.8% in the general population [8]. 
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Prevalence is noted to be higher in some groups than others with populations who carry head-

borne loads being of particular interest.  

 

One particularly affected community is the military, where personnel are subject to difficult 

physical conditions on a continual basis. One cohort of interest is helicopter flight crews 

including pilots (flying pilot), co-pilots (non-flying pilot) and flight engineers. The jobs require 

crews to wear flight helmets for extended periods of time in operational environments, and 

further require additional head-borne gear to be mounted to the helmets. The physical 

environment in which crews operate is extremely diverse ranging from ground-based operations, 

such as preparing a helicopter for flight or moving equipment to and from the helicopter during a 

mission, to specific operational tasks in flight such as flying, scanning and cockpit management 

procedures.  Each crew member must perform a diverse set of tasks, all of which require 

maximum mobility, dexterity and focus. Coupling these factors with the requirement that 

operations take place in daytime or nighttime exasperates the problem. 

 

The challenges are widespread in the military flight community, with reported incidence of neck 

pain amongst Canadian flight crews in excess of 70% [1][2][3].  The problem is of such a broad 

scope that NATO commissioned a multi-country research effort to understand the problem and 

recommend solutions[4].  The conclusions from this report are that the problem is multi-factorial, 

with no single point source, nor a single point solution envisioned for the problem.  The graphic 

in Figure 2 highlights some of the key causative factors and examples of potential solutions.   
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Figure 2: NATO Summary of Neck Pain Causes and Potential Solutions (Adapted from 
NATO [4]). Left: Examples of specific causative factors.  Right: Examples of solutions. 

 

 

Among the recommendations are modifications to basic human factors (physiotherapy, exercise, 

education, etc.), adjusting behaviours and operational tasks, modifying the aircraft workspace, 

improving body-borne equipment, and adopting organizational recognition that all of these must 

be implemented. In 2018, Innovative Solutions Canada put out a call for proposals to address this 

issue specifically with the aim of developing innovative near-term solutions[9], with four awards 

being made under this program. 

 

Integration of Mitigation Strategies in Head-Neck Load Carriage Systems:  Development of 

any product ideally follows a controlled design and engineering process from concept through to 

production. Effective processes are ones in which creativity and iteration are embraced, the need 

to perform critical objective analysis is understood and the business needs are considered. The 

primary objective is to deliver a solution to address the need of the affected population, and this 

requires a multidisciplinary approach. 
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Product developers and engineers rely on known starting points when developing technology-

based solutions and they look for clear measurable objectives to know when requirements have 

been met. The challenge in developing human factors interventions for neck pain, specifically in 

complex environments like those experienced by helicopter flight crews, is that despite much 

work [10],[11],[4] clearly identified sources of neck pain are not understood, no simple tests or 

design targets exist to demonstrate that interventions are effective, and no single point solutions 

have been identified. 

 

A design process is proposed where a simple biomechanical model is developed and used to 

evaluate potential near-term solutions to the neck-pain problem. Simplified models have been 

shown to be useful in the early Technology Readiness Level (TRL) stages of development to 

allow fast design iteration and avoid costly and lengthy physical prototypes cycles [12]. 

Minimizing prototype-centric design-build-test discovery cycles also reduces the risk of having a 

development program be canceled prematurely due to misconceptions around expected prototype 

performance. Using numerical modelling early in the development process also has the potential 

to allow faster and lower cost product development and virtual evaluation provided that the 

models are used as intended and their limitations are well understood. 

 

The first objective of this project is to develop a basic model of the head-neck system using 

commercial multibody dynamics (MBD) software, validate the results for use in this application, 

and apply the tool to develop an engineering solution to an underlying biomechanics problem.  

 

The second objective is to apply the model in a prototype development workflow to evaluate 

potential solutions to the neck pain problem. The workflow shown in Figure 3 is proposed as an 

efficient way to accelerate the development process.  This workflow is based on the core 
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assumption that a low fidelity model can be useful during early-stage design, and that higher 

fidelity models are available to inform the low fidelity model, and again to validate the results. 

Low fidelity models may provide less accurate or comprehensive simulations of the human body 

than high fidelity models.  However, low fidelity models can be created in commonly available 

computer-aided engineering software, such as computer-aided design (CAD) or computer-aided 

engineering (CAE) software, which typically allow improved access to useful design tools like 

animations, visualization, and robust sets of modelling elements like springs, joints and control 

functions.  This approach allows product development and design engineers to create and 

virtually evaluate many different design ideas quickly. 

 

 

 

Figure 3: Early-Stage Concept Development Workflow Showing Relationship Between 
High- and Low-Fidelity Modeling. 
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1.1 Thesis overview 

The thesis is presented in six Chapters.  Following this Introduction, a Literature Review is 

presented in Chapter 2.  Chapter 3 presents the MBD modelling procedure and the baseline 

simulation results.  Chapter 4 presents the design countermeasures and the MBD simulation 

results showing their predicted performance.  Chapter 5 is a discussion of the findings and 

Chapter 6 provides conclusions and recommendations for future work.  A number of Appendices 

are included containing the full data and other supporting materials. 

 

Two main research questions are considered:  

1. Is a rigid body model a practical approach for the early-stage design of head-neck load 

carriage systems? 

2. How effective are mass and spring-based countermeasures likely to be in mitigating 

head-neck pain in helicopter flight crew. 

 

The outcome of the study is intended to inform future design and development of head support 

devices for managing aircrew neck pain as contemplated by the NATO report. 
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Chapter 2 

Literature Review 

The problem of neck pain has been well known and well documented for many years. From 

people carrying heavy water containers home from community wells to astronauts donning large 

head gear to operate in space, people do many things to protect what is arguably the most 

important part of the human body; the skull and the brain within it.  Apart from the obviously 

important supervisory functions of the brain, the head is fully associated with four of the five 

senses (sight, hearing, smell and taste), and, at least partially, the fifth (touch).  The movement 

and position of the head allows humans to see over a wide field of view and hear and isolate 

direction all of which provide critical orientations to the environment. 

 

The neck is largely responsible for orienting and controlling the head position in most 

applications and is almost exclusively responsible for head orientation for seated people.  The 

neck is nevertheless a small and fragile attachment, and it can be injured in many ways from 

acute to chronic to traumatic.  Neck pain is reported widespread across society, with studies 

noting an overall prevalence range from 0.4% to 86.8% across the general population [8].  

Prevalence is noted to be higher in some groups than others with populations who carry head-

borne loads being of particular interest. 

 

2.1 Head-borne Load Carriage Systems  

An extensive body of research examines body and head-borne loads across a wide range of 

situations.  Some studies look to fascinating populations such as African women and Nepalese 

porters, who routinely carry almost unimaginable loads by adapting their techniques from 

walking speed to trunk posture to gait [5],[13].  Common images show people young and old, 
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carrying massive and awkward objects over large distances with a variety of terrains, simply 

because there is no alternative way to accomplish the task.  These groups have adapted simple but 

effective technologies and techniques to help do more with less, such as a simple ring of cloth to 

help balance a load on the head, or a tumpline to align the load with the spine (Figure 4) [14]. 

  

 

 

Figure 4: Heavy Head-borne Load Carried by a Tumpline. The tumpline is attached to the 
load and head to transmit forces axially through the spine. 

 

 

Contemporary research in head-neck load carriage has focused on occupations in western 

countries, such as military or fire-fighting where it is noted that the gear and equipment carrying 

requirements are steadily increasing leading to clearly negative impacts broadly across 

performance and physiological attributes [15], even though these occur at lower overall loads.  

One specific group of interest is the military. 
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2.2 Military Applications 

This demographic is characterized by the performance of difficult tasks under extreme  

circumstances where the outcome of mission failures can be severe, and which must simply be 

ready to respond at all times to meet their obligations to the rest of the society[16].  Historically, 

the load carried by ground troops has been climbing from the days of the Roman Legions, who 

carried 10-15 kg load per infantry units [16], to modern times were load are reported to be 

between 31-44 kg or greater in emergencies [17].  Various methods have been shown by which 

personnel carry the loads (Figure 5).  These approach the problem of load carriage in an intuitive 

way, by balancing the loads down the core of the body to the ground.  While effective, this is not 

always possible with all occupations, such as flight crews. 

 

Figure 5: Methods of Load Carriage [16] 
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2.3 Neck Pain in Military Air Crew 

Military aircrew, and in particular helicopter crews have been the focus of extensive study due to 

extremely high incidence of neck pain.  

 

Operational Environment: Flight crew work in challenging environments, are forced to wear 

bulky equipment and adopt awkward postures as a regular part of their jobs.  Fischer, et al. 

performed a comprehensive study of the flight crew operating environment in a CH-146 Griffon 

helicopter for three main jobs: Right-side Pilot, Left-side Pilot and Flight Engineer, as shown in 

Figure 6, Figure 7 and Figure 8 respectively [11]. Each flight crew member relies on vision as the 

primary sense to be able to interact safely and effectively with the aircraft and maneuver the 

aircraft safely and effectively in operational environments ranging from simple cross-country 

flights to active combat situations. 

 

 

 

Figure 6: Right-side Pilot Operating Environment [11]. Images showing typical postures for 
right-seat pilots. 



 

11 

 

 

Figure 7: Left-side Pilot Operating Environment [11]. Images showing typical postures for 
left-seat pilots 

 

 

 

 

Figure 8: Flight Engineer Operating Environment [11]. Left to right: seated, crouched and 
performing ground scanning. 

 

Head-neck Motion: Flight crew, including pilots, co-pilots and flight engineers, move their heads 

through large ranges of motion in various ways as part of their respective jobs. Yaw motion is 

defined as rotation of the head from side-to-side and it employed extensively when scanning the 

visual horizon during flight.  Flexion-extension, or pitch motion, is used to look down and up, 

which is required to look at both cabin ceiling mounted controls or down to instrumentation, 
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kneeboards or even through view panels in the cabin floor.  Lateral bending is rotating the head 

about the fore-aft axis and is encountered in situations including flight with the aircraft in roll 

conditions. 

 

Incidence of Neck Pain: A study conducted on pilots of American military helicopters (UH-60 or 

AH-64) examined vigilance under varying head loads and vibration inputs showed no consistent 

relationship between exposure durations and performance, but did show clear performance 

degradation with heavier head offset head loads [18]. The authors noted that flight helmets were 

designed primarily for crashworthiness response, and neither vigilance performance nor long term 

chronic pain effects were considered. Canadian surveys by Adam [2], Chafe [3] and Karakolis, et 

al.[1] indicate persistent high levels of neck pain in helicopter flight crew in Canada, with the 

CH-146 Griffon crew being the most concerning compared to other aircraft platforms like the Sea 

King. All reports agree that the problem is widespread, and all point to additional head-borne 

loading as being an exasperating factor, but none can isolate a single metric to determine the root 

cause of pain. 

 

More recently, Forde, et al.[19] performed field and simulator work to study cumulative spine 

loading and its relation to neck pain in Canadian CH-146 Griffon helicopter pilots, where 

approximately 80% of pilots have reported neck pain related to flight operations, and 70% 

reported incidents of in-flight pain. While they report that the aetiology of neck pain is complex, 

it appears exasperated during night flying operations when wearing night-vision goggles (NVG). 

The studies further examined how day and night flight differ with respect to the time spent in 

different postures (Figure 9), noting that certain conditions may be of greater concern than others.  
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Figure 9: Comparison of Time Spent in Different Postures: Day vs Night[19] 

 

Design requirements for helmets are continually being updated based on new findings, and 

current NATO design requirements as of 2019 now include acknowledgment that additional 

head-borne equipment increases risk of musculoskeletal pain in the lower neck and provides 

guidance on limits of head motion for seated persons for flexion and bending [20].  Recognition 

of the issue is the first step in addressing the underlying problems, however at this time neither a 

design requirement nor test methodology are provided, and clearly more work is needed to 

quantify performance and countermeasures. Other load cases remain important in design; crash 

impact, rigidity, environmental tolerance and more are clearly important.  At some point the 

question of whether a low occurrence of a severe load case such as crash is more or less important 

than a high incidence of a chronic load case. 

 

Most recently, a major international effort was concluded by the NATO Human Factors and 

Medicine Exploratory Team 126 (HFM-ET-126) on Aircrew Neck Pain, who worked from 2013 
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to 2020 to explore and produce a comprehensive report on the state of aircrew neck pain, and 

recommendations to address this global problem [4]. 

 

These studies highlight that the combination of unbalanced head masses, such as those associated 

with NVG use, form a real and ongoing problem to the helicopter community and that no single 

solution has been found to date [4] (Section1.2). Among the recommendations are modifications 

to basic human factors (physiotherapy, exercise, education, etc.), adjusting behaviours and 

operational tasks, modifying the aircraft workspace, improving body-borne equipment, and 

adopting organizational recognition that all of these must be implemented. 

 

2.4 Anatomy of the Neck 

The cervical spine region is shown in Figure 10 with the seven cervical vertebrae (labelled C1, 

C2, C3 through C7) and top thoracic vertebra (labelled T1) highlighted.  A spinal unit is defined 

as two successive vertebrae between which are intersegmental discs that serve to enable relative 

motion between segments, as well as facet and other sliding joints which serve to guide and limit 

general motion and rotation.  The joint between any two vertebrae is labelled according to its 

associated vertebra names, for example the C4-C5 joint is located between the C4 and C5 

vertebrae.  For a detailed review of neck spine anatomy and biomechanics, the reader is referred 

to Bogduk, et al.[21], Yoganandan, et al. [22], Galbusera and Wilke [23], and White and Panjabi 

[24]. 
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Figure 10: Cervical Spine Anatomy 1 

 

 

Detailed examination at the individual vertebrae level (Figure 11 [25]) show characteristic 

structure of large bony vertebrae separated by flexible intervertebral discs.  Dimensions of the 

various components vary with individuals, but measurement of a spine model shows vertebra on 

the order of 12-16 mm thick and discs on the order of < 5mm thick (Cramer [26]).  

 

 
1 Anatomography, CC BY-SA 2.1 JP <https://creativecommons.org/licenses/by-sa/2.1/jp/deed.en>, via 
Wikimedia Commons 
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Figure 11: Detailed View of Cervical Vertebrae and Joints2 

 

 

Intervertebral Motion: Two successive spinal segments have 3 translation and 3 rotational 

degrees of freedom between them; however, these are constrained by the intervertebral joint 

tissues including the intervertebral disc and facet ligaments.  Wu et al. used video fluoroscopy of 

56 healthy adult subjects to demonstrate motion limits in normal flexion-extension activities [27] 

of the cervical neck joints where they report relatively large total range of flexion-extension 

motion between 13.5° - 22.6° across all the joints (Table 1).  In translation however the total 

anterior-posterior translation ranges from 1.3 – 2.5 mm making this negligible for the proposed 

modelling (Table 2). 

 

 

 
2 Access for free at https://openstax.org/books/anatomy-and-physiology/pages/1-introduction 
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Table 1: Spinal Segment Rotation in Healthy Adult Subjects during Cervical Flexion and 
Extension (Adapted from Wu, et al.)[27] 

 

 

Table 2: Spinal Segment Translation in Healthy Adult Subjects during Cervical Flexion and 
Extension (Adapted from Wu, et al.)[27] 
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In addition to range of motion, the linking of motion between the spinal units has been 

investigated.  While the joints are relatively evenly spaced, they do not all have the same range of 

motion. Each joint has specific limits to how they contribute to the overall motion of the head 

relative to the body. Barrett [28] presents an Euler Angle partitioning scheme based on recruiting 

8 vertebral joints (Table 3); 

 

Table 3: Coefficients for Partitioning Total Head Motion to Individual Vertebral Joint 
Angles 

Joint Flexion-Extension Axial Rotation Lateral Bending 

C0-C1 0.242 0.090 0.177 

C1-C2 0.156 0.553 0.161 

C2-C3 0.083 0.051 0.119 

C3-C4 0.103 0.065 0.104 

C4-C5 0.105 0.066 0.117 

C5-C6 0.129 0.063 0.101 

C6-C7 0.114 0.054 0.104 

C7-T1 0.069 0.058 0.117 

 

 

 

Neck and Spine Musculature: On top of the bone structure are complex layers of musculature 

and other connective tissue that act as motor forces to stabilize and articulate the head.  Figure 12 

shows an overview of the larger neck muscles that control head motion. Deeper to these are the 

interspinal muscles that stabilize the spine. 
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Figure 12: Detailed View of Neck Musculature3 

 

This a is complex system, where the actions of many muscles act in concert to link the motion of 

the head to the position of the body. The muscles and joint must work together to contend with a 

wide array of loading conditions ranging from traumatic impact to normal ambulation to simply 

maintaining a static posture. The underlying mechanics required to achieve these vary greatly and 

are difficult to isolate through testing, particularly in the complex area of the neck. EMG methods 

can be used to but these are limited when muscles of interest are many layers deep [29], leading 

to conclusions that modelling, and specifically detailed biomechanical modelling is required 

alongside EMG to obtain joint moments and forces including advanced considerations such as co-

contraction of muscles. Modelling is expected to be a critical tool in understanding the root 

functions of the neck and in exploring how different interactions might affect those. 

 

Mechanism of Injury. It is also necessary to understand the mechanism of injury to develop 

effective countermeasures.  The etiology of neck pain is largely unknown, however it is 

recognized that a relationship exists between tissue loading and pain generation.  The literature in 

 
3 Access for free at https://openstax.org/books/anatomy-and-physiology/pages/1-introduction 
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the military aircrew space has consistently focused on the loads at the C7 location in the neck 

[30][31] and this was chosen as the baseline location for this study.  

 

Future studies can consider other aspects of mechanical loading such as compression and shear 

forces.  Recent work by Barrett [32] examined the compression and anterior-posterior shear in the 

cervical spine using more complex models and reported that compression forces plateau distal to 

the C5-C6 level which is consistent with areas of interest in NATO literature[4]. 

 

 

Figure 13: Spinal Compression During Flexion (adapted from Barrett [32]) 

 

 

While the shear and compressive force could also be considered, the nature of the low-fidelity 

model does not account for differences in compression and shear loading attributable to muscle 

action such as co-contraction, which have been shown to be important in these forces [32][33] .  

Future work may be able to integrate more complex loading conditions into the low-fidelity 

model, but at this stage the model was limited to considering the effect of head-borne loads on the 

T1-C7 moments. 

 



 

21 

 

2.5 Pathomechanics of Neck Pain and Potential Mitigation Strategies 

Widespread work has been done to examine the sources of neck-pain with varying conclusions.  

In their recent extensive review, NATO provides a comprehensive overview of strategies in use 

for dealing with neck pain as summarized in Table 4 [4]4. 

 

Table 4: Summary of NATO Causal Factors for Neck Pain. This table is abridged from the 
NATO report Aircrew Neck Pain Prevention and Management, Section 1.2, Pg 1-3 [4] 

 

Term Definition 

Human Factors Human factors refer to age, sex, anthropometry, strength, flexibility, 
range of motion, pain history, and other personal physical and 
psychosocial characteristics that might contribute to aircrew neck pain. 

Body-borne 
Equipment 

Body-borne Equipment refers primarily to equipment worn by aircrew. 
This equipment has additional mass and inertia, which shifts the CoM 
and balance. It includes equipment such as NVGs, HMDs and 
counterweights. 

Aircrew 
Behaviours 

Aircrew Behaviours refer to not only the tasks that aircrew do during the 
course of a mission, but also the positions, postures, and postural 
sequences that they use while performing each task. Physical demands 
information (i.e., joint angles, duration, frequency, and forces) can be 
associated with each postural sequence, from which one can calculate 
the force and moment loads on neck joints. 

Aircraft Workspace Aircrew member’s workspace impacts neck pain. Cockpit/cabin 
instrument layout dictates, in large measure, the required postures to see 
displays and manipulate controls. These positions place aircrew in non-
neutral positions thus contributing to higher neck loads (e.g., helo-
hunch). The Aircraft type itself impacts neck pain. Fast jets produce high 
G, which amplifies any external neck loading, while helicopters produce 
vibration that adds a second order component to neck loads. 

Organisation Organisation Factors refer to the command-and-control elements within 
which aircrews operate. These factors extend from the individual 
squadron through the air force and military chains of command to even 
the political decisions that determine missions, aircraft type, mission 
length, and scheduling, recruitment and selection, education and 
training.  

 

 
4 Section 1.2, Pg 1-3 
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They further note that isolating a single cause of neck pain is not possible due to the 

multifactorial nature of the problem, and the lack of accurate data on the possible sources. 

Recommendations for mitigation strategies are discussed for all areas of causation presented.  

Broadly these include exercise, work-rest cycles and several other standard approaches. Of most 

interest to this project is considering the body-borne equipment described where the focus is on 

the unbalanced masses carried on the head, particularly night-vision goggles (NVG). The research 

has ranked neck support devices fourth out of the twelve recommended measures that could have 

the greatest benefit to reducing neck pain, with an estimated efficacy of 66.1%[4]5, and an overall 

ranking of fourth. 

 

 

Figure 14: Prioritized Neck Trouble Mitigation Strategies (adapted from Farrell et al.[4]) 

 

 

Neck support devices are external passive or active mechanical devices that stabilize the head 

either by balancing otherwise unbalance moments, or by providing alternate load paths between 

 
5 Section 8.2.3 – Pg 8-4 
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the head and body in parallel with the neck.  The recommendations are focused on minimizing 

mass, minimizing inertia and ensuring the CoM is as close to the head’s CoM as possible[4]6.  

Potential countermeasures include: 

1. Optimizing helmet stability and fit 

2. Mechanical counterweight 

3. Integrated body-borne equipment 

4. Helmet system support devices 

a. Spring assist device 

b. Foam wedge 

The focus is on external countermeasures including counterweights and spring-assist devices.  

 

2.6 Modelling Approaches and Application to Design 

Developing an external mechanical support device involves many steps. The nature and focus of 

the work changes as the design is evolved from rough initial concepts and experiments to fully 

production-representative evaluation.  This is shown by considering the Government of Canada 

Technology Readiness Level (TRL) framework for innovative solutions [12] (Appendix A).  

TRLs describe a progression of technology readiness over nine stages, from initial concept 

development (TRL 1) to production intent readiness (TRL 9).  Engineering tools are needed to 

drive the development process, and like the work, the nature of the tools often needs to change 

from ideation to optimization. 

 

 Modelling Approaches for the Head-Neck System 

Modelling of mechanical and biomechanical systems has existed for many years in many forms.    

 
6 Section 5.2, Pg 5-4 
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Simplified hand calculation and link-segment models have been used for macro-level analysis on 

body systems[34], and this approach has been applied to the neck [35]. These provide useful 

insight into forces and moments acting on a system but are limited in well they represent   a 

multi-segment neck model and have difficulty dealing with complex input motion profiles and 

dynamic conditions.  Higher fidelity models such as OpenSim [36][37], are both publicly 

available and provide high fidelity results but they require significant work to create and tune 

them, and specific skills in the modelling technology and as such most useful in research-oriented 

applications as opposed to design and development applications. Finite element simulation is a 

useful tool to examine details such as stress and strain, even in complex engineering systems.  

The Global Human Body Model (Elemance, Clemmons, NC) is a high-fidelity musculoskeletal 

and systemic finite element model which is targeted at short-duration traumatic events like car 

crash, as opposed to long-term chronic events. These simulation tools are useful, but they are 

difficult to apply during the design and development process of practical designs aimed at 

improving the condition for the flight crew. 

 

A modelling tool is needed that can be used by engineers in the early stages of design (TRL 2-4). 

This model should allow sufficient representation of the underlying biomechanics to enable 

evaluation and development of countermeasures, specifically the moments and forces on at C7-

T1.  The model should be able to easily consider a variety of input motions and load conditions.  

Engineers should be able to easily implement design concepts for evaluation, ideally in a low-

cost, production-ready software environment. 

 

 MBD Modelling  

Traditionally, dynamics has been defined as “the study of the motions of interacting bodies and 

the description of these motions in terms of postulated laws” [38]. Motion of bodies are related to 
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the unbalanced forces acting on them through Newton’s Second Law, subject to arbitrary initial 

and boundary conditions, as well as constraints between the bodies which restrict or otherwise 

couple various degrees of freedom. This approach can be extended to complex systems of masses, 

with the resulting equations of motion becoming increasingly complex. 

 

One challenge of this approach when designing human assist devices is that the equations of 

motion of complex systems are difficult to initially generate and then work with on a practical 

level. While complex models exist in other tools, they can be difficult to use to evaluate yet-to-

be-determined design ideas whether these be passive or active mechanical/mechatronic devices.  

Fortunately, commercial MBD engineering software exists that can simplify the engineering 

process by generating models of arbitrary and complex systems of equations which can be solved 

algebraically or numerically. 

 

One such tool is MotionSolve™ (Altair Engineering Inc, Troy MI), which is a commercial 

simulation solver that is part of the broader HyperWorks product suite.  Other tools also exist, 

such as MSC.ADAMS™ (MSC Software, Irvine, CA) or Solidworks Motion™ (Dassault 

Systèmes SolidWorks Corporation,  Waltham, MA).  These and other tools are commonly used in 

industry to simulate all types of mechanical systems and they integrate well with other modern 

design and engineering tools.  

 

 Concepts of MBD Modelling 

A simple MBD model of a block sliding on a shaft is shown in Figure 157.  The ground body is 

fixed, and the sliding body has one single translational degree of freedom along the shaft. In this 

 
7 The illustrations in this section were prepared using SolidWorks Simulation (Dassault Systèmes 
SolidWorks Corporation, Waltham, MA) 
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case the model can be activated by either applying a force function to the sliding block, or 

conversely by applying a position vs time function.  In the first case the solver would calculate 

the position, velocity and acceleration based on the applied force, and in the second case the 

solver would back-calculate the force that would have been required to produce the prescribed 

motion. 

 

 

Figure 15: Sample Motion Driver on a Sliding Mass 

 

 

In this case an arbitrary 699g (1.5 lb) mass is constrained to slide on a pin with the applied 

displacement vs time profile shown. The motion enforces a position versus time of the mass 

following the shape of a “STEP” function8.   

 

At any particular point in time the block has moved a distance from its starting position 

coinciding with the applied displacement curve (Figure 16). 

 

 

 
8 https://en.wikipedia.org/wiki/Heaviside_step_function 
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Figure 16: Motion of the Block at a Point in Time 

 

 

Figure 17 shows the resultant velocity and acceleration response from the model. As expected, 

the velocity response is a smooth parabolic function, and the acceleration response is essentially a 

straight line, with discontinuities at the start and stop points. For illustration purposes, vertical 

lines are shown in each plot highlighting the displacement, velocity and acceleration responses at 

a common point in time. 

 

 

 

Figure 17: Velocity and Acceleration Response of the System 
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The model is relied upon to calculate the forces that would have created the movement.  Figure 

18 shows the predicted force response from the system, which matches the hand calculation of 

F=ma for a 699g mass. 

 

 

 

Figure 18: Force Response of the Motion 

 

 

As previously described the human body does not work with applied displacements, but rather a 

complex interaction of muscles and bones controlled by an even more complex control system.  

 

 Stacking Joints and Motion Drivers 

The single degree of freedom model is extended to multiple degrees of freedom by stacking joints 

and motion drivers successively as shown in Figure 19.  In this model consider Body J as fixed to 

ground.  The position of Body I can be defined by the relative displacement of A1 with respect to 

Body J in the first direction, the relative motion of body A2 with respect to A1 in the second 

direction, and the relative motion of Body I with respect to A2 in the third orthogonal direction. 
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Figure 19: Stacking Linear Joints to Achieve General Motion 

 

 

The same concept can be extended to the rotational case with two caveats; 

1) All the rotations are assumed to occur at the same geometric point to correspond to the 

behaviour of the intervertebral discs. 

2) The rotations can only consider head motion in one primary degree of freedom at a time 

or Euler Angle sequences would need to be accounted for. 

 

The proposed angular stacking sequence is shown in Figure 20, where the generalized rotation 

between Bodies I and J are broken down into three successive rotations, each modeled as a 

revolute joint with an applied angular position versus time input motion profile. This system is in 

effect a 3-2-1 Euler sequence distributed over 3 separate joints while maintaining a common point 

A1

A2

Body I

Body J
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“O” for all cases. This approach does not allow any translation between the bodies, which is felt 

to be a reasonable approximation to match the spine behaviour. 

 

 

 

Figure 20: Joint Stacking Sequence for Revolute Joints 

 

2.7 Summary 

Head-neck load carriage systems have been defined as a system that assists people in carry non-

natural loads on their heads. In context of the military helicopter flight crew this means a flight 

helmet together with any required or optional operational equipment, such as night-vision googles 

and battery packs.  

 

The cohort of interest has been identified as military helicopter pilots who have high reported 

incidence of neck pain (>70%) attributable in part to the offset mass of heavy helmet-mounted 

A1
A2
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Body J

A1Body J

Body I

A2

Yaw (Rotation) Flexion-Extension Lateral Bending
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equipment such as night-vision goggles. Literature has focused on the lower neck as the region of 

the pain, with the C7-T1 spinal unit being of common interest.  

 

A dedicated multinational NATO working group has performed a comprehensive investigation of 

which indicates strong recommended for developing a broad base of solutions, one of which is 

neck support devices, which has an expected efficacy of 66.1%. 

 

Developing stabilizing devices requires engineering tools that enable early-stage design studies of 

various configurations of head-borne masses over a variety of simulated operational tasks. 

 

The specific objectives of this study are: 

1) To determine if a simplified dynamic model creates metrics that reflect spinal loading 

that are significant to the etiology of neck pain in military flight crew. 

2) To determine if the model can be used to develop and assess potential countermeasures 

for their ability to improve the underlying metrics related to neck pain. 
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Chapter 3 

Dynamic Model of Head-Neck Load Carriage Systems 

A dynamic model was developed using commercial engineering software (Altair MotionSolve™, 

Altair Engineering, Inc., Troy, MI) to provide a tool for estimating loads in the C7-T1 vertebrae 

based on movements of the head that are typical of common helicopter pilot vertical and 

horizontal scanning tasks. The model reflects representative anatomy for this cohort, and the 

motion profiles were obtained from laboratory studies in previous work[39].  

 

Figure 21 provides an overview of the various elements in the MBD modelling workflow, from 

model creation to results output.  The model has three basic inputs; the base model topology, the 

load cases and the head-borne equipment configurations.  The model has two primary outputs 

being numerical results and graphical results.  Each element is described in detail in this Chapter, 

beginning with a description of the topology of the base model, including description of 

individual joint kinematics, extension of the joints to the complete head-neck model. Next the 

boundary conditions, constraints and applied load cases are presented which describe the 

constraint relationships within the model and the external motion profiles used for load cases. A 

discussion of baseline configurations details the three basic head loading conditions considered in 

the initial model.  Simulation results are presented with discussion on segmentation and reduction 

of numerical data and examination of the variability between load configurations and intra- and 

inter-subject variability, along with a graphical overview of head motion. A data normalization 

scheme is presented together with normalized results for the simulations.  Finally, a study is 

presented examining the sensitivity of the model to spinal geometry assumptions. 
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Figure 21: MBD Modelling Workflow 

 

 

3.1 Model Topology 

The basic MBD model used for the head-neck study is shown in Figure 22 with the component 

parts labelled.  The left-hand image shows the stack-up of joints along the spine from C7 to the 

head in an exploded view for clarity.  The right-hand image shows the typical head-borne 

components that flight crew must wear. The ground body is representative of the body-worn 

flight gear, in this case a maritime life-preserver vest that must be considered when developing 

countermeasures. 
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Figure 22: MBD Model of a Fully Trimmed Head and Helmet showing NVG and CW. 

 

 

 Development of a Spinal Unit 

The building block of the MBD neck model is rotational joint stack following the method from 

Chapter 2. Consider a cervical joint consisting of two rigid body vertebrae and an intervertebral 

space (Figure 23). The joints are stacked such that all the joint motions are possible, with the 

sequence being first “Yaw” rotation about the vertical (local Z) axis, next being flexion-extension 

rotation about the new lateral (local Y’) axis and finally roll about the new fore-aft axis (X’’).  

Only the first two rotations are illustrated for clarity of the figure. 
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Figure 23: Joint Stacking Sequence Showing the First Yaw Rotation then Flexion Rotation 
of the Upper Vertebra with respect to the Lower Vertebra (Adapted from [40]) 

 

 

 Extending Topology to a Complete Neck Model 

Successive joints are stacked from T1-C7 to the head to provide a complete of the spine as shown 

in Figure 24. It is clear the total rotation of any particular vertebrae up to and including the head, 

is the sum of the joint rotations below it. By applying angular position vs time profiles to each 

joint the head can be moved in a general three-dimensional motion with respect to ground, which 

is assumed to be at T1-C7. 

XYZ

X’Y’Z’
X’’Y’’Z’’
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Figure 24: Joint Arrangement 

 

With this modelling approach the system is kinematically fully defined.  One simple method to 

confirm this is to consider the mobility of the mechanism as considered by the Chebychev-

Grübler-Kutzbach criterion [41][42].  This formulation of system degrees of freedom is not 

universally appropriate, but it is applicable in this case since there is only a single, open loop, 

without any redundant degrees of freedom amongst the joints.  There are 25 free rigid bodies 

including the head, the individual vertebra, and the intervertebral dummy bodies, resulting in 

22 𝑥𝑥 6 =  132 degrees of freedom for non-ground rigid bodies.  There are 21 revolute joints, 

each constraining 5 degrees of freedom for 21 𝑥𝑥 5 + 6 =  111 degrees of freedom removed.  

There are further 21 input motions removing the final 21 degrees of freedom.   

 

The modeling approach has many similarities to work in other fields of engineering, such as the 

development of snake robots [43][44].  These types of robots are described as having similar 

modeling topologies to the neck, where short individual links are connected in series with 

actively controlled joints. Sophisticated control strategies are used to manipulate the whole 
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machine both with respect to itself but also with respect to its environment. While the present 

MBD model does not have active or force-feedback control, it may be possible to augment the 

simulation in the future using cross-over knowledge.  This may provide an opportunity to explore 

further innovative designs with a low-fidelity model. 

 

 The Head-Neck MBD Model 

The generalized model of the head-neck system is shown in Figure 25. This model was created 

using Altair MotionView™ v2020.1 (Altair Engineering, Inc., Troy, MI).  

 

The geometry of the model was based on marker data provided by the Occupational 

Biomechanics and Ergonomics Lab (University of Waterloo) [39].  The origin of the model 

(0,0,0) was set to the head CoM, as this was consistent with the reference systems for CAD 

models of the helmet, the head-borne accessories and the proposed countermeasures.  The C0-C1 

position was located 53mm below the head CoM [45] while the C7 position was taken optical 

tracking marker data. The C7-T1 location was calculated by shifting the optical marker location 

forward in X by 57 mm to account for the marker diameter and the offset between the skin and 

the centre of the spine. The remaining segments were assumed to be uniformly distributed 

between C7-T1 and C0-C1. 
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Figure 25: Base Multibody Dynamics Model. The Origin is at the CoM of the Head.  X points 
forward along the line of sight, and Z points vertically up through the head. 

 

 

3.2 Loads and Boundary Conditions 

 Input Motion Profiles 

The model was actuated by head motion profiles which were applied as prescribed angular 

displacement profiles to each of the joints in the spine. For example, in a flexion-extension load 

case each of the spinal joints, C7-C6, C6-C5, and so on, were assigned a prescribed angle versus 

time profile to its corresponding flexion revolute joint.  The remaining revolute joints at each 

location were held fixed.  

 

The input motion data could be developed in many ways, such as by deriving motion based on the 

previously mentioned step response functions.  However, actual human movement data was 

available from related laboratory studies by Healey [33], and these were selected as inputs since 

they most closely reflect actual head motion of flight crew and do not involve developing 

Helmet CoM

Head CoM

C0-C1

C7-T1
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assumed motions profiles.  The laboratory studies represented a range of test subjects performing 

four main visual scanning tasks which were appropriate for this modeling and covered a range of 

slow to fast movers.  

 

3.2.1.1 Laboratory Study Methodology 

Healey performed lab testing of 30 volunteers performing simulated flight visual scanning tasks 

and was able to provide reduced data of the helmet motion profiles for several of the subjects for 

this study. In the laboratory study the subjects were fitted with a proprietary visual target 

acquisition system [46] including a head mounted laser-pointer replicating the aiming direction of 

vision through night-vision goggles (NVGs). The subjects were seated facing a grid of light 

sensors as shown in Figure 26, and asked to alternately acquire visual targeting of the sensors. 

Target acquisition was demonstrated when the light from the pointer activated the light sensor, 

and the subject would then move to acquire the next target.  The subjects were not told how to 

move their heads, but just that they should acquire as many targets as possible within 30 seconds.  

Trials were performed in both the flexion-extension as well as yaw, where subjects were asked to 

either acquire “far” away targets (i.e. larger head motion – upper case A and B) or “near” targets 

(i.e. narrower range of head motion – lower case a and a). Subjects were tested with a variety of 

head-configured masses ranging from head only (“HO”), head + helmet (“HH”), head + helmet + 

NVG (“HHNVG”) and head + helmet + NVG + counterweight (“HCW”).  Head motion was 

recorded with optical tracking and supplied as head angle versus time data sets at 10 Hz recording 

frequency. 
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Figure 26: Target Acquisition Task nominally +/-35° for Far and +/-17° for Near. (Adapted 
from Healey[33])  

 

 

3.2.1.2 Load Cases 

A load case is considered as a particular input motion profile obtained as head angle as a function 

of time.  Four flexion-extension motion profiles and four yaw motion profiles were selected to 

represent the range of expected responses within the larger study as shown in Table 5.  The load 

cases were chosen with the assumption that the “Most Trajectories Acquired” would be the fastest 

moving subjects (i.e. highest dynamic effects), and the “Least Trajectories Acquired” would 

correspond to the slowest moving subjects.  Two data sets were provided for each of flexion-

extension near and far, and yaw near and far. “Near” means the subject is cycling through the 

smallest range of motion (between “a-a” or “b-b” in Figure 26), and “Far” means the subject is 

cycling through the largest range of motion (between “A-A” or “B-B” in Figure 26).  
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Table 5: Simulation Load Cases and Corresponding Test Conditions 

Load Case Subject Test Condition Direction “Near” / 
“Far” Description 

Flex 1 P07 Helmet Pitch 
Far 
A-A 

Least Trajectories 
Acquired 

Flex 6 P12 Helmet + NVG Pitch Most Trajectories 
Acquired 

      

Flex 2 P07 Helmet Pitch 
Near 
a-a 

Least Trajectories 
Acquired 

Flex 7 P24 Helmet Pitch Most Trajectories 
Acquired 

      

Yaw 1 P07 Helmet Yaw 
Far 
B-B 

Least Trajectories 
Acquired 

Yaw 6 P12 Helmet + NVG Yaw Most Trajectories 
Acquired 

      

Yaw 2 P22 Helmet Yaw 
Near 
b-b 

Least Trajectories 
Acquired 

Yaw 7 P24 Helmet Yaw Most Trajectories 
Acquired 

 

 

Data reduction from motion tracking into head rotation angles was supplied from the lab.  The 

resulting motion profiles for the flexion-extension far and near cases are shown in Figure 27 and 

Figure 28 respectively.  Figure 29 and Figure 30 show the input motion profiles for the far and 

near yaw cases respectively.  Each plot shows the head angle plotted against time for two subjects 

performing the same respective test. Each subject starts the tests by acquiring a visual target at 

one limit of motion, and then they then move their heads to acquire the opposite target before 

moving back to the start and repeating the cycle.   
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The responses are generally similar between the test subjects. The differences are related to the 

speed of response and the range of motion and suggest that the data set is reasonably 

representative for the population under study.  Since the data will be applied to dynamic models, 

the angular acceleration represented by the second derivates of the angle versus time profiles will 

be of interest as these affect the forces and moments predicted by the model.  This is analogous to 

the linear acceleration and force responses shown in the simple slider-bar model. 

While there were differences in displacement magnitudes, target acquisition response and 

numbers of cycles across the subjects and across load cases, the overall response within each 

subject and load case were very similar.  This consistency allows segmenting of the curves and 

subsequent parameterization of the corresponding moment profiles.  
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Figure 27: Input Motion Profile - Flex 1 and Flex 6 (Far) 

 

 

Figure 28: Input Motion Profile - Flex 2 and Flex 7 (Near) 

-40

-30

-20

-10

0

10

20

30

40

0 5 10 15 20 25 30

He
ad

 A
ng

le
 [d

eg
]

Time [s]

Head Flexion vs Time

Flex 1

Flex 6

-40

-30

-20

-10

0

10

20

30

40

0 5 10 15 20 25 30

He
ad

 A
ng

le
 [d

eg
]

Time [s]

Head Flexion vs Time

Flex 2

Flex 7



 

44 

 

 

Figure 29: Input Motion Profile - Yaw 1 and Yaw 6 (Far) 

 

 

Figure 30: Input Motion Profile - Yaw 2 and Yaw 7 (Near) 
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 Cervical Joint Motion Linking 

The MBD model is driven by applying motion profiles explicitly to each of the joints in the spine.  

It is not practical to measure individual joint rotations during generalized head motions in a lab, 

let alone in a helicopter, but it common to measure total head motion and rotation using motion 

capture systems.  Therefore, a method is required to convert from the total head motion to the 

motion of the individual vertebra.  The spinal rhythm approach proposed by Barrett [28] 

following the data from Ivancic [47] allows the total head motion to be distributed to the 

individual joints through scaling factors which apportion the overall motion to the expected 

contribution of each joint. 

 

Each of the vertebra have relative scaling factors between motions as described by Barrett [28] 

and discussed in Chapter 2.4. The coefficients from Table 3 were scaled to account for the fact 

that the MBD model considers C7 to be fixed to ground as shown in Table 6.  The resulting 

rhythms are shown in Table 6; for example, 10° of head flexion will have 2.6° at C0-C1, 1.67° at 

C1-C2 and so forth.  

 

Table 6: Scaled Coefficients for Partitioning Total Head Motion to Individual Vertebral 
Joint Angles 

Joint Flexion-Extension Axial Rotation Lateral Bending 

C0-C1 0.260 0.096 0.200 

C1-C2 0.167 0.587 0.182 

C2-C3 0.089 0.054 0.135 

C3-C4 0.111 0.069 0.118 

C4-C5 0.113 0.070 0.133 

C5-C6 0.138 0.067 0.114 

C6-C7 0.122 0.057 0.118 
 

 



 

46 

 

This approach is recognized as an approximation only.  The true mechanical relationship of the 

vertebrae has been shown to be more complex, and work such as that by Anderst et al.[48] has 

shown that variability exists even between flexion and extension motions.  While the objective of 

this study is to create a low-fidelity model, future work could consider investigating the 

relationships between the joint angles in all degrees of freedom and upgrading the model as 

appropriate. 
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3.3 Load Carriage Conditions 

The model was evaluated for three load carriage conditions shown in Table 7.  Helicopter flight 

crew must wear helmets, so this Head + Helmet (HH) configuration is considered the baseline 

condition.  The model was evaluated in a head-only condition as a reference for the best-case 

scenario (HO).  Flight crew are required to wear night-vision goggles (“NVG”) during certain 

flight operations, and this has shown to be of concern with respect to neck pain, so this is the 

condition that is to be improved (HHNVG).  The design objective was to reduce the neck 

moments from the HHNVG condition back to the level of the HH condition. 

 

 

Table 7: Baseline Model Conditions 

Head Only 
Head + Helmet 

(Baseline) 
Head + Helmet + NVG 

 
  

 

Mass properties for the spine and head were obtained from the literature [49], however for 

simplicity the spinal vertebra were assigned a nominal zero mass so that the effects of the head 

system could be isolated. Mass properties for the helmet, NVG, battery pack and counterweight 

were measured from physical samples combined with 3D CAD modelling in Solidworks™ 

(SolidWorks Corp., Dassault Systèmes). 
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The mass-inertia of the helmet was obtained by scanning and weighing the individual 

components of an HGU-56 flight helmet (Gentex Corporation, Carbondale, PA) including the 

shell, liner, earphones and other parts and assembly hardware. The individual masses were used 

together with a 3D CAD created from scan data to establish the CoM and inertia properties for 

the helmet. The components were assigned uniform density such that the resulting predicted mass 

was the same as the measured mass.  Wherever possible components were broken down to 

uniform material parts.  Similar approaches were used for more complex systems like the NVG, 

battery pack and CW, in which cases they were broken down into the smallest practical limit of 

how they could be disassembled and were then assigned uniform density. 

 

Table 8 summarizes the mass, inertia and CoM properties used in the model. Note that a wide 

range of externally applied masses is expected in the field as changing equipment and personal 

preference all affect mass and mass-distribution for flight crew. The values selected were used to 

maintain commonality ongoing work.  
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Table 8: MBD Model Mass and Inertia Properties 

Body 
Mass  
[kg] 

Inertia 
[kg*mm2] 

CGx 
[mm] 

CGy 
[mm] 

CGz 
[mm] 

Head 4.69 
Ixx = 1.81E4 
Iyy = 1.73E4 
Izz = 2.36E4 

0.0 0.0 0.0 

C1 0.03 N/A 0.0 0.0 -53.1 
C2 0.03 N/A 0.2 0.0 -64.7 
C3 0.03 N/A 0.4 0.0 -76.3 
C4 0.03 N/A 0.7 0.0 -88.0 
C5 0.03 N/A 0.9 0.0 -99.6 
C6 0.03 N/A 1.1 0.0 -111.2 
C7 0.03 N/A 1.3 0.0 -122.8 

Helmet 1.096 
Ixx = 1.89E4 
Iyy = 1.30E4 
Izz = 1.75E4 

15.0 0.0 53.1 

NVG 0.563 
Ixx = 1.27E3 
Iyy = 0.65E3 
Izz = 1.05E3 

177.6 0.0 53.1 

Battery Pack 0.234 
Ixx = 0.30E3 
Iyy = 0.10E3 
Izz = 0.22E3 

-145.0 0.0 44.0 

Counterweight 0.63 
Ixx = 0.67E3 
Iyy = 0.21E3 
Izz = 0.49E3 

-167.3 0.0 44.4 

 

 

The helmet was positioned by visually aligning the helmet liner to the head. The helmet was then 

rigidly connected to the head with a fixed joint. Studies have noted that proper helmet fit is 

critical for both helmet performance and as a strategy for minimizing neck pain [4], so this 

modelling method will be revisited in the future9.   

 

 
9 Currently work is ongoing to simulate this using advanced finite element methods [56] and hopefully in 
time the actual position and the relative stiffness between the head and helmet can be simulated in an MBD  
model. Detailed geometry of the subject-specific spine would be beneficial; however, data was not 
available for this study. 



 

50 

 

While changing load carriage configurations is trivial in the MBD simulation, these are only one 

part of the model.  There is a possibility that the input motion should also change when the head-

borne mass is changed.  It is anticipated for example that a person would have a different 

response during a test conducted without any head-borne equipment than they would during a 

similar test wearing a helmet and NVG.  This difference has not been accounted for in the models 

and rather it is assumed that the change of response is small enough to be insignificant during 

these short duration tests.  This effect should be studied in controlled laboratory experiments to 

validate the assumption at which point an appropriate model change could be considered.  This 

could include simply performing additional simulations with a broader set of load cases, or 

potentially more involved adjustments such as implementing active control on the joints.  Any 

change in model or methodology must be weighed against the need to retain a low-fidelity model 

that enables engineering study, and not try to replace the work on the high-fidelity models. 

 

3.4 Model Implementation 

The simulations were solved using Altair MotionSolve™ 2020.1 using a Lenovo™ P51 Xeon 

laptop computer running a single core solution.  Simulation times ranged from 9 – 15 seconds, 

highlighting the potential benefits of using simplified models for early design studies.  Results 

were post-processed using Altair HyperView™ 2020.1, Altair HyperGraph™ 2020.1 and 

Microsoft Excel O365™ (Microsoft Inc., Redmond, WA). 

 

 Simulation Solver Parameters 

Models were run using scripted simulations with the start of the simulation initialized as a “SIM-

STATIC” to establish initial conditions correctly at time = 0.  This was followed by a 30 second 

“SIM TRANSIENT” simulation. Since the model is fully constrained, the SIM TRANSIENT 

simulation in MotionSolve™ performs a kinematic analysis.  In a kinematic analysis the software 
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generates the algebraic equations of motion for the system and uses the constraints and their 

derivatives to solve for the displacement, velocity and accelerations.  Then, the force-balance 

equations are used to calculate the system forces algebraically.  A solution maximum step size of 

0.001 seconds (1000 Hz) was used, with output from the simulation recorded at 0.005 second 

intervals (200 Hz).  

 

 Segmenting the Simulations – Flexion-Extension 

The method used to break down the simulation results into quantifiable segments is presented.  

The fundamental approach is identical between the flexion-extension load case(s) and the yaw 

direction load cases.   

 

3.4.2.1 Segmenting the Flexion Simulations 

Head angle was recorded throughout each simulation and compared to the input curves.  Figure 

31 shows data for the Flex 1 load case, where the input motion profile (red) curve is overlayed on 

the output response predicted by the model (blue) showing they match exactly.  This is expected 

as it validates that the model is correctly recreating the net overall head rotation when the input 

load curve is partitioned over the individual joints.  

 

A cycle is defined as the motion of a subject moving from an initial static posture to a new 

posture and then back again to the start point.  Figure 31 shows a cycle segmented into regions 

labelled as Atop, B1, B2, Abottom, B3 and B4 as described in Table 9. In this load case there are three 

complete cycle repeats during the 30 second test. 
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Table 9: Component Segments of a Flexion-Extension Cycle  

Region Description 

Atop Steady posture at full extension 

B1 Transition period between full extension up to neutral posture 

B2 Transition period between neutral posture and full flexion 

Abottom Steady posture at full flexion 

B3 Transition period between full flexion up to neutral posture 

B4 Transition period between neutral posture and full extension 
 

 

 

Figure 31: Head Flexion Angle and Cycle Segmentation (Flex 1) 
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Differentiating the angle versus time curve provides the angular velocity and angular acceleration 

of the head as shown in Figure 32. The velocity curve shows intuitive response for each region.  

In the static regions the head is stationary (zero velocity). As the subject moves towards the next 

target the head accelerates to between 75 and 100 deg/s in flexion-extension (B1), before slowing 

down to acquire the target (B2). The head rests at the second target for a brief period of time 

(Abottom) before the actions are reversed back to the start posture completing the cycle (B3/4). 

 

 

 

Figure 32: Flex 1 - Angular Velocity and Acceleration 
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3.4.2.2 Segmenting the Yaw Simulations 

Similar characteristic regions are shown for the Yaw 1 load case as shown in Table 10 and Figure 

33. Different region names are assigned to avoid confusion with the flexion load cases, although 

the characteristics of the curves remain the same. 

 

Table 10: Component Regions of a Yaw Cycle  

Region Description 

C1 Steady posture at full rotation 

D1 Transition between full rotation to neutral posture 

D2 Transition between neutral posture and full opposite rotation 

C2 Steady posture at full opposite rotation 

D3 Transition between full opposite rotation to neutral posture 

D4 Transition between neutral posture and rotation 
 

 

 

Figure 33: Head Yaw Angle and Cycle Segmentation (Yaw 1) 
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Differentiating the angle versus time curves provides the angular velocity and angular 

acceleration shown in Figure 34 for the Yaw case. The velocity curve again shows intuitive 

response for each region. In the static regions the head is stationary with zero velocity. As the 

subject moves towards the next target the head accelerates to between 125 to 135 deg/s (D1), 

before slowing down to acquire the target (D2). The head rests at the second target for a period of 

time (C1) before the actions are reversed back to the start posture completing the cycle (D3/4).  

 

 

 

Figure 34: Yaw 1 - Angular Velocity and Acceleration 

 

 

 C7-T1 Moment Data Results 

The principal outputs of the model are the C7-T1 moments.  A sample output moment curve for 

three configurations of the Flex 1 load case is shown in Figure 35, showing the resulting Y-

moments at T1-C7.  Positive values indicate a flexion moment (urging the chin towards the 
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chest), and a negative moment indicating an extension moment (lifting the chin upwards). The 

result curves have been filtered with a Butterworth low pass filter using a cut-off frequency of 10 

Hz. The 10 Hz threshold was chosen by examination of the FFT of the base curves which showed 

most signal content at less than 8 Hz.   

 

Figure 35: T1-C7 Y-Moments (Flex 1) 

 

 

A similar reduction approach was used for the Yaw cases. Figure 36 shows the filtered output 

moments for the three base configurations for Yaw 1, with the Z-moments being plotted. Note 

that the Butterworth filter appears to fit the Flexion curves better than the Yaw curves.  While 

improved filtering should always be considered, this does not pose a problem for the data 

reduction since all the curves within a load case use the same motion profile, so the filtering is the 

same in all cases.  This was verified by dividing the raw input curves by the filtered curves for all 

simulations in a single load case, and the resulting ratios were identical.  This may however affect 

the magnitudes of the predicted moments, but this discrepancy is accounted for in the 

parameterization and normalization procedure. There may be an additional effect when 
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comparing between load cases, where the input curves change resulting in potential errors dure to 

processing different signal content. The resulting moment curves for all load cases are shown in 

Appendix C. 

 

Figure 36: T1-C7 Z-Moments (Yaw 1) 

 

 

3.5 Data Processing and Parameterization 

Plotting data graphically provides a useful overview of the system response but it is difficult to 

quantitatively compare complex data streams across different regions of interest.  For example, in 

Figure 35, the Atop values of the baseline (HH) and the HHNVG cases are almost the same, but 

the Abottom values are quite different.  Further data reduction was required to isolate key metrics 

that could be used in design.  Figure 37 provides an overview of the data processing performed in 

this study.  The numerical results are first parameterized and then normalized prior to 

interpretation and application in the design process.  In some cases the unnormalized data is also 

considered, and this will be discussed in a later section.  One benefit of using common 
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engineering tools is that they provide excellent graphical interfaces and animations of the results, 

and these are used directly in the design processes. 

 

 

 

Figure 37: Data Processing Workflow 

 

 

 Parameterizing the Moment Response 

Close examination of the moment response shows that each of the previously identified regions 

has a characteristic response of interest. A parameter is the single numerical value derived from 

the data in each region.  
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3.5.1.1 Parameterization of Flexion-Extension 

Figure 38 shows the segmentation regions for one cycle of Flex 1. The regions are labelled 

corresponding to the previously described segmentation.  The static postures at full extension and 

full flexion are “Atop” and “Abottom” respectively, and these are characterized by arithmetic mean 

values. Between the static regions there are peak moments at both the start and end of the in-

transit phase. The states at B1 and B3 represent the additional moment required to accelerate the 

head system away from a steady state (zero velocity) condition. The states at B2 and B4 represent 

the additional moment required to bring the head to rest along to acquire the target along a motion 

profile chosen by the subject. The transient segments are parameterized using the numerical 

maximum (or minimum) in the region. 

 

 

 

Figure 38: Parameterization of One Flexion-Extension Cycle 
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Moment data were extracted for each of the regions of interest according to the rational shown in 

Table 11 for all cycles of all load cases. The number of cycles varies with each data set but is 

generally between 3 and 7 cycles. The remaining load cases are shown in in Appendix C. 

 

Table 11: Data Reduction Assumptions – Flexion-Extension Load Cases 

Region Description Type of Data 
Reduction 

Atop Steady state moment (static head position – full extension) Average 

B1 Peak yaw moment leaving full extension position Maximum 

B2 Peak yaw moment acquiring target in full flexion Minimum 

Abottom Steady state moment (static head position – full flexion) Average 

B3 Peak yaw moment leaving full flexion position Minimum 

B4 Peak yaw moment acquiring target in full extension position Maximum 

 

 

3.5.1.2 Parameterization of Yaw 

Figure 39 shows the segmentation regions for one cycle of Yaw 1. The regions are labelled 

corresponding to the previously described segmentation strategy.  The static postures at the limits 

of travel are “C1” and “C2” respectively, and these are characterized by arithmetic mean values. 

Between the static regions there are peak moments at both the start and end of the in-transit 

phase. The states at D1 and D3 represent the additional moment required to accelerate the head 

system away from a steady state, or zero velocity condition. The states at D2 and D4 represent the 

additional moment required to bring the head to rest along to acquire the target along a motion 

profile chosen by the subject. The transient segments are parameterized using the numerical 

maximum (or minimum) in the region. Notice that the means at the static conditions are 
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essentially zero, which will cause difficulties later during the parameterization step for these 

regions. 

 

 

 

Figure 39: Parameterization of One Yaw Cycle 

 

 

Moment data were extracted for each of the regions of interest according to the rational shown in 

Table 12 for all cycles of all load cases. The number of cycles varies with each data set but is 

generally between 3 and 6 cycles. The remaining load cases are shown in in Appendix C. 
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Table 12: Data Reduction Assumptions – Yaw Load Cases 

Region Description Type of Data 
Reduction 

C1 Steady state moment (static head position – full rotation) Average 

D1 Peak yaw moment leaving full rotation position Maximum 

D2 Peak yaw moment acquiring target in opposite full rotation Minimum 

C2 Steady state moment (static head position – full opposite rotation) Average 

D3 Peak yaw moment leaving full opposite rotation position Minimum 

D4 Peak yaw moment acquiring target in full rotation position Maximum 

 

 

 

 Parameterized Load Case Results for Flex 1 and Yaw 1 

Data for two simulations are considered as examples, with the remaining data shown in Appendix 

C.  Data for the Flex 1 load cases of the three base configurations were reduced using the 

procedure described and the results are shown in Table 13. This subject completed three full 

cycles and one partial cycle so the table shows the mean, maximum and minimum moments 

extracted from the results curves for each segment for each cycle. The means, standard deviations 

and number of observations are calculated for each region to examine how consistent the subject 

is between successive cycles.  The results show consistent performance across the motion cycles 

(p < .05). Note however that the means are not consistent between head load configurations, for 

example, the mean Atop moment in the HO condition is 1892 Nmm, compared to 2831 Nmm for 

the HH condition and 2796 Nmm for the HHNVG condition. These values compare to within 

3.5% of the static equilibrium hand calculations as shown in Appendix E. 
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Table 13: Summary of Flex 1 Raw Cycle Segment Moments 

Flex 1 - Head (10 Hz BW) - T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 
Cycle 1 1972 2170 -2195 -2118 -2504 1990 

Cycle 2 1988 2348 -2180 -2128 -2405 2010 
Cycle 3 1994 2283 -2087 -2112 -2367 1972 

Cycle 4 1975 2185     

Sample Mean 1982 2246 -2154 -2119 -2425 1991 
σ 10.5 84.0 58.6 8.3 70.7 19.2 

n 4 4 3 3 3 3 
       

Flex 1 - Head + Helmet (10 Hz BW) - T1-C7 Moment [Nmm] 

Cycle 1 2814 3180 -3554 -3394 -4099 2850 

Cycle 2 2840 3518 -3492 -3409 -3941 2879 
Cycle 3 2849 3388 -3370 -3386 -3893 2819 
Cycle 4 2820 3199     

Sample Mean 2831 3321 -3472 -3396 -3978 2849 
σ 16.3 161.3 93.7 11.7 107.6 30.1 
n 4 4 3 3 3 3 
       

Flex 1 - Head + Helmet + NVG (10 Hz BW) - T1-C7 Moment [Nmm] 

Cycle 1 2776 3276 -4767 -4510 -5457 2826 
Cycle 2 2808 3745 -4627 -4526 -5269 2860 

Cycle 3 2819 3561 -4512 -4502 -5226 2785 

Cycle 4 2783 3296     

Sample Mean 2796 3470 -4636 -4513 -5317 2824 
σ 20.2 224.9 127.6 12.2 122.5 37.6 
n 4 4 3 3 3 3 

 

 

Data for the Yaw 1 load cases similarly reduced, and the results are shown in Table 14.  The 

variability is predicted to be low for the D1, D2, D3 and D4 segments, however the C1 and C2 

results significantly higher variability. This is attributable to the results being measured against a 

mean that is close to zero, where even small changes in cycle-to-cycle moment can cause large 

apparent and likely insignificant variability. 
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As for the Flexion load case, the variability between head load carriage conditions is much more 

significant. For example, the mean D1 moment in the HO condition is -298 Nmm, compared to -

452 Nmm for the HH condition and -714 Nmm for the HHNVG condition.   

 

Table 14: Summary of Yaw 1 Raw Cycle Segment Moments 

Yaw 1 – Head (10Hz BW)  - T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

Cycle 1 0 -283 167 1 325 -239 
Cycle 2 -4 -233 191 0 258 -225 
Cycle 3 -2 -256 149 3 262 -182 
Cycle 4 -1      

Sample Mean -2 -258 169 1 282 -215 
σ 1.7 25.1 21.3 1.5 37.5 29.8 
n 4 3 3 3 3 3 
       

Yaw 1 – Head + Helmet (10Hz BW)  - T1-C7 Moment [Nmm] 

Cycle 1 0 -497 292 1 570 -419 
Cycle 2 -7 -409 336 0 453 -395 
Cycle 3 -3 -449 262 5 460 -319 
Cycle 4 -1      
Mean > -3 -452 297 2 494 -377 
StDev> 3.0 44.0 37.3 2.6 65.7 52.2 

       
Yaw 1 – Head + Helmet + NVG (10Hz BW)  - T1-C7 Moment [Nmm] 

Cycle 1 0 -785 461 2 900 -661 
Cycle 2 -11 -647 530 0 715 -623 
Cycle 3 -5 -710 413 8 727 -503 
Cycle 4 -2      

Sample Mean -4 -714 468 3 781 -596 
σ 4.7 69.3 58.9 4.1 103.6 82.5 
n 4 3 3 3 3 3 

 

 

The results presented, along with those shown in Appendix D generally show good consistency 

between individual cycles within each load case with the exception of the Yaw cases for the C1 
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and C2 location.  The results show much larger variability between load cases and also between 

load carriage conditions. 

 

Comparing Moments Between Load Carriage Conditions: Comparing the Flex 1 parameterized 

data for the the three head configurations (HO, HH (“baseline”) and HHNVG) shows substantial 

variability in the magnitude of the moments. Table 15 summarizes the reduced data for the three 

configurations together with the percent difference in values with respect to the baseline 

condition. Notice that the variability between the conditions is much higher than the variability 

between individual cycles for any one condition indicating the responses appear sensitive to both 

load condition and mass location relative to the fixed point at T1-C7.  

 

Table 15: Summary of Moments for Flex 1 

Flex 1 - T1-C7 Moment [Nmm]  
Values in brackets are %-difference with respect to baseline 

 Atop B1 B2 Abottom B3 B4 

Flex 1 – Head 
(%diff wrt baseline) 

1982 
(-30%) 

2246 
(-32.4%) 

-2154 
(-38.0%) 

-2119 
(-37.6%) 

-2425 
(-39.0%) 

1991 
(-30.1%) 

Flex 1 - Head + Helmet 
“Baseline” 

2831 3321 -3472 -3396 -3978 2849 

Flex 1 - Head + Helmet + NVG 
(%diff wrt baseline) 

2796 
(-1.2%) 

3470 
(+4.5%) 

-4636 
(+33.5%) 

-4513 
(+32.9%) 

-5317 
(+33.7%) 

2824 
(-0.9%) 

 
 

 

 Comparing Moments Between Subjects for Similar Load Cases 

The Flex 1 response is compared to Flex 2 (Figure 40), which has approximately one-half of the 

range of motion of Flex 1, which likely accounts for the lower overall moments shown.  Flex 2 

also demonstrates a somewhat different response than Flex 1.  In this case the static full-extension 

moments are similar for the HO and HHNVG case, while the HH case is slightly higher. The 
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moments in the flexion posture are spaced apart approximately equally and approximate the same 

magnitude as in Flex 1. Flex 2 subject also appears to have higher overshoot into and out of the 

static postures. 

 

 

Figure 40: Flex 2 Base Head Conditions - Moments 
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The data from Flex 2 is parameterized and summarized together with Flex 1 in Table 16.  

 

Table 16: Comparison of Mean Moments Between Flex 1 and Flex 2 Conditions 

 T1-C7 Moment [Nmm] 
 Atop B1 B2 Abottom B3 B4 

Flex 1 - Head  1982 2246 -2154 -2119 -2425 1991 

Flex 1 - Head + Helmet  2831 3321 -3472 -3396 -3978 2849 

Flex 1 - Head + Helmet + NVG 2796 3470 -4636 -4513 -5317 2824 

Flex 2 - Head 1173 1336 -723 -758 -935 1176 

Flex 2 - Head + Helmet 1586 1879 -1326 -1359 -1698 1613 

Flex 2 - Head + Helmet + NVG 1276 1671 -2193 -2207 -2678 1333 

Flex 2 Head wrt Flex 1 Head -40.8% -40.5% -66.4% -64.2% -61.5% -41.0% 

Flex 2 BASELINE wrt Flex 1 
Baseline -44.0% -43.4% -61.8% -60.0% -57.3% -43.4% 

Flex 2 HHNVG wrt Flex 1 
HHNVG -54.4% -51.8% -52.7% -51.1% -49.6% -52.8% 

 

 

Considering the differences between the mean moments in two load cases for the same load 

carriage configuration shown in Table 16 it is clear that a substantial difference exists between 

corresponding parameters between load cases. This observation was consistent throughout all 

load cases for both flexion-extension and yaw, as documented in Appendix D.   

 

This variability makes objective comparisons on the effectiveness of any proposed design 

countermeasures difficult, therefore a data normalization scheme was developed to help interpret 

designs more objectively. 
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3.6 Data Normalization 

For effective concept and design iteration, a normalizing approach was adopted for the simulation 

data. In this approach, the parameterized data for the individual conditions within each load case 

were normalized with respect to the base condition of HH.  

 

Normalization Method: The parameterized moments for each segment were divided by the 

corresponding HH base moment for the load case.  For example, from Table 16 the Flex 1 Atop 

moment for HHNVG case (2796 Nmm) was divided by the corresponding HH moment (2831 

Nmm) to get the normalize value reported in Table 17 (0.99).  All load case parameters were 

normalized within their load cases; so Flex 1 parameters were normalized against the Flex 1 HH 

condition, Flex 2 data were normalized with respect to the Flex 2 HH condition, and so forth. 

 

Table 17 presents and compares the normalized results Flex 1 and Flex 2 cases.  There is still 

high variability between the configurations within any one load case, so the method preserves that 

information.  Comparing between load cases however shows much more consistent results, 

indicating that this method is effective to compare different load cases. For example, the Atop 

condition improves from -40.8% when comparing moments directly to +5.7% when comparing 

normalized moments. Similar responses are seen across the remaining data sets for both flexion-

extension and Yaw as shown in Appendix F. 
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Table 17: Comparison of Normalized Mean Moments from Flex 1 and Flex 2 

 Normalized T1-C7 Moment [Nmm] 
 Atop B1 B2 Abottom B3 B4 

Flex 1 - Head  0.70 0.68 0.62 0.62 0.61 0.70 

Flex 1 - Head + Helmet  1.00 1.00 1.00 1.00 1.00 1.00 

Flex 1 - Head + Helmet + NVG 0.99 1.04 1.33 1.33 1.34 0.99 

Flex 2 - Head 0.74 0.71 0.55 0.56 0.55 0.73 

Flex 2 - Head + Helmet 1.00 1.00 1.00 1.00 1.00 1.00 

Flex 2 - Head + Helmet + NVG 0.80 0.89 1.65 1.62 1.58 0.83 

Flex 2 Head wrt Flex 1 Head 5.7% 5.1% -12.0% -10.7% -9.7% 4.3% 

Flex 2 BASELINE wrt Flex 1 
Baseline 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Flex 2 HHNVG wrt Flex 1 
HHNVG -18.5% -14.9% 23.9% 22.2% 18.0% -16.6% 

 

 

 

3.7 Graphical Presentation of Normalized Moments  

Figure 41 through Figure 44 show the normalized parameters for the Flex cases, with the HH 

baseline condition shown as a horizontal line at Y=1.  Figure 45 through Figure 48 show similar 

plots for the Yaw cases, again with the baseline HH configuration show as a datum line at Y=1.  

 

Uncertainty Estimates:  Uncertainty in the normalized ratios was estimated using standard error 

propagation methods[50].  Given measured values with means A and B and associated 

uncertainties σA  and σB respectively, the ratio,  f = A/B  has the uncertainty σf , where:  
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Note that σAB is the covariance of A and B, which is appreciable in these measurements because A 

and B are dependent on the same input functions.  Error bars are plotted showing the estimated 

error (σf ) between the mean of the ratios between the configuration and the baseline for the load 

case.  In order to assess differences between ratios, Student’s t-tests were used with the estimated 

errors and a significant probability of P < .05. 

 

Flexion Results: The head only condition has significantly lower moments than the baseline 

condition across all parameters and across all load cases (p < .05).  This is expected as there is 

lower mass to be held in a static posture, and lower inertia to be accelerated.  Conversely the 

HHNVG condition shows higher normalized moments when in the flexed posture (i.e. for the B2, 

Abottom and B3 segments). There is a difference though in the extension postures between cases 

though.  For the high range of motion cases (Flex 1 and 6), the HHNVG moments are 

approximately equal to the baseline.  For the low range of motion cases, the HHNVG moments 

are lower than the baseline condition and higher than the HO condition suggesting that the overall 

centre of mass is moving in the vicinity of the balance point over the T1-C7 ground point. 

Understanding how the mass moves relative to the restrain point is important when developing a 

counter measure configuration. 
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Figure 41: Flex 1 Normalized Moments 

 

Figure 42: Flex 6 Normalized Moments 
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Figure 43: Flex 2 Normalized Moments 

 

Figure 44: Flex 7 Normalized Moments 
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Yaw Results: Similar observations apply to Yaw, where the HO condition has lower moment 

ratios in all cases, and the HHNVG has the highest.  The Yaw cases however show essentially 

zero moment in the static case at C1 and C2. This leads to large uncertainty these cases as the 

results are being compared to a null value, and this must be carefully observed in future cases 

when developing a countermeasure configuration because the normalization strategy applies well 

for larger magnitude base results. The Yaw results also show higher noise-to-signal ratios from 

the simulations leading to larger error estimates. 
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Figure 45: Yaw 1 Normalized Moments 

 

 

Figure 46: Yaw 6 Normalized Moments 
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Figure 47: Yaw 2 Normalized Moments 

 

 

Figure 48: Yaw 7 Normalized Moments 
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3.8 Graphical Evaluation of Head Motion 

An advantage of and MBD approach is the ability to visualize a motion graphically in addition to 

numerically. Again, ignoring effects such as co-contraction or tissue bulkiness, the moments in 

the system have been shown to be driven by the location of masses for the static postures, and by 

the distribution of mass for the dynamic segments.  The images in Figure 49 show the position of 

the system at full extension, neutral posture and full flexion, and this helps to visualize how the 

three-principal head-supported masses move during with flexion-extension. The orange curves 

show the motion of the NVG battery pack.  The blue curves show the motion of the helmet CoM. 

The green curves show the motion of the NVG CoM. The attached figure shows the migration of 

the CoM of the three parts in the X-direction relative to the ground point. 

 

In all postures, the NVG is forward of the ground point and would require an extension moment 

to balance it.  The battery pack serves to somewhat balance the NVG moment, however it is 

much lower mass than the NVG and therefore has less effect.  The helmet CoM is slightly 

forward of the ground point and so it transits back and forth across the ground point during head 

motion. 

 

The graph in the figure shows the movement of the CoM points with respect to the ground point. 

It is again clear that the NVG is always forward of the ground point whereas the battery pack is 

aft.  The head and helmet CGs transit the ground point during the motion, and interesting appear 

to be well balanced in the neutral position, which raises the question of how sensitive the model 

may be to different neutral postures. 
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Figure 49: Position of Masses Throughout Range of Flexion Motion 
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3.9 Spinal Geometry Sensitivity Study 

A study was performed to quantify the effect of model geometry assumptions on the output 

results.  Figure 50 shows a study where the initial geometry of the system was modified by 

moving the T1-C7 point (the ground restraint point) both forward and aft (+/- X) by 15 mm, with 

the resulting moment curves. The results suggest that relatively small geometry changes can have 

substantial effects on the predicted moments, with variations of approximately 30% with respect 

to the baseline configuration being expected.  

 

 

   

 

Figure 50: Effect of Ground Point Location on Predicted Moments 
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3.10 Considerations for Future Studies 

The model may be useful in evaluating factors beyond the spinal geometry or changes to load 

carriage configurations. Additional investigations have been proposed. 

 

Helmet Fit and Interface Study: Helmet fit has previously been identified as a significant area of 

interest.  Improving the presently considered rigid connection between the head and helmet to 

include flexibility would be of interest. Modeling flexibility can be easily implemented with six 

degree-of-freedom springs; however, the stiffness response would be required from either 

laboratory testing or potentially finite element models. 

 

Environmental Load Cases: The load cases considered in this study are all based on laboratory 

testing.  The model could be used to consider boundary conditions more representative of an in-

flight aircraft.  Three classes of boundary conditions could include high- or off-G maneuvers 

(lateral or fore-aft in addition to vertical), vibration and shock. Applying these types of loading 

events in an MBD model is possible, but again the values to be implemented require development 

through testing. 

 

Geometric Sensitivity: The model can be evaluated for a range of sensitivities to other geometric 

parameters including locations of the masses and different weight distributions in the helmet and 

attached components. 
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3.11 Summary and Conclusion 

A simplified MBD model of the head-neck load carriage system was developed using commercial 

simulation software. The model was evaluated for three base load configurations over four 

flexion and four yaw load cases.  

 

The results were post-processed by segmenting and parameterizing the moments response of the 

C7-T1 joint. The parameterized results were then normalized to aid in interpretation between load 

cases and load configurations. 

 

The data showed low variation of moments within any individual load case.  Larger variability 

was noted between configurations.   

 

The model is a robust tool and can be applied to evaluate design countermeasures to predict if 

they will improve the moments in the head-neck. 
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Chapter 4 

Application of the Model to Design Strategies 

Based on the work of Chapter 3 the main design objective for the countermeasures is to reduce 

the C7-T1 moment in both Flexion-extension and Yaw as close as possible to the baseline 

condition of the Head+Helmet (HH).  A variety of solutions have been proposed [4] [11] to 

address the problem of neck pain, including mechanical countermeasures, changes to operational 

policies and of course, neck strengthening exercise.  This work is focused strictly on developing a 

mechanical solution to address the problem of NVG-related neck pain and using the MBD model 

to evaluate the potential effect of these countermeasures. 

 

4.1 Design Parameters 

An effective countermeasure is one which meets six key design requirements [4] [11]: 

1. The net external moments measured at T1-C7 are reduced to as close to the nominal 

condition as possible (HH condition). 

2. The overall mass of the head borne system is as low as possible. 

3. The overall rotational inertia of the head borne system is as low as possible. 

4. The solution should be body worn to meet the diverse task needs of flight crew and to 

avoid negatively affecting airworthiness certifications by attaching any devices to the 

aircraft directly. 

5. The solution should be passive as opposed to actively controlled. 

6. The solution should have some degree of user-tuning to support personal preference of 

the wearer. 
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There are also secondary objectives, which while important, are not directly part of this work. 

These include:  

1. The solution is robust in a variety of extreme environments. 

2. The system should be integrated into existing flight equipment without creating 

unnecessary encumbrances to the wearer, and it should not pose any secondary risks 

(e.g., interfering with emergency egress of an aircraft). 

3. The system should be able to fail-safe. 

4. The cost of the solution should be appropriate for the operational community. 

 

Many other standards and requirements exist before a design can be brought to operational use.  

NATO STANDARD AEP-2902 [20] describes many requirements for military helmets including 

environmental conditions, flammability, durability, blunt force attenuation and many more. 

Country and local operational requirements will also require consideration. At this stage of 

development however the main interested is in the basic functional performance of the concepts.  

 

4.2 Proposed Countermeasures 

To meet Primary Objective 1 the countermeasure must apply a balancing moment to the head in 

flexion-extension direction.  The baseline results from the Flexion-Extension cases indicate the 

balancing moment should be relatively low in the extension position, maximum in the flexed 

posture, and at some middle ground in the neutral posture.  

 

The peak moments are related to dynamics, therefore it seems reasonable that a solution which 

that adds minimal, if any, mass to the head would help to reduce these peaks and meet Primary 

Objectives 2 and 3.  
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The three proposed solutions considered in this Chapter are shown in Table 18, and each will be 

described in more detail below.  One potential solution to these Objectives in widespread use is 

the counterweight. This solution however does not meet the Objectives 2 and 3, but it will be 

considered since it is already adopted.  Knowing the solution is a body-worn, passive mechanical 

system that can apply static forces with little weight, it becomes intuitive to also consider spring-

based systems.  Two novel systems (Countermeasures 2 and 3) were designed: a single line-of-

action balancer and a dual line-of-action balancer. These embodiments are described in a recently 

granted patent: Hetzler, et al.[51] Patent Number US 10,905,185 B2 (Feb 2, 2021 - Appendix G) . 

 

 

Table 18: Strategies for Mitigating Joint Loading 

Countermeasure 1 
Counterweight 

Countermeasure 2 
Single Line-of-Action 

Balancer 

Countermeasure 3 
Dual Line-of-Action Balancer 

   
 

 

More advanced mechanical solutions could include head-neck devices with active controls; 

however, these require longer term development and were therefore not considered.  Similarly, 

countermeasures involving changes or connections to the aircraft were not considered.  Apart 

from potentially creating problems with aircraft airworthiness certifications, these solutions 
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required more effort to engage and disengage, and could cause concerns during emergency 

situations. 

 Countermeasure 1 – Counterweight 

The current state-of-the-art is a simple lumped mass that is optionally employed by flight crew. A 

counterweight is literally a pouch filled with heavy material (e.g., steel or lead) attached to the 

back of the helmet with hook-and-loop strips.  These systems are widely available commercially 

from vendors, such as UR-TACTICAL or even distributors on Amazon.   

The size of the mass can be tuned by the wearer to suit their individual preference. 

 

 

 

Figure 51: Example of a commercially available counterweight[52].  The pouch can be filled 
with a range of balancing masses to suit the wearer. 

 

 

Counterweight 
pouch
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For modelling purposes, a mass of 630g10 was rigidly fixed to the helmet of the MBD model as 

shown in Figure 52. 

 

 

 

Figure 52: Head + Helmet + NVG + CW MBD Model 

 

 

 Countermeasure 2 – Point to Point Spring Balancer 

A simple spring balancer is considered as a potential countermeasure. The concept for this design 

is a single-line-of-action (SLA) cable element that has one end fixed to the helmet of the wearer 

and the other end fixed to the body of a wearer. The spring exerts a tension force to the back of 

the helmet that pulls down in a manner to counteract the forward moment of the NVG. 

 
10 This was chosen to remain consistent with other ongoing work.[39] 
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Figure 53: Single Line of Action Spring Balancer 

 

 

The model was evaluated for a constant force tether element with a tension of 6.2 N, chosen to 

equal the force exerted by the 630g counterweight under 1G gravity. In the model this can be 

achieved using a constant force spring element. 

 

The design is based on clock spring balancer with a cable winding spool as shown in Figure 54. 

The outer carrier includes a spool around which an inextensible cable is wound.  As the cable is 

extended, the cable generates a force response that is essentially linear within the range of head 

motion.  The device includes a preload adjustment feature to enable the wearer to tune the output 

force to suit their preference.  The device is shown as helmet mounted for clarity but is typically 

considered to be body-worn to provide negligible additional head-borne mass or inertia. 

 

The body-side mount of the system was not a consideration in this study, but it presents a new set 

of challenges.  For the purposes of the study, the body-side connection was fixed in the same way 
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that C7-T1 was fixed.  In practice mounting devices to a body is challenging, particularly given 

the amount of other body-worn equipment worn by flight crew.  Initial design studies are 

described in the Hetzler et al. [51] patent which include measures for mounting and emergency 

release or decoupling of the system.  

 

 

 

Figure 54: Single Line of Action - Spring Balancer Design 
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Figure 55: Proof of Concept Prototype of SLA System Mounted to HGU-56 Helmet (TSI 
Engineering Inc., Stouffville ON) 

 

 

During development it was noted that a potential disadvantage of the single line of action system 

was that that it would provide a restorative yaw moment to the head during side-to-side rotation.  

As such, when the head was turned to the side, the spring system would apply a moment to 

realign it to neutral posture.  Further, since the line of action is offset vertically from T1-C7 there 

would also be a lateral bending moment. These effects have not been considered during this 

project, but the models can clearly be extended to evaluate these conditions as well. 
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 Countermeasure 3 – Dual-line-of-Action Balancer 

The third concept device considered is an extension of the single line of action spring balancer. A 

dual-line-of-action (“DLA”) system is proposed to alleviate the restorative moment problems 

presented by the SLA system. The MBD model of this system is shown in Figure 56. 

 

 

s  

Figure 56: Dual-Line-of-Action System MBD Model 

 

 

This system attempts to distribute the balancing force between two cables in a manner that 

accounts for changing geometry to improve the net forces acting on the head. The basis of design 

is that as a cable gets shorter, it exerts higher force.  As cables are extended, they exert lower 

force, as the cables retract the force increases. Figure 57 shows the forces in the cable elements at 

limits of motion in flexion and yaw, where the left panel shows that when the head rotated to the 

right the left-side cable exerts full counterbalance loads and the right-side cable is close to zero.  

The right-side plots show the forces in flexion and extension, and how, at the limits of motion, the 
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alignment of the cable lines of action can beneficially affect the net moments on the head.  In 

flexion the individual forces are low, but the cables are aligned at an advantageous geometric 

position. In extension the forces are high, but the geometry change means the forces mostly 

cancel out. 

 

 

 

Figure 57: DLA System at Limits of Motion. (Left) arrangement at maximum yaw motion. 
(Right upper) arrangement at maximum flexion. (Right lower) arrangement at maximum 
extension. 

 

 

Implementing such a system in practice has proven challenging, but a concept design was created 

to demonstrate the principle of operation (Figure 58). Here a body mounted system is presented 

that is again based on a central coil spring.  The spring is attached on either end to a fusee11.  This 

mechanism can be used to adjust cable forces independently of the spring rate by increasing or 

 
11 Defined in Meriam-Webster Dictionary as “a conical spirally grooved pulley in a timepiece from which a 
cord or chain unwinds onto a cylinder containing the mainspring and which by its increasing diameter 
compensates for the lessening power of the spring” 
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decreasing the radius at which the cable acts on the coil spring.  The design is enhanced by 

coupling the two fusee to a single coil spring in a manner allowing simultaneous preload 

adjustment. The mechanics of this design are described in detail in the patent by Hetzler, et al. 

[51].  

 

While this is an interesting concept it is not without challenges including the size of the body 

mount system and the complexity of the device design. It must first be established that the 

concept has operational merit before proceeding too far towards a prototype. 
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Figure 58: Dual-Line-of-Action System Design Embodiment 

  



 

93 

 

4.3 Simulation of Countermeasure Designs 

The countermeasure designs were evaluated using the same approach as previously described for 

the baseline conditions for both the flex and yaw load cases.  Raw data is presented in Appendix 

C through Appendix F, and the results are summarized in this Section.  

 

 Performance of Countermeasures in Flexion-Extension 

Normalized results for the Flex load cases are shown in Figure 59, and normalized results for the 

All data are normalized and plotted with reference to the HH condition.  The HHNVG cases 

provide a reference as to how the effective countermeasure is predicted to be in addressing the 

specific NVG related problem. 
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“Far” Flexion Events 
Normalized T1-C7 Flexion Moments 

  

 

“Near” Flexion Events 
Normalized T1-C7 Flexion Moments 

  
 

Figure 59: Flexion Moments for Countermeasures 
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Countermeasure 1 – CW: For the far flexion load cases, the CW case results in higher moments 

in the extension posture (Atop, B1, B4), while in the flexed postures (B2, Abottom, B3) there is 

predicted benefit although insufficient to restore the moments to the target condition.  These 

effects are attributable to movement of the CoMs of the CW and NVG towards the T1-C7 ground 

point thereby altering their moment arms. Similar patterns are seen for the near flexion load 

cases, where in this case the CW provides almost ideal counterbalance in the flex condition, but 

again creates a problem in the extension posture.   

 

These comparisons highlight an important deficiency in the normalization scheme when trying to 

compare different baselines. In the far conditions (Flex 1 and 6), the baseline moments are 

calculated with the head in an approximately the same positions – maximum extension and 

flexion, so the normalizing scheme is consistent between these load cases.  In the near conditions 

(Flex 2 and 7) the baseline moments are calculated at different head positions which alters their 

interpretation.   

 

Further, it is worth noting that as baseline values get closer to zero (neutral), the relative changes 

may become exaggerated.  As an example, from the Flex 1 case at Atop, the CW has a mean Atop 

moment of +4096 Nmm (1.45 compared to the baseline), whereas for the Flex 2 case the Atop for 

a CW is 2502 Nmm (1.58 compared to its baseline). It is therefore important to ensure an 

appropriate basis for comparison when drawing conclusions from the results. 

 

Countermeasures 2 and 3: For the far conditions both the SLA and DLA systems provide good 

balancing moments in the flex posture.  Interestingly the DLA system is predicted to perform well 

in the extension posture, and this is likely attributable to the change in alignment of the load 

cables previously mentioned. In the near conditions, the SLA spring system is predicted to be 



 

96 

 

effective, while the DLA system is predicted to be under-powered, whereas in the extension 

condition it is almost over-powered.   

 

The response of the DLA in these simulations shows promise, however it also shows complex 

behaviour that would require further study and tuning. The SLA system shows positive benefit in 

all cases. 

 

 Performance of Countermeasures in Yaw 

Normalized results for the Yaw load cases are shown in Figure 60. All data are normalized and 

plotted with reference to the HH condition.  The HHNVG cases provide a reference as to how the 

effective countermeasure is predicted to be in addressing the specific NVG related problem. 

 

The first observation is that in all cases the normalized C1 and C2 results for the spring-based 

systems are appreciably different from the baseline and the CW conditions.  The reason for this is 

that the baseline values (HH) are close to zero as shown in Table 19, which is expected since the 

yaw moment when the head is at rest should be zero. For example, for the Yaw 1 case the 

baseline C1 moment is -3 Nmm, however, when a single line-of-action spring is added it creates a 

restorative moment of 430 Nmm to bring the head back to neutral posture. For this reason, the 

designs are better evaluated using the parameterized moments in addition to the normalized 

moments.  

 

Of greater practical interest are the moments associated with dynamic motion.  The D1, D2, D3 

and D4 values all show a sensitivity to both the added mass of the NVG and even more so to the 

additional mass of the CW.  Increasing the mass-inertia of the head has a direct effect on the 

dynamic loads, which is again expected.  The spring-based systems have positive effects on the 
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D1 and D3 values by helping to accelerate the head in the direction of motion, and they further 

benefit the D2 and D4 values by helping slow the down the head at the end of a movement.  These 

of course come at the expense of forcing the wearer to maintain a static moment to keep their 

heads in the rotated posture. 

 

 

“Far” Yaw Events 
Normalized T1-C7 Yaw Moments 

 
 

“Near” Yaw Events 
Normalized T1-C7 Yaw Moments 

   
 

Figure 60: Yaw Moments for Countermeasures 
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Table 19: Summary of Parametrized Moments for all Yaw Cases 

“Far” Yaw Events 
T1-C7 Yaw Moments [Nmm] 

Means C1 D1 D2 C2 D3 D4 

Yaw 1 - Head_10Hz -2 -258 169 1 282 -215 
Yaw1 - Head + Helmet _10Hz -3 -452 297 2 494 -377 
Yaw 1 - Head + Helmet + NVG_10Hz -4 -714 468 3 781 -596 
Yaw 1 - CW_10Hz -5 -911 598 4 997 -761 
Yaw 1 - HSSDp2p Spring 2_10Hz 424 -367 336 -430 421 -472 

Yaw 1 - DLA_10Hz 225 -492 337 -227 557 -484 
 
 

Means C1 D1 D2 C2 D3 D4 

Yaw 6 - Head_10Hz 2 -178 124 1 163 -122 
Yaw 6 - Head + Helmet_10Hz 4 -313 217 2 286 -215 
Yaw 6 - Head + Helmet + NVG_10Hz 6 -494 343 3 452 -339 
Yaw 6 + CW_10Hz 8 -631 438 4 578 -433 
Yaw 6 + HSSDp2p Spring 2_10Hz 423 -199 189 -420 119 -176 
Yaw 6 + DLA_10Hz 233 -288 210 -225 236 -195 

 

 

“Near” Yaw Events 
T1-C7 Yaw Moments [Nmm] 

Means C1 D1 D2 C2 D3 D4 

Yaw 2 - Head_10Hz 2 -209 222 -3 208 -210 
Yaw 2 - Head + Helmet_10Hz 3 -367 389 -5 366 -368 
Yaw 2 - Head + Helmet _ NVG_10Hz 5 -580 615 -8 577 -581 
Yaw 2 - CW_10Hz 6 -741 785 -11 737 -742 
Yaw 2 - HSSDp2p Spring 2_10Hz 286 -410 450 -200 465 -324 
Yaw 2 - DLA_10Hz 201 -443 481 -161 470 -385 

 

Means C1 D1 D2 C2 D3 D4 

Yaw 7 - Head_10Hz 3 -277 245 -5 250 -214 
Yaw 7 - Head + Helmet_10Hz 5 -486 430 -10 439 -376 
Yaw 7 - Head + Helmet + NVG_10Hz 8 -767 680 -15 694 -593 
Yaw 7 - CW_10Hz 11 -980 868 -19 886 -758 
Yaw 7 - HSSDp2p Spring 2_10Hz 268 -576 518 -256 503 -391 
Yaw 7 - DLA_10Hz 198 -608 537 -196 534 -423 
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4.4 Summary  

Three proposed countermeasures were designed and evaluated for Flexion-Extension and Yaw 

load cases. 

 

Countermeasure 1 - Counterweight:  The addition of a counterweight resulted in varied 

performance across load cases.  This countermeasure showed some benefit in flexion postures 

close to the neutral position but showed higher moments in any dynamic condition. 

 

Countermeasure 2 – Single Line-of-Action Spring Balancer (SLA):  Modelling predicted the 

SLA system would provide reduced moments in the flexion postures for both the near and far 

conditions. In yaw the spring system also shows superior response to the CW in the dynamic 

conditions.  However, there is a non-zero static moment in yaw postures that require the wearer to 

exert a holding moment that would not be required in the baseline or CW conditions. 

 

Countermeasure 3 – Dual Line-of-Action Spring Balancer (DLA):  Modelling predicted the 

DLA system would provide reduced moments in the flexion postures for both the near and far 

conditions both statically and dynamically. The yaw response is similar to the SLA system but 

with lower restorative moments, showing the proposed design has merit for future development. 
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Chapter 5 

Discussion  

The primary objectives of this study were to first create a simple engineering-centric MBD 

modelling approach that could be used in early-stage design of an external countermeasure to 

alleviate forces and moments in the neck due to head-borne load carriage.  The next objective was 

to apply this model and evaluate several design concepts to see how they might improve the neck 

loading for helicopter flight crew. This Chapter presents the key observations from the MBD 

model including a review of the model, limitations of the method and recommendations for future 

work.  The results of the baseline simulations will be discussed followed by a discussion of the 

predicted performance of three potential countermeasures using the modelling tool. 

 

5.1 MBD Model 

 MBD Model Advantages and Functionality 

The MBD model is a robust and simple tool that is useful in evaluating designs and comparing 

changes relative to a base condition. The model is simple to implement in programs such as 

MotionSolve™ and the simulations solve quickly even on low-end engineering workstations 

enabling large numbers of simulations to be performed in little time.  

 

Design iterations can be developed modularly in the software, which is essentially fully featured 

in terms of developing mechanical or even actively controlled countermeasures. Similarly, new 

load cases can be added easily using either simple text file input of time and displacement 

obtained from any source such as test data or even other generated curves or even function 

generated curve within the solver.  
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The model was able to replicate head motion from input lab motion profiles in both flexion-

extension and yaw and use those motions to quantify moments in the system under a variety of 

base and extended configurations.  As a low fidelity model the results cannot be used to predict 

absolute forces or moments but despite not being able to provide a “Go/No-Go” for any design, 

the model is useful when comparing to baseline results that are also generated by the model.   

As such, this approach meets the desired attributes for modelling in the TRL 2-4 stage of design 

(Appendix A). 

 

 Model Limitations 

Assumed Loading: The simulations assume that a single load curve is representative for all of the 

head configurations for each load case.  This implies a fundamental assumption that a person 

would follow the same motion profile regardless of the load on their head. While there are clearly 

cases that would violate this assumption, such as a person wearing a bomb disposal suit, in which 

case the HO condition is expected to be different than the HH condition, or, a weak person 

carrying a large mass, the overall approach is felt to be sound. The modelling approach is felt to 

be acceptable in since it is dealing with a relatively limited ranges of head mass and the ranges of 

motion covered by the input data cover the full range of motion of the subjects in the field.  

It is worth noting that in the early design stages the fundamental nature of the countermeasure is 

not known, and this too could affect how people will respond.  

 

Accuracy of the Geometry and the System: The MBD results are shown to sensitive to small 

changes in initial geometry, as demonstrated by the C7 location study. The sensitivity study 

demonstrated that the moving the C7 location by as little as 15 mm can shift the predicted 

moment responses by as much as 31%. It is recommended that more accurate baseline geometries 

be created to ensure that the base anatomy is modeled as accurately as possible. 
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Helmet Fit:  Helmet fit was a specific factor identified by the NATO study[4] that could 

significantly affect fatigue, particularly in high vibration environments. The MBD model has two 

limitations in this regard; first is that the helmet is fit visually to the head, second is that the 

helmet is rigidly connected to the head. This deficiency can be improved in future models through 

development of a modelling technique for the head-to-helmet interface.  Research into helmet fit 

using finite element methods is increasingly common[53] and these types of models can be used 

to inform the MBD model. 

 

Aircraft versus Laboratory Boundary Conditions: The models studied in this report are based on 

static or quasi-static load cases where test subjects were studied sitting in a chair in a lab and not 

in a moving aircraft. Aircraft in flight can experience a large range of load input from many 

sources, all of which affect their passengers. General vibration, maneuvering and shock loading 

can all be significantly more than a static 1g, and all occur simultaneously in all directions. MIL-

STD-810H [54] has a comprehensive and public overview of environmental requirements for 

flight environments. These factors should be considered, along with other design requirements, 

when developing or validating flight equipment regardless of whether they are static masses or 

more complex spring-based or active systems. The MBD modelling approach could be a useful 

tool for these studies as well, particularly because the models are small and efficient.  Adding 

dynamic environmental load cases in several directions is realist in a virtual environment and this 

could be considered in future work. 

 

 

 

 



 

103 

 

5.2 Simulation of Head-Neck Load Carriage Systems 

 Baseline Conditions 

The flexion-extension results show sensible and expected performance.  In all cases the HO 

configuration requires lower moments than the HH or HHNVG configurations, while the addition 

of NVG to the helmet increases moments. The HHNVG case shows similar moments to the HH 

case in the extension condition, but in flexion the HHNVG has between 33% to 65% higher 

moments that the HH condition. 

 

The yaw results are also sensible in that the normalized moments are also essentially constant but 

scaled versions of the baseline.  The static moments in yaw at C1 and C2 are essentially zero for 

the baseline conditions. The dynamic moments for D1, D2, D3 and D4 are all functions of the head 

mass-inertia, and so the scaling will be uniform for these cases as well. In yaw the HHNVG 

conditions required 58% more dynamic moment than the HH configuration in all configurations. 

These results reinforce the NATO recommendation that the head mounted inertia be as small as 

possible. 

 

 Countermeasures 

Three design countermeasures were considered: a counterweight, a single line-of-action spring 

system and a dual line-of-action spring system.  

 

Countermeasure 1 – Counterweight: In flexion cases the counterweight shows varied 

performance. In some postures, particularly ones close to neutral the CW is effective in bringing 

the moments in line with baseline, this is likely since the weight is typically selected and adjusted 

for ideal balance at neutral posture. In the far extension posture the CW results in moments 146-
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148% of baseline, and also 121-128% of baseline moment in full flexion.  In short, the CW 

appears to be worse than baseline in any posture apart from neutral. 

 

In yaw the CW follows the trends from the baseline cases, where the mass-inertia results in 

moments 202% of baseline. 

 

These results indicate that a CW solution is not favourable for reducing moments across a range 

of postures. 

 

 

Countermeasure 2 - Single Line-of-Action System (SLA): The point-to-point spring system 

shows excellent performance in the flexion postures for both the near and far conditions, with 

predicted moments between 89% - 116% of baseline.  In the far extension position the moments 

are 132% - 142% of baseline, and this increases to 140%-156% of baseline in the near extension 

condition.  There could be opportunity for further tuning of spring geometry to improve the 

extension position moments, but any such study would require further insight into how and where 

equipment could be mounted to the body-worn equipment. 

 

In yaw the spring system is shows superior response to the CW in the dynamic conditions, and in 

several cases reduces moments to below the HH baseline.  This is logical since the spring is 

urging the head back to a midline neutral posture, which means it helps return the head from a 

fully rotated posture, and it helps slow down the head when acquiring new targets at the end of 

travel.  A problem becomes apparent when comparing the static postures where the baseline 

condition has no restoring moment. With a spring the head must constantly fight the restorative 

moment to maintain a static position. For this reason the normalization approach is inappropriate 

where large moments are being normalized against essentially zero. 
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These results correspond to feedback from the NATO report when a similar system was ad-hoc 

evaluated.[4]12 

 

 

Countermeasure 3 - Dual Line-of-Action (DLA):The dual line-of-action system is a theoretically 

elegant solution that is designed to help alleviate the restorative moment.  The predicted results in 

the far flexion condition show positive performance at both the full extension and full flexion 

postures, both statically and dynamically.  The near condition shows similar response, but with 

larger apparent scaling, which is attributable to the much smaller baseline moment for the HH 

condition in this case. 

 

The yaw response is similar to the SLA system, but with lower magnitudes. From the tabulated 

data, the DLA restoring moment is 52% of the SLA moment in the far posture, and 73-91%  of 

the SLA moment in the near posture. 

 

Theoretically this design shows promise, but it would require a relatively large body-mount 

connection that may be impractical in the field. 

  

 
12 Section 5.8.1.1 Pg 5-17 
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Chapter 6 

Conclusions and Future Direction 

This study has presented a robust yet simple MBD model that was used to evaluate three baseline 

load carriage configurations over a variety of laboratory supplied motion profiles.  The model 

results were used to evaluate three proposed countermeasures that could help reduce neck 

moments attributable to offset head-supported masses. 

 

There are three main conclusions: 

1. The model is a practical platform for study of head-neck load carriage systems.  Future 

work should consider: 

a. Upgrades to the model to improve geometric accuracy. 

b. Improve the head-to-helmet connection and fit. 

c. Consider a broader range of occupational load cases in particular lateral bending 

and different scanning tasks.  

d. Examining the behaviour of the various configurations in conditions 

representative of an actual aircraft.  In simulation it is relatively easy to introduce 

a moving base frame, such as applying a vibration excitation to C7-T1 instead of 

a fixed restraint to ground, or to apply non-vertical body forces to the model.  In 

a laboratory environment gravity always points down, but in an aircraft that is 

quite far from the truth. 

2. Countermeasure 1 (CW) was shown to generate higher static and dynamic neck moments 

in almost all conditions, with the exception of neutral postures. In yaw, the CW adds 

significant inertia to the head, making dynamic moments much higher. This mitigation 

strategy is not recommended. 
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3. Countermeasures 2 and 3 (SLA and DLA) show promise for restoring moments from a 

HHNVG condition back to a HH condition, or better, in flexion-extension. The spring-

based countermeasures are predicted to improve the dynamic moments in all cases back 

to, or better, than the HH condition.  However, these systems suffer from two problems 

that must be overcome: 

a. The spring-based solutions must mount in some way to the body. This is a 

challenging task since there is a variety of body worn equipment to consider, all 

of which is soft and complaint, making even a 5-10 N spring force difficult to 

control. 

b. The spring-based systems develop yaw moments that try to bring the head back 

to neutral, and lateral bending moments that try to bend the neck in addition to 

the desired flexion-extension moment.  Strategies to overcome these challenges 

should be investigated and developed. 
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Appendix A 

Technology Readiness Levels 

Industry Canada provides a common scale for expressing the commercial readiness of a product 

[12].  Starting with TRL 1, where basic scientific research begins, the scale progresses up to full 

production readiness at TRL 9. The types of activities typically expected at different stages are 

described. Similar scales are used by organizations and governments worldwide (e.g. at NASA 

[55]). 

 

Early Stage
Technology 

Development



 

116 

 

Appendix B 

Input Motion Profiles 

 

Figure 61: Input Motion and Output Velocity and Acceleration - Flex 1 

 

 

 

Figure 62: Input Motion and Output Velocity and Acceleration - Flex 2 
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Figure 63: Input Motion and Output Velocity and Acceleration - Flex 6 

 

 

 

 

Figure 64: Input Motion and Output Velocity and Acceleration - Flex 7 
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Figure 65: Input Motion and Output Velocity and Acceleration - Yaw 1 

 

 

 

 

Figure 66: Input Motion and Output Velocity and Acceleration - Yaw 2 
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Figure 67: Input Motion and Output Velocity and Acceleration - Yaw 6 

 

 

 

 

Figure 68: Input Motion and Output Velocity and Acceleration - Yaw 7 
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Appendix C 

Simulation Results - T1-C7 Moments 

 
Figure 69: Predicted C7-T1 Flexion Moments - Flex 1 

 

 

 
Figure 70: Predicted C7-T1 Flexion Moments - Flex 6 
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Figure 71: Predicted C7-T1 Flexion Moments - Flex 2 

 

 

 

 
Figure 72: Predicted C7-T1 Flexion Moments - Flex 7 
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Figure 73: Predicted C7-T1 Yaw Moments - Yaw 1 

 

 

 

 

 
Figure 74: Predicted C7-T1 Yaw Moments - Yaw 6 
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Figure 75: Predicted C7-T1 Yaw Moments - Yaw 2 

 

 

 

 

 
Figure 76: Predicted C7-T1 Yaw Moments - Yaw 7 
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Appendix D 

Raw Reduced Moment Data 

Table 20: Raw Reduced Data - Flex 1 Baseline Conditions 

Flex 1 - Head (10 Hz BW) T1-C7 Moment [Nmm] 
 Atop B1 B2 Abottom B3 B4 

 1972 2170 -2195 -2118 -2504 1990 
 1988 2348 -2180 -2128 -2405 2010 
 1994 2283 -2087 -2112 -2367 1972 
 1975 2185                   

Sample Mean 1982 2246 -2154 -2119 -2425 1991 
σ 10.5 84.0 58.6 8.3 70.7 19.2 
n 4 4 3 3 3 3 
σ% 0.5% 3.7% -2.7% -0.4% -2.9% 1.0% 

COVAR wrt Baseline 128.13 10159 3581 65 5071 386               
Flex 1 - Head + Helmet (10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 
Cycle 1 2814 3180 -3554 -3394 -4099 2850 
Cycle 2 2840 3518 -3492 -3409 -3941 2879 
Cycle 3 2849 3388 -3370 -3386 -3893 2819 
Cycle 4 2820 3199            

Sample Mean 2831 3321 -3472 -3396 -3978 2849 
σ 16.3 161.3 93.7 11.7 107.6 30.1 
n 4 4 3 3 3 3 
σ% 0.6% 4.9% -2.7% -0.3% -2.7% 1.1%                      

Flex 1 - Head + Helmet + NVG (10 
Hz BW) T1-C7 Moment [Nmm] 
 Atop B1 B2 Abottom B3 B4 

 2776 3276 -4767 -4510 -5457 2826 
 2808 3745 -4627 -4526 -5269 2860 
 2819 3561 -4512 -4502 -5226 2785 
 2783 3296                   

Sample Mean 2796 3470 -4636 -4513 -5317 2824 
σ 20.2 224.9 127.6 12.2 122.5 37.6 
n 4 4 3 3 3 3 
σ% 0.7% 6.5% -2.8% -0.3% -2.3% 1.3% 

COVAR wrt Baseline 247.10 27201 7738 95 8779 754 
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Table 21: Raw Reduced Data - Flex 1 Countermeasure Conditions 

Flex 1 - CW (10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 4074 4664 -4404 -4093 -5248 4134 

 4108 5230 -4236 -4112 -5017 4168 

 4119 5001 -4094 -4083 -4962 4089 

 4082 4680     
       
       

Sample Mean 4096 4894 -4245 -4096 -5076 4130 
σ 21.0 272.5 155.3 15.0 151.7 39.3 
n 4 4 3 3 3 3 
σ% 0.5% 5.6% -3.7% -0.4% -3.0% 1.0% 

COVAR wrt Baseline 256.29 32949 9436 118 10875 788 

       
       
Flex 1 - HSSDp2p Spring 2(10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 3882 4388 -3802 -3554 -4508 3942 

 3914 4864 -3674 -3568 -4313 3969 

 3925 4676 -3547 -3544 -4266 3893 

 3890 4407     
       
       

Sample Mean 3903 4584 -3674 -3555 -4362 3935 
σ 19.9 228.4 127.8 12.5 128.4 38.7 
n 4 4 3 3 3 3 
σ% 0.5% 5.0% -3.5% -0.4% -2.9% 1.0% 

COVAR wrt Baseline 243.19 27626 7836 98 9204 769 

       
       
Flex 1 - DLA (10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 2047 2536 -3856 -3478 -4495 2083 

 2090 2965 -3578 -3485 -4320 2143 

 2105 2811 -3688 -3478 -4333 2044 

 2056 2576     
       
       

Sample Mean 2075 2722 -3707 -3480 -4383 2090 
σ 27.7 202.3 140.0 3.9 97.5 50.2 
n 4 4 3 3 3 3 
σ% 1.3% 7.4% -3.8% -0.1% -2.2% 2.4% 

COVAR wrt Baseline 339.04 24453 3851 29 6696 998 
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Table 22: Raw Reduced Data - Flex 2 Baseline Conditions 

Flex 2 - Head (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 1099 1252 -780 -790 -970 1198 

 1186 1397 -695 -761 -983 1095 

 1176 1351 -695 -722 -850 1234 

 1233 1345     
       
       

Sample Mean 1173 1336 -723 -758 -935 1176 
σ 55.7 61.0 49.4 34.2 73.8 72.3 
n 4 4 3 3 3 3 
σ% 4.7% 4.6% -6.8% -4.5% -7.9% 6.2% 

COVAR wrt Baseline 3573.80 4518 2862 1189 6017 5285 

       
       
Flex 2 - Head + Helmet (10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 1472 1748 -1426 -1408 -1745 1646 

 1605 1990 -1264 -1365 -1790 1490 

 1590 1898 -1286 -1305 -1558 1702 

 1678 1881     
       
       

Mean > 1586 1879 -1326 -1359 -1698 1613 
StDev> 85.6 99.4 87.6 52.1 122.8 109.6 
Count> 4 4 4 3 3 3 

StDev %> 5.4% 5.3% -6.6% -3.8% -7.2% 6.8% 

       
       
Flex 2 - Head + Helmet + NVG (10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 1138 1512 -2320 -2263 -2724 1370 

 1298 1820 -2112 -2214 -2805 1185 

 1281 1690 -2147 -2143 -2505 1443 

 1388 1661     
       
       

Sample Mean 1276 1671 -2193 -2207 -2678 1333 
σ 103.5 126.6 111.7 60.5 155.1 133.3 
n 4 4 3 3 3 3 
σ% 8.1% 7.6% -5.1% -2.7% -5.8% 10.0% 

COVAR wrt Baseline 6639.66 9414 6519 2099 12656 9738 
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Table 23: Raw Reduced Data - Flex 2 Countermeasure Conditions 

Flex 2 - CW (10 Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 2354 2796 -1503 -1424 -1981 2624 

 2525 3143 -1274 -1367 -2084 2431 

 2507 2983 -1300 -1285 -1728 2709 

 2621 2943     
       
       

Sample Mean 2502 2966 -1359 -1358 -1931 2588 
σ 110.5 142.7 125.7 69.8 183.5 142.6 
n 4 4 3 3 3 3 
σ% 4.4% 4.8% -9.2% -5.1% -9.5% 5.5% 

COVAR wrt Baseline 7090.22 10523 7341 2421 14945 10412 

       
       
Flex 2 - HSSD p2p Spring 2(10 Hz 
BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 2251 2629 -1263 -1209 -1674 2485 

 2412 2939 -1046 -1158 -1754 2299 

 2394 2807 -1087 -1085 -1449 2559 

 2502 2778     
       
       

Sample Mean 2390 2788 -1132 -1151 -1626 2448 
σ 103.8 127.5 115.6 62.3 157.9 133.9 
n 4 4 3 3 3 3 
σ% 4.3% 4.6% -10.2% -5.4% -9.7% 5.5% 

COVAR wrt Baseline 6658.12 9475 6741 2162 12894 9786 

       
       
Flex 2 - DLA (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 141 515 -2497 -2322 -2815 372 

 298 820 -2422 -2294 -2952 198 

 281 690 -2334 -2251 -2678 445 

 388 662     
       
       

Sample Mean 277 672 -2418 -2289 -2815 338 
σ 102.3 125.3 81.8 35.7 136.8 126.7 
n 4 4 3 3 3 3 
σ% 36.9% 18.7% -3.4% -1.6% -4.9% 37.5% 

COVAR wrt Baseline 6565.51 9312 3675 1237 10562 9256 
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Table 24: Raw Reduced Data - Flex 6 Baseline Conditions 

Flex 6 - Head (10Hz BW) T1-C7 Moment [Nmm] 
 Atop B1 B2 Abottom B3 B4 

 2028 2362 -2196 -2120 -2425 2160 
 1977 2330 -2294 -2124 -2502 2279 
 1989 2377 -2307 -2116 -2479 2108 
 1997 2300 -2236 -2132 -2428 2130 
 1992 2265 -2183 -2095 -2400 2202 
 1992 2236 -2240 -2055 -2427 2112 
       

Sample Mean 1996 2312 -2243 -2107 -2444 2165 
σ 17.0 55.1 50.2 28.0 38.6 65.9 
n 6 6 6 6 6 6 
σ% 0.8% 2.4% -2.2% -1.3% -1.6% 3.0% 

COVAR wrt Baseline 364.87 4800 3817 973 1780 5428 

       
       
Flex 6 - Head + Helmet (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 
Cycle 1 2899 3534 -3581 -3399 -3970 3172 
Cycle 2 2823 3489 -3735 -3402 -4096 3371 
Cycle 3 2840 3569 -3776 -3390 -4051 3128 
Cycle 4 2855 3424 -3611 -3414 -3992 3146 
Cycle 5 2846 3350 -3533 -3362 -3943 3238 
Cycle 6 2846 3303 -3663 -3301 -3994 3097 

       
Sample Mean 2852 3445 -3650 -3378 -4008 3192 

σ 25.9 104.6 93.0 41.8 55.9 100.0 
n 6 6 6 6 6 6 
σ% 0.9% 3.0% -2.5% -1.2% -1.4% 3.1% 

       
       
Flex 6 - Head + Helmet + NVG (10Hz 
BW) T1-C7 Moment [Nmm] 
 Atop B1 B2 Abottom B3 B4 

 2880 3761 -4830 -4518 -5300 3273 
 2785 3709 -4987 -4518 -5454 3552 
 2806 3813 -5060 -4504 -5389 3249 
 2827 3613 -4803 -4533 -5348 3258 
 2815 3517 -4756 -4477 -5285 3355 
 2816 3446 -4919 -4405 -5351 3178 
       

Sample Mean 2822 3643 -4892 -4492 -5355 3311 
σ 31.7 143.3 116.9 46.7 61.7 130.8 
n 6 6 6 6 6 6 
σ% 1.1% 3.9% -2.4% -1.0% -1.2% 4.0% 

COVAR wrt Baseline 683.16 12491 8881 1625 2828 10836 
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Table 25: Raw Reduced Data - Flex 6 Countermeasure Conditions 

Flex 6 - CW (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 4179 5240 -4479 -4101 -5055 4673 

 4083 5193 -4674 -4102 -5244 5013 

 4104 5308 -4761 -4085 -5166 4696 

 4128 5070 -4449 -4121 -5112 4684 

 4116 4988 -4390 -4051 -5035 4757 

 4116 4867 -4589 -3964 -5116 4572        
Sample Mean 4121 5111 -4557 -4071 -5122 4733 

σ 32.3 166.5 142.6 57.4 76.4 149.7 
n 6 6 6 6 6 6 
σ% 0.8% 3.3% -3.1% -1.4% -1.5% 3.2% 

COVAR wrt Baseline 694.53 14444 10857 1995 3513 12075               
Flex 6 - HSSDp2p Spring 2(10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 3981 4878 -3860 -3560 -4346 4387 

 3892 4829 -4030 -3560 -4505 4670 

 3914 4932 -4099 -3545 -4441 4370 

 3933 4730 -3847 -3577 -4391 4376 

 3921 4637 -3788 -3517 -4327 4468 

 3921 4560 -3955 -3442 -4394 4293        
Sample Mean 3927 4761 -3930 -3534 -4401 4427 

σ 29.8 144.4 119.3 49.1 64.9 131.4 
n 6 6 6 6 6 6 
σ% 0.8% 3.0% -3.0% -1.4% -1.5% 3.0% 

COVAR wrt Baseline 641.43 12581 9135 1706 2997 10851               
Flex 6 - HSSD DLA (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 2195 3002 -4006 -3490 -4334 2503 

 2063 2921 -4070 -3479 -4455 2812 

 2097 3040 -4138 -3469 -4523 2370 

 2114 2850 -3781 -3491 -4430 2422 

 2099 2771 -3968 -3469 -4372 2612 

 2100 2695 -4046 -3424 -4434 2382        
Sample Mean 2111 2880 -4002 -3470 -4425 2517 

σ 44.3 133.5 122.5 24.5 65.9 170.3 
n 6 6 6 6 6 6 
σ% 2.1% 4.6% -3.1% -0.7% -1.5% 6.8% 

COVAR wrt Baseline 952.05 11604 5976 823 2259 14026 
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Table 26: Raw Reduced Data - Flex 7 Baseline Conditions 

Flex 7 - Head (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 1018 1556 -1671 -1240 -1755 1492 

 1073 1598 -1489 -1216 -1807 1630 

 1059 1623 -1575 -1194 -1789 1332 

 1068 1521 -1479 -1223 -1698 1572 

 1046 1545 -1585 -1190 -1857 1320 

 1094 1617 -1622 -1188 -1718 1462 

       
Sample Mean 1060 1577 -1570 -1208 -1771 1468 

σ 26.0 41.9 74.8 21.0 59.0 125.0 
n 6 6 6 6 6 6 
σ% 2.5% 2.7% -4.8% -1.7% -3.3% 8.5% 

COVAR wrt Baseline 859.27 2869 7787 561 6196 19716 

       
       
Flex 7 - Head + Helmet (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 1347 2327 -2875 -2081 -3005 2271 

 1432 2390 -2609 -2047 -3171 2424 

 1403 2478 -2720 -2014 -3154 1936 

 1423 2248 -2519 -2058 -2976 2339 

 1386 2296 -2719 -2006 -3282 2000 

 1462 2413 -2793 -2003 -2961 2164 

       
Mean > 1409 2359 -2706 -2035 -3092 2189 
StDev> 39.8 84.1 127.2 32.0 130.1 192.3 
Count> 6 6 6 6 6 6 

StDev %> 2.8% 3.6% -4.7% -1.6% -4.2% 8.8% 

       
       
Flex 7 - Head + Helmet + NVG (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 988 2314 -4151 -3030 -4259 2284 

 1089 2392 -3811 -2994 -4554 2419 

 1049 2539 -3918 -2955 -4549 1799 

 1078 2197 -3623 -3006 -4296 2317 

 1030 2263 -3895 -2945 -4723 1960 

 1124 2413 -4081 -2940 -4220 2133 

       
Sample Mean 1060 2353 -3913 -2978 -4434 2152 

σ 48.0 121.3 189.8 37.1 203.1 235.7 
n 6 6 6 6 6 6 
σ% 4.5% 5.2% -4.9% -1.2% -4.6% 11.0% 

COVAR wrt Baseline 1589.65 8458 19831 988 21814 37412 
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Table 27: Raw Reduced Data - Flex 7 Countermeasure Conditions 

Flex 7 - CW (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 2194 3765 -3673 -2315 -3800 3786 

 2302 3849 -3270 -2273 -4159 3863 

 2252 4059 -3393 -2227 -4155 3169 

 2290 3616 -3036 -2286 -3850 3756 

 2234 3695 -3363 -2214 -4364 3440 

 2337 3863 -3594 -2208 -3756 3598 

       
Sample Mean 2268 3808 -3388 -2254 -4014 3602 

σ 51.7 154.5 229.0 43.6 245.8 260.5 
n 6 6 6 6 6 6 
σ% 2.3% 4.1% -6.8% -1.9% -6.1% 7.2% 

COVAR wrt Baseline 1704.05 10652 23871 1163 26376 39963 

       
       
Flex 7 - HSSDp2p Spring 2(10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 2100 3440 -3128 -2003 -3247 3411 

 2202 3518 -2782 -1966 -3535 3545 

 2162 3668 -2896 -1925 -3528 2920 

 2194 3321 -2600 -1979 -3273 3442 

 2141 3388 -2877 -1919 -3703 3084 

 2240 3539 -3052 -1911 -3205 3259 

       
Sample Mean 2173 3479 -2889 -1951 -3415 3277 

σ 49.2 123.0 189.2 37.6 201.0 237.4 
n 6 6 6 6 6 6 
σ% 2.3% 3.5% -6.5% -1.9% -5.9% 7.2% 

COVAR wrt Baseline 1628.43 8572 19837 1001 21633 37655 

       
       
Flex 7 - DLA (10Hz BW) T1-C7 Moment [Nmm] 

 Atop B1 B2 Abottom B3 B4 

 -1 1327 -4029 -2724 -4049 1348 

 94 1400 -3734 -2716 -4445 1420 

 53 1572 -3712 -2689 -4476 821 

 86 1205 -3448 -2720 -4199 1323 

 34 1271 -3761 -2684 -4663 1082 

 129 1417 -4056 -2674 -3966 1185 

       
Sample Mean 66 1365 -3790 -2701 -4300 1197 

σ 46.6 128.5 225.8 21.2 271.7 220.5 
n 6 6 6 6 6 6 
σ% 70.7% 9.4% -6.0% -0.8% -6.3% 18.4% 

COVAR wrt Baseline 1538.84 8899 21921 548 28174 33481 
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Table 28: Raw Reduced Data - Yaw 1 Baseline Conditions 

'Butterworth(Yaw 1 - Head)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -283 167 1 325 -239 

 -4 -233 191 0 258 -225 

 -2 -256 149 3 262 -182 

 -1      
       

Sample Mean -2 -258 169 1 282 -215 
σ 1.7 25.1 21.3 1.5 37.5 29.8 
n 4 3 3 3 3 3 
σ% -109.9% -9.7% 12.6% 128.3% 13.3% -13.8% 

COVAR wrt Baseline 3.81 735 529 3 1643 1036 

       
       
'Butterworth(Yaw1 - Head + Helmet )_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -497 292 1 570 -419 

 -7 -409 336 0 453 -395 

 -3 -449 262 5 460 -319 

 -1      
       

Mean > -3 -452 297 2 494 -377 
StDev> 3.0 44.0 37.3 2.6 65.7 52.2 
Count> 4 3 4 3 3 3 

StDev %> -109.9% -9.7% 12.6% 128.3% 13.3% -13.8% 

       
       
'Butterworth(Yaw 1 - Head + Helmet + NVG)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -785 461 2 900 -661 

 -11 -647 530 0 715 -623 

 -5 -710 413 8 727 -503 

 -2      
       

Sample Mean -4 -714 468 3 781 -596 
σ 4.7 69.3 58.9 4.1 103.6 82.5 
n 4 3 3 3 3 3 
σ% -109.9% -9.7% 12.6% 128.3% 13.3% -13.8% 

COVAR wrt Baseline 10.56 2031 1466 7 4540 2871 
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Table 29: Raw Reduced Data - Yaw 1 Countermeasure Conditions 

'Butterworth(Yaw 1 - CW)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -1002 589 3 1150 -845 

 -14 -825 677 0 913 -796 

 -6 -906 528 10 928 -643 

 -2      
       

Sample Mean -5 -911 598 4 997 -761 
σ 6.0 88.8 75.2 5.3 132.7 105.3 
n 4 3 3 3 3 3 
σ% -109.9% -9.7% 12.6% 128.3% 13.3% -13.8% 

COVAR wrt Baseline 13.47 2601 1871 9 5813 3667 

       
       
'Butterworth(Yaw 1 - HSSDp2p Spring 2)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 430 -431 320 -429 568 -567 

 414 -302 436 -434 371 -485 

 426 -366 251 -427 325 -364 

 428      
       

Sample Mean 424 -367 336 -430 421 -472 
σ 6.9 64.5 93.7 3.9 129.6 102.0 
n 4 3 3 3 3 3 
σ% 1.6% -17.6% 27.9% -0.9% 30.8% -21.6% 

COVAR wrt Baseline 15.17 1888 2328 6 5521 3496 

       
       
'Butterworth(Yaw 1 - DLA)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 229 -566 319 -227 684 -572 

 217 -420 443 -231 488 -500 

 225 -492 250 -223 501 -381 

 227      
       

Sample Mean 225 -492 337 -227 557 -484 
σ 5.2 73.0 97.8 3.9 109.8 96.5 
n 4 3 3 3 3 3 
σ% 2.3% -14.8% 29.0% -1.7% 19.7% -19.9% 

COVAR wrt Baseline 11.59 2137 2428 7 4812 3323 
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Table 30: Raw Reduced Data - Yaw 2 Baseline Conditions 

Butterworth(Yaw 2 - Head)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 1 -158 251 -7 242 -201 

 1 -181 230 -2 250 -173 

 1 -239 278 -3 310 -280 

 2 -241 206 -5 168 -185 

 3 -227 145 1 72  

       
Sample Mean 2 -209 222 -3 208 -210 

σ 0.8 37.7 50.4 2.9 91.6 48.2 
n 5 5 5 5 5 4 
σ% 48.9% -18.0% 22.7% -95.9% 44.0% -23.0% 

COVAR wrt Baseline 0.94 1994 3568 12 11781 3062 

       
       
Butterworth(Yaw 2 - Head + Helmet)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 2 -277 440 -11 425 -353 

 2 -317 403 -3 439 -304 

 2 -420 488 -5 544 -491 

 4 -423 361 -8 295 -324 

 5 -399 255 2 126  

       
Mean > 3 -367 389 -5 366 -368 
StDev> 1.4 66.1 88.5 5.1 160.8 84.6 
Count> 5 5 5 5 5 4 

StDev %> 48.9% -18.0% 22.7% -95.9% 44.0% -23.0% 

       
       
Butterworth(Yaw 2 - Head + Helmet _ NVG)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 2 -438 695 -18 671 -558 

 3 -501 637 -5 693 -480 

 3 -663 770 -8 859 -776 

 6 -669 570 -13 466 -512 

 8 -630 402 3 198  

       
Sample Mean 5 -580 615 -8 577 -581 

σ 2.3 104.4 139.7 8.0 253.8 133.6 
n 5 5 5 5 5 4 
σ% 48.9% -18.0% 22.7% -95.9% 44.0% -23.0% 

COVAR wrt Baseline 2.59 5526 9892 32 32644 8482 
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Table 31: Raw Reduced Data - Yaw 2 Countermeasure Conditions 

 
      

Butterworth(Yaw 2 - CW)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 3 -559 887 -23 857 -713 

 4 -640 813 -6 885 -612 

 4 -846 983 -11 1097 -991 

 8 -854 728 -17 595 -654 

 10 -804 514 4 253  

       
Sample Mean 6 -741 785 -11 737 -742 

σ 2.9 133.4 178.4 10.2 324.2 170.7 
n 5 5 5 5 5 4 
σ% 48.9% -18.0% 22.7% -95.9% 44.0% -23.0% 

COVAR wrt Baseline 3.31 7056 12627 41 41690 10835 

       
       
Butterworth(Yaw 2 - HSSDp2p Spring 2)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 222 -446 388 -222 546 -248 

 301 -305 517 -191 566 -239 

 296 -464 633 -193 766 -529 

 307 -433 361 -208 367 -278 

 304 -401 350 -187 83  

       
Sample Mean 286 -410 450 -200 465 -324 

σ 36.1 62.9 122.1 14.5 256.4 137.9 
n 5 5 5 5 5 4 
σ% 12.6% -15.3% 27.1% -7.3% 55.1% -42.6% 

COVAR wrt Baseline 25.30 1172 6341 54 32914 8460 

       
       
Butterworth(Yaw 2 - DLA)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 169 -439 478 -178 558 -348 

 208 -340 528 -155 578 -276 

 206 -499 647 -157 769 -586 

 211 -485 401 -168 369 -330 

 211 -450 352 -149 77  

       
Sample Mean 201 -443 481 -161 470 -385 

σ 17.9 62.5 114.8 11.5 261.4 137.2 
n 5 5 5 5 5 4 
σ% 8.9% -14.1% 23.9% -7.1% 55.6% -35.6% 

COVAR wrt Baseline 13.16 2204 7286 45 33593 8675 

 



 

136 

 

Table 32: Raw Reduced Data - Yaw 6 Baseline Conditions 

'Butterworth(Yaw 6 - Head)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -240 165 10 166 -126 

 3 -151 84 -1 156 -96 

 1 -177 117 -1 182 -133 

 1 -162 101 -2 160 -115 

 3 -163 121 0 193 -142 

 7 -177 154 1 122  

       
Sample Mean 2 -178 124 1 163 -122 

σ 2.7 31.8 31.0 4.5 24.6 17.9 
n 6 6 6 6 6 5 
σ% 113.7% -17.8% 25.0% 416.0% 15.1% -14.7% 

COVAR wrt Baseline 10.31 1474 1403 30 886 451 

       
       
'Butterworth(Yaw 6 - Head + Helmet)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -421 290 18 292 -221 

 5 -264 148 -2 274 -168 

 2 -310 205 -2 319 -233 

 1 -284 177 -3 280 -201 

 5 -286 212 0 339 -250 

 13 -311 271 1 214  

       
Mean > 4 -313 217 2 286 -215 
StDev> 4.7 55.7 54.4 8.0 43.2 31.5 
Count> 6 6 6 6 6 5 

StDev %> 113.7% -17.8% 25.0% 416.0% 15.1% -14.7% 

       
       
'Butterworth(Yaw 6 - Head + Helmet + NVG)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -664 458 28 461 -349 

 7 -417 234 -3 433 -266 

 3 -490 324 -4 504 -369 

 1 -448 280 -5 443 -318 

 7 -452 334 0 536 -394 

 20 -491 428 2 338  

       
Sample Mean 6 -494 343 3 452 -339 

σ 7.4 87.9 85.8 12.6 68.2 49.7 
n 6 6 6 6 6 5 
σ% 113.7% -17.8% 25.0% 416.1% 15.1% -14.7% 

COVAR wrt Baseline 28.59 4081 3887 83 2455 1251 
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Table 33: Raw Reduced Data - Yaw 6 Countermeasure Conditions 

 
      

Butterworth(Yaw 6 + CW)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -848 585 36 589 -446 

 9 -533 299 -4 553 -339 

 3 -626 413 -5 644 -471 

 2 -573 357 -6 565 -406 

 10 -577 427 0 684 -504 

 26 -627 546 2 431  
       

Sample Mean 8 -631 438 4 578 -433 
σ 9.4 112.4 109.6 16.0 87.1 63.5 
n 6 6 6 6 6 5 
σ% 113.7% -17.8% 25.0% 416.0% 15.1% -14.7% 

COVAR wrt Baseline 36.48 5217 4964 106 3136 1598 

       
       
Butterworth(Yaw 6 + HSSDp2p Spring 2)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 426 -363 357 -390 119 -207 

 424 -118 140 -427 85 -140 

 418 -224 150 -429 178 -188 

 413 -128 139 -428 155 -127 

 422 -114 189 -423 191 -217 

 435 -248 158 -423 -16  
       

Sample Mean 423 -199 189 -420 119 -176 
σ 7.7 98.6 84.2 15.0 76.7 40.4 
n 6 6 6 6 6 5 
σ% 1.8% -49.5% 44.6% -3.6% 64.5% -23.0% 

COVAR wrt Baseline 22.88 4288 2745 99 2622 842 

       
       
Butterworth(Yaw 6 + DLA)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 228 -456 366 -199 244 -227 

 234 -201 141 -231 213 -138 

 229 -293 162 -232 290 -219 

 227 -236 156 -233 233 -142 

 234 -236 210 -228 318 -247 

 246 -305 223 -226 119  
       

Sample Mean 233 -288 210 -225 236 -195 
σ 7.1 91.0 82.8 13.1 69.1 50.6 
n 6 6 6 6 6 5 
σ% 3.0% -31.6% 39.5% -5.8% 29.3% -26.0% 

COVAR wrt Baseline 27.26 4187 3255 87 2486 1162 
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Table 34: Raw Reduced Data - Yaw 7 Baseline Conditions 

Butterworth(Yaw 7 - Head)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 0 -223 268 -4 197 -173 

 1 -274 183 -3 241 -200 

 3 -246 182 -5 205 -222 

 3 -375 320 -8 341 -259 

 6 -308 292 -10 281 -216 

 5 -235 228 -3 238  
       

Sample Mean 3 -277 245 -5 250 -214 
σ 1.9 56.8 57.6 3.0 53.5 31.5 
n 6 6 6 6 6 5 
σ% 63.8% -20.5% 23.5% -54.7% 21.4% -14.7% 

COVAR wrt Baseline 5.34 4718 4856 13 4183 1390 

       
       
Butterworth(Yaw 7 - Head + Helmet)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 1 -391 470 -7 345 -303 

 2 -482 320 -5 423 -352 

 6 -432 319 -9 359 -390 

 5 -658 562 -14 598 -454 

 10 -540 513 -17 493 -380 

 8 -413 399 -5 418  
       

Mean > 5 -486 430 -10 439 -376 
StDev> 3.4 99.7 101.1 5.2 93.9 55.2 
Count> 6 6 6 6 6 5 

StDev %> 63.8% -20.5% 23.5% -54.7% 21.4% -14.7% 

       
       
Butterworth(Yaw 7 - Head + Helmet + NVG)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 1 -618 742 -11 545 -479 

 4 -761 506 -8 668 -555 

 9 -682 503 -14 567 -615 

 7 -1039 887 -22 945 -717 

 15 -852 809 -28 778 -600 

 13 -652 630 -7 660  
       

Sample Mean 8 -767 680 -15 694 -593 
σ 5.3 157.4 159.7 8.2 148.2 87.2 
n 6 6 6 6 6 5 
σ% 63.8% -20.5% 23.5% -54.7% 21.4% -14.7% 

COVAR wrt Baseline 14.80 13074 13454 36 11591 3850 
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Table 35: Raw Reduced Data - Yaw 7 Countermeasure Conditions 

 
      

Butterworth(Yaw 7 - CW)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 2 -789 948 -14 696 -611 

 5 -971 646 -10 853 -709 

 12 -870 642 -18 724 -786 

 9 -1327 1133 -29 1206 -916 

 20 -1088 1034 -35 993 -766 

 16 -833 805 -9 843  
       

Sample Mean 11 -980 868 -19 886 -758 
σ 6.8 201.0 203.9 10.5 189.3 111.4 
n 6 6 6 6 6 5 
σ% 63.8% -20.5% 23.5% -54.7% 21.4% -14.7% 

COVAR wrt Baseline 18.89 16694 17183 46 14803 4919 

       
       
Butterworth(Yaw 7 - HSSDp2p Spring 2)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 267 -456 563 -250 355 -294 

 262 -552 407 -245 469 -326 

 269 -464 341 -251 380 -404 

 264 -846 708 -263 759 -534 

 275 -679 642 -272 581 -395 

 269 -461 448 -253 476  
       

Sample Mean 268 -576 518 -256 503 -391 
σ 4.5 157.5 142.8 9.8 148.5 92.5 
n 6 6 6 6 6 5 
σ% 1.7% -27.3% 27.6% -3.8% 29.5% -23.7% 

COVAR wrt Baseline 9.96 12969 11838 40 11606 3997 

       
       
Butterworth(Yaw 7 - DLA)_10Hz T1-C7 Moment [Nmm] 

 C1 D1 D2 C2 D3 D4 

 194 -477 589 -191 387 -324 

 193 -590 415 -187 504 -373 

 200 -507 344 -193 410 -445 

 196 -875 734 -203 786 -562 

 205 -703 663 -210 614 -408 

 201 -494 477 -191 505  
       

Sample Mean 198 -608 537 -196 534 -423 
σ 4.7 155.8 150.3 8.9 147.4 89.7 
n 6 6 6 6 6 5 
σ% 2.4% -25.6% 28.0% -4.5% 27.6% -21.2% 

COVAR wrt Baseline 12.77 12895 12515 38 11526 3896 
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Appendix E 

Static Moment Calculation 

A sample static moment calculation was performed to validate the model response with respect to 
static postures. 

 

Figure 77: Hand Calculations to Validate  

Static Flexion-Extension Moments 
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Appendix F 

Normalized Moment Data 

Table 36: Normalized Moment Data - Flex 1 

Means Atop B1 B2 Abottom B3 B4 
Flex 1 - Head (10 Hz) 1982 2246 -2154 -2119 -2425 1991 
Flex 1 - Head + Helmet (10 Hz) 2831 3321 -3472 -3396 -3978 2849 
Flex 1 - Head + Helmet + NVG (10 Hz) 2796 3470 -4636 -4513 -5317 2824 
Flex 1 - CW (10 Hz) 4096 4894 -4245 -4096 -5076 4130 
Flex 1 - HSSDp2p Spring 2(10 Hz) 3903 4584 -3674 -3555 -4362 3935 
Flex 1 - DLA (10 Hz) 2075 2722 -3707 -3480 -4383 2090 

       
Normalized Means Atop B1 B2 Abottom B3 B4 
Flex 1 - Head (10 Hz) 0.70 0.68 0.62 0.62 0.61 0.70 
Flex 1 - Head + Helmet (10 Hz) 1.00 1.00 1.00 1.00 1.00 1.00 
Flex 1 - Head + Helmet + NVG (10 Hz) 0.99 1.04 1.33 1.33 1.34 0.99 
Flex 1 - CW (10 Hz) 1.45 1.47 1.22 1.21 1.28 1.45 
Flex 1 - HSSDp2p Spring 2(10 Hz) 1.38 1.38 1.06 1.05 1.10 1.38 
Flex 1 - DLA (10 Hz) 0.73 0.82 1.07 1.02 1.10 0.73 

       
Sigma F Atop B1 B2 Abottom B3 B4 
Flex 1 - Head (10 Hz) 0.003 0.022 0.014 0.002 0.014 0.006 
Flex 1 - Head + Helmet (10 Hz) n/a n/a n/a n/a n/a n/a 
Flex 1 - Head + Helmet + NVG (10 Hz) 0.005 0.045 0.031 0.003 0.028 0.010 
Flex 1 - CW (10 Hz) 0.006 0.055 0.034 0.004 0.030 0.012 
Flex 1 - HSSDp2p Spring 2(10 Hz) 0.0054 0.0480 0.0282 0.0030 0.0254 0.0117 
Flex 1 - DLA (10 Hz) 0.007 0.041 0.042 0.003 0.024 0.014 

       
Standard Deviation Atop B1 B2 Abottom B3 B4 
Flex 1 - Head (10 Hz) 0.000 0.007 0.004 0.000 0.001 0.001 
Flex 1 - Head + Helmet (10 Hz) n/a n/a n/a n/a n/a n/a 
Flex 1 - Head + Helmet + NVG (10 Hz) 0.001 0.017 0.009 0.001 0.006 0.003 
Flex 1 - CW (10 Hz) 0.001 0.011 0.015 0.000 0.004 0.002 
Flex 1 - HSSDp2p Spring 2(10 Hz) 0.0009 0.0020 0.0102 0.0003 0.0028 0.0023 
Flex 1 - DLA (10 Hz) 0.006 0.021 0.038 0.002 0.010 0.010 
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Table 37: Normalized Moment Data - Flex 6 

Means Atop B1 B2 Abottom B3 B4 
Flex 6 - Head (10Hz BW) 1996 2312 -2243 -2107 -2444 2165 
Flex 6 - Head + Helmet (10Hz BW) 2852 3445 -3650 -3378 -4008 3192 
Flex 6 - Head + Helmet + NVG (10Hz 
BW) 2822 3643 -4892 -4492 -5355 3311 
Flex 6 - CW (10Hz BW) 4121 5111 -4557 -4071 -5122 4733 
Flex 6 - HSSDp2p Spring 2(10Hz BW) 3927 4761 -3930 -3534 -4401 4427 
Flex 6 - HSSD DLA (10Hz BW) 2111 2880 -4002 -3470 -4425 2517 

       
Normalized Means Atop B1 B2 Abottom B3 B4 
Flex 6 - Head (10Hz BW) 0.70 0.67 0.61 0.62 0.61 0.68 
Flex 6 - Head + Helmet (10Hz BW) 1.00 1.00 1.00 1.00 1.00 1.00 
Flex 6 - Head + Helmet + NVG (10Hz 
BW) 0.99 1.06 1.34 1.33 1.34 1.04 
Flex 6 - CW (10Hz BW) 1.45 1.48 1.25 1.21 1.28 1.48 
Flex 6 - HSSDp2p Spring 2(10Hz BW) 1.38 1.38 1.08 1.05 1.10 1.39 
Flex 6 - HSSD DLA (10Hz BW) 0.74 0.84 1.10 1.03 1.10 0.79 

       
Sigma F Atop B1 B2 Abottom B3 B4 
Flex 6 - Head (10Hz BW) 0.004 0.011 0.009 0.005 0.005 0.012 
Flex 6 - Head + Helmet (10Hz BW) n/a n/a n/a n/a n/a n/a 
Flex 6 - Head + Helmet + NVG (10Hz 
BW) 0.006 0.023 0.020 0.009 0.011 0.023 
Flex 6 - CW (10Hz BW) 0.007 0.027 0.022 0.009 0.011 0.029 
Flex 6 - HSSDp2p Spring 2(10Hz BW) 0.0069 0.0243 0.0186 0.0081 0.0093 0.0250 
Flex 6 - HSSD DLA (10Hz BW) 0.011 0.023 0.030 0.008 0.014 0.036 

       
Standard Deviation Atop B1 B2 Abottom B3 B4 
Flex 6 - Head (10Hz BW) 0.000 0.005 0.003 0.001 0.002 0.003 
Flex 6 - Head + Helmet (10Hz BW) n/a n/a n/a n/a n/a n/a 
Flex 6 - Head + Helmet + NVG (10Hz 
BW) 0.002 0.010 0.007 0.003 0.004 0.009 
Flex 6 - CW (10Hz BW) 0.002 0.006 0.010 0.002 0.003 0.012 
Flex 6 - HSSDp2p Spring 2(10Hz BW) 0.0021 0.0016 0.0070 0.0017 0.0023 0.0061 
Flex 6 - HSSD DLA (10Hz BW) 0.009 0.014 0.027 0.006 0.012 0.029 
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Table 38: Normalized Moment Data - Flex 2 

Means Atop B1 B2 Abottom B3 B4 

Flex 2 - Head (10Hz BW) 1173 1336 -723 -758 -935 1176 
Flex 2 - Head + Helmet (10 Hz BW) 1586 1879 -1326 -1359 -1698 1613 
Flex 2 - Head + Helmet + NVG (10 Hz BW) 1276 1671 -2193 -2207 -2678 1333 
Flex 2 - CW (10 Hz BW) 2502 2966 -1359 -1358 -1931 2588 
Flex 2 - HSSD p2p Spring 2(10 Hz BW) 2390 2788 -1132 -1151 -1626 2448 
Flex 2 - DLA (10Hz BW) 277 672 -2418 -2289 -2815 338 

       
Normalized Means Atop B1 B2 Abottom B3 B4 

Flex 2 - Head (10Hz BW) 0.74 0.71 0.55 0.56 0.55 0.73 
Flex 2 - Head + Helmet (10 Hz BW) 1.00 1.00 1.00 1.00 1.00 1.00 
Flex 2 - Head + Helmet + NVG (10 Hz BW) 0.80 0.89 1.65 1.62 1.58 0.83 
Flex 2 - CW (10 Hz BW) 1.58 1.58 1.03 1.00 1.14 1.60 
Flex 2 - HSSD p2p Spring 2(10 Hz BW) 1.51 1.48 0.85 0.85 0.96 1.52 
Flex 2 - DLA (10Hz BW) 0.17 0.36 1.82 1.68 1.66 0.21 

       
Sigma F Atop B1 B2 Abottom B3 B4 

Flex 2 - Head (10Hz BW) 0.027 0.025 0.030 0.019 0.034 0.039 
Flex 2 - Head + Helmet (10 Hz BW) n/a n/a n/a n/a n/a n/a 
Flex 2 - Head + Helmet + NVG (10 Hz BW) 0.043 0.045 0.082 0.046 0.087 0.062 
Flex 2 - CW (10 Hz BW) 0.057 0.058 0.071 0.038 0.081 0.083 
Flex 2 - HSSD p2p Spring 2(10 Hz BW) 0.0540 0.0530 0.0650 0.0342 0.0698 0.0783 
Flex 2 - DLA (10Hz BW) 0.057 0.054 0.104 0.051 0.094 0.069 

       
Standard Deviation Atop B1 B2 Abottom B3 B4 

Flex 2 - Head (10Hz BW) 0.005 0.006 0.005 0.004 0.006 0.005 
Flex 2 - Head + Helmet (10 Hz BW) n/a n/a n/a n/a n/a n/a 
Flex 2 - Head + Helmet + NVG (10 Hz BW) 0.022 0.021 0.024 0.018 0.025 0.027 
Flex 2 - CW (10 Hz BW) 0.016 0.015 0.026 0.013 0.028 0.022 
Flex 2 - HSSD p2p Spring 2(10 Hz BW) 0.016 0.013 0.030 0.014 0.025 0.021 

Flex 2 - DLA (10Hz BW) 0.056 0.048 0.083 0.039 0.054 0.066 
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Table 39: Normalized Moment Data - Flex 7 

Means Atop B1 B2 Abottom B3 B4 

Flex 7 - Head (10Hz BW) 1060 1577 -1570 -1208 -1771 1468 

Flex 7 - Head + Helmet (10Hz BW) 1409 2359 -2706 -2035 -3092 2189 

Flex 7 - Head + Helmet + NVG (10Hz BW) 1060 2353 -3913 -2978 -4434 2152 

Flex 7 - CW (10Hz BW) 2268 3808 -3388 -2254 -4014 3602 

Flex 7 - HSSDp2p Spring 2(10Hz BW) 2173 3479 -2889 -1951 -3415 3277 

Flex 7 - DLA (10Hz BW) 66 1365 -3790 -2701 -4300 1197 

       
Normalized Means Atop B1 B2 Abottom B3 B4 

Flex 7 - Head (10Hz BW) 0.75 0.67 0.58 0.59 0.57 0.67 

Flex 7 - Head + Helmet (10Hz BW) 1.00 1.00 1.00 1.00 1.00 1.00 

Flex 7 - Head + Helmet + NVG (10Hz BW) 0.75 1.00 1.45 1.46 1.43 0.98 

Flex 7 - CW (10Hz BW) 1.61 1.61 1.25 1.11 1.30 1.65 

Flex 7 - HSSDp2p Spring 2(10Hz BW) 1.54 1.48 1.07 0.96 1.10 1.50 

Flex 7 - DLA (10Hz BW) 0.05 0.58 1.40 1.33 1.39 0.55 

       
Sigma F Atop B1 B2 Abottom B3 B4 

Flex 7 - Head (10Hz BW) 0.012 0.014 0.017 0.006 0.014 0.035 

Flex 7 - Head + Helmet (10Hz BW) n/a n/a n/a n/a n/a n/a 

Flex 7 - Head + Helmet + NVG (10Hz BW) 0.020 0.030 0.041 0.013 0.038 0.061 

Flex 7 - CW (10Hz BW) 0.025 0.038 0.050 0.012 0.046 0.087 

Flex 7 - HSSDp2p Spring 2(10Hz BW) 0.024 0.031 0.040 0.010 0.037 0.074 

Flex 7 - DLA (10Hz BW) 0.031 0.039 0.054 0.014 0.054 0.069 

       
Standard Deviation Atop B1 B2 Abottom B3 B4 

Flex 7 - Head (10Hz BW) 0.003 0.007 0.005 0.001 0.007 0.011 

Flex 7 - Head + Helmet (10Hz BW) n/a n/a n/a n/a n/a n/a 

Flex 7 - Head + Helmet + NVG (10Hz BW) 0.013 0.016 0.012 0.005 0.010 0.027 

Flex 7 - CW (10Hz BW) 0.010 0.013 0.029 0.004 0.027 0.046 

Flex 7 - HSSDp2p Spring 2(10Hz BW) 0.009 0.005 0.022 0.003 0.020 0.029 

Flex 7 - DLA (10Hz BW) 0.032 0.034 0.035 0.011 0.037 0.062 
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Table 40: Normalized Moment Data - Yaw 1 

Means C1 D1 D2 C2 D3 D4 

Yaw 1 - Head - 10Hz -2 -258 169 1 282 -215 

Yaw1 - Head + Helmet  - 10Hz -3 -452 297 2 494 -377 

Yaw 1 - Head + Helmet + NVG - 10Hz -4 -714 468 3 781 -596 

Yaw 1 - CW - 10Hz -5 -911 598 4 997 -761 

Yaw 1 - HSSDp2p Spring 2 - 10Hz 424 -367 336 -430 421 -472 

Yaw 1 - DLA - 10Hz 225 -492 337 -227 557 -484 

       
Normalized Means C1 D1 D2 C2 D3 D4 

Yaw 1 - Head - 10Hz 0.57 0.57 0.57 0.57 0.57 0.57 

Yaw1 - Head + Helmet  - 10Hz 1.00 1.00 1.00 1.00 1.00 1.00 

Yaw 1 - Head + Helmet + NVG - 10Hz 1.58 1.58 1.58 1.58 1.58 1.58 

Yaw 1 - CW - 10Hz 2.02 2.02 2.02 2.02 2.02 2.02 

Yaw 1 - HSSDp2p Spring 2 - 10Hz -156.17 0.81 1.13 -211.81 0.85 1.25 

Yaw 1 - DLA - 10Hz -82.67 1.09 1.14 -111.71 1.13 1.28 

       
Sigma F C1 D1 D2 C2 D3 D4 

Yaw 1 - Head - 10Hz 0.442 0.045 0.059 0.597 0.062 0.064 

Yaw1 - Head + Helmet  - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 1 - Head + Helmet + NVG - 10Hz 1.227 0.125 0.162 1.655 0.171 0.178 

Yaw 1 - CW - 10Hz 1.566 0.160 0.207 2.112 0.219 0.228 

Yaw 1 - HSSDp2p Spring 2 - 10Hz 1157.547 0.107 0.242 618.214 0.205 0.203 

Yaw 1 - DLA - 10Hz 621.159 0.120 0.254 330.241 0.165 0.191 

       
Standard Deviation C1 D1 D2 C2 D3 D4 

Yaw 1 - Head - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw1 - Head + Helmet  - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 1 - Head + Helmet + NVG - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 1 - CW - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 1 - HSSDp2p Spring 2 - 10Hz 2456.630 0.065 0.171 1166.880 0.147 0.106 

Yaw 1 - DLA - 10Hz 1310.290 0.057 0.184 619.097 0.068 0.085 
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Table 41: Normalized Moment Data - Yaw 6 

Means C1 D1 D2 C2 D3 D4 

Yaw 6 - Head - 10Hz 2 -178 124 1 163 -122 

Yaw 6 - Head + Helmet - 10Hz 4 -313 217 2 286 -215 

Yaw 6 - Head + Helmet + NVG - 10Hz 6 -494 343 3 452 -339 

Yaw 6 + CW - 10Hz 8 -631 438 4 578 -433 

Yaw 6 + HSSDp2p Spring 2 - 10Hz 423 -199 189 -420 119 -176 

Yaw 6 + DLA - 10Hz 233 -288 210 -225 236 -195 

       
Normalized Means C1 D1 D2 C2 D3 D4 

Yaw 6 - Head - 10Hz 0.57 0.57 0.57 0.57 0.57 0.57 

Yaw 6 - Head + Helmet - 10Hz 1.00 1.00 1.00 1.00 1.00 1.00 

Yaw 6 - Head + Helmet + NVG - 10Hz 1.58 1.58 1.58 1.58 1.58 1.58 

Yaw 6 + CW - 10Hz 2.02 2.02 2.02 2.02 2.02 2.02 

Yaw 6 + HSSDp2p Spring 2 - 10Hz 103.17 0.64 0.87 -219.69 0.42 0.82 

Yaw 6 + DLA - 10Hz 56.85 0.92 0.97 -117.55 0.82 0.91 

       
Sigma F C1 D1 D2 C2 D3 D4 

Yaw 6 - Head - 10Hz 0.374 0.059 0.082 1.368 0.050 0.053 

Yaw 6 - Head + Helmet - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 6 - Head + Helmet + NVG - 10Hz 1.037 0.162 0.228 3.795 0.137 0.146 

Yaw 6 + CW - 10Hz 1.323 0.207 0.291 4.840 0.176 0.187 

Yaw 6 + HSSDp2p Spring 2 - 10Hz 536.034 0.229 0.308 ######## 0.206 0.141 

Yaw 6 + DLA - 10Hz 281.219 0.178 0.261 6968.086 0.151 0.164 

       
Standard Deviation C1 D1 D2 C2 D3 D4 

Yaw 6 - Head - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 6 - Head + Helmet - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 6 - Head + Helmet + NVG - 10Hz 0.000 0.000 0.000 0.001 0.000 0.000 

Yaw 6 + CW - 10Hz 0.000 0.000 0.000 0.001 0.000 0.000 

Yaw 6 + HSSDp2p Spring 2 - 10Hz 1612.664 0.204 0.220 7463.812 0.248 0.115 

Yaw 6 + DLA - 10Hz 865.254 0.120 0.169 4018.827 0.136 0.130 
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Table 42: Normalized Moment Data - Yaw 2 

Means C1 D1 D2 C2 D3 D4 

Yaw 2 - Head - 10Hz 2 -209 222 -3 208 -210 

Yaw 2 - Head + Helmet - 10Hz 3 -367 389 -5 366 -368 

Yaw 2 - Head + Helmet _ NVG - 10Hz 5 -580 615 -8 577 -581 

Yaw 2 - CW - 10Hz 6 -741 785 -11 737 -742 

Yaw 2 - HSSDp2p Spring 2 - 10Hz 286 -410 450 -200 465 -324 

Yaw 2 - DLA - 10Hz 201 -443 481 -161 470 -385 

       
Normalized Means C1 D1 D2 C2 D3 D4 

Yaw 2 - Head - 10Hz 0.57 0.57 0.57 0.57 0.57 0.57 

Yaw 2 - Head + Helmet - 10Hz 1.00 1.00 1.00 1.00 1.00 1.00 

Yaw 2 - Head + Helmet _ NVG - 10Hz 1.58 1.58 1.58 1.58 1.58 1.58 

Yaw 2 - CW - 10Hz 2.02 2.02 2.02 2.02 2.02 2.02 

Yaw 2 - HSSDp2p Spring 2 - 10Hz 97.63 1.12 1.16 37.93 1.27 0.88 

Yaw 2 - DLA - 10Hz 68.71 1.21 1.24 30.60 1.29 1.05 

       
Sigma F C1 D1 D2 C2 D3 D4 

Yaw 2 - Head - 10Hz 0.176 0.065 0.082 0.346 0.158 0.093 

Yaw 2 - Head + Helmet - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 2 - Head + Helmet _ NVG - 10Hz 0.489 0.180 0.227 0.958 0.439 0.257 

Yaw 2 - CW - 10Hz 0.624 0.230 0.290 1.223 0.561 0.328 

Yaw 2 - HSSDp2p Spring 2 - 10Hz 49.954 0.229 0.269 6.916 0.390 0.260 

Yaw 2 - DLA - 10Hz 36.212 0.194 0.218 5.815 0.395 0.246 

       
Standard Deviation C1 D1 D2 C2 D3 D4 

Yaw 2 - Head - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 2 - Head + Helmet - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 2 - Head + Helmet _ NVG - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 2 - CW - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 2 - HSSDp2p Spring 2 - 10Hz 40.303 0.266 0.214 65.844 0.296 0.160 

Yaw 2 - DLA - 10Hz 30.191 0.206 0.134 52.806 0.323 0.120 
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Table 43: Normalized Moment Data - Yaw 7 

Means C1 D1 D2 C2 D3 D4 

Yaw 7 - Head - 10Hz 3 -277 245 -5 250 -214 

Yaw 7 - Head + Helmet - 10Hz 5 -486 430 -10 439 -376 

Yaw 7 - Head + Helmet + NVG - 10Hz 8 -767 680 -15 694 -593 

Yaw 7 - CW - 10Hz 11 -980 868 -19 886 -758 

Yaw 7 - HSSDp2p Spring 2 - 10Hz 268 -576 518 -256 503 -391 

Yaw 7 - DLA - 10Hz 198 -608 537 -196 534 -423 

       
Normalized Means C1 D1 D2 C2 D3 D4 

Yaw 7 - Head - 10Hz 0.57 0.57 0.57 0.57 0.57 0.57 

Yaw 7 - Head + Helmet - 10Hz 1.00 1.00 1.00 1.00 1.00 1.00 

Yaw 7 - Head + Helmet + NVG - 10Hz 1.58 1.58 1.58 1.58 1.58 1.58 

Yaw 7 - CW - 10Hz 2.02 2.02 2.02 2.02 2.02 2.02 

Yaw 7 - HSSDp2p Spring 2 - 10Hz 50.96 1.19 1.20 26.83 1.15 1.04 

Yaw 7 - DLA - 10Hz 37.73 1.25 1.25 20.58 1.22 1.12 

       
Sigma F C1 D1 D2 C2 D3 D4 

Yaw 7 - Head - 10Hz 0.210 0.067 0.077 0.180 0.070 0.053 

Yaw 7 - Head + Helmet - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 7 - Head + Helmet + NVG - 10Hz 0.582 0.187 0.214 0.499 0.195 0.147 

Yaw 7 - CW - 10Hz 0.743 0.239 0.274 0.637 0.249 0.187 

Yaw 7 - HSSDp2p Spring 2 - 10Hz 60.842 0.183 0.189 17.363 0.188 0.157 

Yaw 7 - DLA - 10Hz 44.061 0.177 0.197 13.088 0.185 0.148 

       
Standard Deviation C1 D1 D2 C2 D3 D4 

Yaw 7 - Head - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 7 - Head + Helmet - 10Hz n/a n/a n/a n/a n/a n/a 

Yaw 7 - Head + Helmet + NVG - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 7 - CW - 10Hz 0.000 0.000 0.000 0.000 0.000 0.000 

Yaw 7 - HSSDp2p Spring 2 - 10Hz 107.259 0.082 0.083 15.618 0.087 0.094 

Yaw 7 - DLA - 10Hz 77.692 0.062 0.087 11.724 0.071 0.075 
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Appendix G 

Spring Balancer Patent  

(Sheets 1 and 2 of 45) 
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