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Abstract 

Armed forces throughout the world value maintaining effective and capable 

soldiers. That means having soldiers who can perform their job unhindered and without 

sustaining injury. Exposure to the physical demands of military service, including heavy 

load carriage, directly threatens soldier capability by impeding performance and 

increasing the risk of musculoskeletal injuries (MSI). Soldier attrition due to MSI has 

increased globally in the last 10 years, leading to reduced workforce capability and 

incurring substantial costs. Additionally, wearing heavy loads affects performance 

sustainability by increasing metabolic energy expenditure and decreasing time to fatigue 

compared to wearing lighter loads. To reduce the physical burden of load carriage, 

industry manufacturers have developed load sharing systems that re-distribute load 

from the shoulders to the hips via a hip belt, and claim that these systems decrease 

shoulder pressure and discomfort. However, these claims made by industry have not yet 

been substantiated by rigorous and impartial testing. Additionally, other potential 

effects of using these systems (e.g., altered walking patterns) have not been investigated. 

Changing the distribution of load may affect soldier performance in the field, or alter 

lower-limb joint loading in a manner that increases MSI risk. Therefore, the general 

purpose of this thesis was to comprehensively investigate biomechanical changes that 

occur when soldiers wear different load sharing systems compared to standard issue 

military armour, with implications for reducing MSI risk and/or improving soldier 

performance discussed throughout. 

The first study developed and evaluated performance of a new marker set to track 

trunk and pelvis motion during load carriage. This was essential as existing marker sets 

were validated for skin-surface placement or for use in obese populations, but not when 

using torso-borne load carriage systems. Two torso-borne load carriage armour 

conditions were examined by comparing joint angles measured from eight participants 

using a new marker set against those obtained using markers placed on the skin surface 

(i.e., without armour), and markers placed on body armour. Bland Altman analyses 

showed strong agreement between joint angles from the new marker set and markers 

placed directly on the skin. The agreement worsened with markers placed on top of body 

armour. Additionally, inter-protocol coefficient of multiple correlations (CMCs) 



comparing markers on body armour to the new marker set were poor to compared to 

CMCs between the skin-mounted markers and new marker set. Intra- and inter-session 

repeatability were high for the new marker set compared to placing marker over-top 

body armour. Given these positive results, the new marker set provides a viable 

alternative for researchers to reliably measure trunk and pelvis motion when equipment, 

such as body armour, obscures marker placement. The paper describing the new marker 

set was published as Lenton, G. K., Doyle, T. L. A., Saxby, D. J., & Lloyd, D. G., An 

alternative whole-body marker set to accurately and reliably quantify joint kinematics 

during load carriage. Gait and Posture, 54, 318-324, 2017. 

The second study evaluated the veracity of manufacturer claims of load sharing 

systems reducing shoulder pressure and discomfort. Twenty soldiers each wore twelve 

body armour variations: six armour types (one standard-issue armour, TBAS, and five 

prototype designs, cARM1-2, pARM1-3) and two carried loads (15 and 30kg) while 

walking on an instrumented treadmill at moderate (1.53 m⋅⋅s-1) and fast (1.81 m⋅⋅s-1) 

speeds for 10 minutes at each speed. Walking with hip belt compared to no hip belt 

armour resulted in decreased mean and maximum shoulder contact pressures, and 30% 

fewer participants experiencing shoulder discomfort in best performing hip belt designs. 

Additionally, regression analyses showed laterally concentrated shoulder pressure was 

associated with 1.34-times greater likelihood of experiencing shoulder discomfort 

(p=0.026). These results suggest body armour and backpack designs should integrate a 

hip belt and distribute load closer to the shoulder midline to reduce load carriage 

discomfort and, potentially, injury risk. The paper describing these results was 

submitted as Lenton G. K., Doyle T. L. A., Saxby D. J., Higgs J, Billing D, Lloyd D. G. 

Integrating a hip belt with body armour reduces the magnitude and changes the location 

of shoulder pressure and perceived discomfort in soldiers, Ergonomics. 

The purpose of study three was to determine the effects of load distribution, load 

magnitude, and walking speed on biomechanical surrogates of MSI. Whole-body marker 

kinematics and ground reaction forces were collected during the protocol outlined in 

study two. Subsequently, a scaled anatomic model was used in OpenSim’s inverse 

kinematic and inverse dynamic procedures to determine whole-body joint angles and 

lower-limb net joint moments, respectively. It was found that lower-limb joint moments 



increased when participants carried greater load and/or walked faster, while combined 

effects of carried load and movement speed were mostly additive. Peak plantarflexion 

moment was reduced by 16% when wearing cARM1 compared to the standard issue 

TBAS system while carrying 30kg and walking fast. This suggests there are positive 

benefits of load sharing at higher demands. Importantly, shoulder-to-hip load transfer 

resulted in soldiers walking with a more upright posture, and did not negatively alter 

joint kinetics. A manuscript has been submitted as Lenton, G. K., Saxby, D. J., Lloyd, D. 

G., Billing, D., & Doyle, T. L. A., Carried load configuration, mass, and movement speed 

alter biomechanical risk factors for musculoskeletal injuries in soldiers, Medicine and 

Science in Sports and Exercise.  

The fourth study examined how lower-limb joint work and power magnitudes, 

surrogates of performance longevity, as well as relative contributions of lower-limb 

joints to total average positive power were modulated in different load configurations 

and movement speeds during gait. The joint angle and joint moment data from study 

three were used to determine hip, knee, and ankle joint work and powers using standard 

computational methods. While total average power was largely dictated by task 

demands (i.e., carried load and gait speed), different armour systems and carried loads 

resulted in different lower-limb joint powers. Carrying 30 kg with cARM1 armour caused 

significantly greater contributions of hip powers to total positive power, while knee and 

ankle powers decreased insignificantly compared to carrying 15 kg with cARM1. 

Additionally, as gait speed and carried load increased, hip powers increased, and knee 

and ankle powers decreased, possibly as a control strategy to balance load while 

maintaining forward progression. These results suggest physical training programs and 

assistive devices should be designed based upon physical requirements of a particular 

armour type and/or carried load to maximise soldier in-field sustainability. A 

manuscript has been submitted as Lenton, G. K., Doyle, T. L. A., Lloyd, D. G., Billing, D., 

& Saxby, D. J., Lower-limb joint work and power are modulated during load carriage 

based on load configuration and movement speed, Journal of Biomechanics. 

In conclusion, load sharing systems should improve soldier capability 

immediately by reducing shoulder pressure and associated discomfort compared to 

current-issued armour, and long-term by enhancing performance longevity and 



reducing lower-limb MSI risk. The hip-dominant joint power profiles suggest that 

physical training programs and device design should target hip extensor muscles and 

provide assistance to the hip respectively. However, design-specific recommendations 

should maximise benefits as different design elicited slightly different joint power 

profiles. An optimal load carriage design building upon best features of existing designs 

may provide greater benefit than any single design we tested.
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Chapter 1 : Introduction 

1.1 Background 

Military organisations strive for ready and effective fighting forces. Readiness 

relates to the availability of fit soldiers for deployment, while effectiveness includes the 

mobility and durability of soldiers operating in the field (i.e., their performance). Injuries 

directly affect military readiness and effectiveness, with the inciting injuries changing in 

recent years from being combat-related injuries to musculoskeletal injuries (MSI); the 

latter being sustained during both training and deployment. Epidemiologic studies have 

shown the rates of soldiers experiencing MSI and soldier attrition due to MSI have 

increased globally over the last 10 years (Bell, Schwartz, Harford, Hollander, & Amoroso, 

2008; Canham-Chervak et al., 2010). Concomitant with this shift, there has been a 

decline in operational capability of military organisations (Nindl, Williams, Deuster, 

Butler, & Jones, 2013), because MSI not only reduce the capacity of soldiers to work 

during convalescence but also increase the risk of subsequent injury (Canham-Chervak 

et al., 2010). Thus, a decreased number of soldiers are ready for deployment, injured 

soldiers are at elevated risk of secondary injuries, and replacement soldiers need 

additional training, all of which incurs a substantial cost. Given the numerous negative 

impacts of MSI on military readiness, strategies to minimise MSI risk are critical. 

There is now an abundance of evidence demonstrating that the high physical 

demands of military service can compromise military readiness and effectiveness 

(Cameron & Owens, 2014; Hauschild, Roy, Grier, Schuh, & Jones, 2016; Jones, Canham-

Chervak, Canada, Mitchener, & Moore, 2010; Roy et al., 2016). Soldiers are exposed, both 

during training and throughout deployment, to physical demands that will place them 

at high risk of MSI. A fundamental component of the physical demands placed upon 

modern soldiers is the requirement to carry substantial loads. Modern weapons and 

communication equipment have enhanced soldiers’ field capabilities; however, carrying 

modern equipment loads has been associated with increased risk of lower-limb MSI (Roy 

et al., 2016). This is understandable as loads carried by Australian soldiers in recent 

deployments have ranged from 30.6 to 51.2 kg (Orr, Pope, Coyle, & Johnston, 2015) and 

exceeded 50% of body mass for U.S soldiers (Dean, 2004). 
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The risk of MSI due to carrying load is thought to increase with load magnitude, 

the frequency of carriage, distance travelled with load, and movement speed. There is a 

complex interplay between all these types of load carriage exposures such that increased 

exposure to a particular factor may be deemed worse than another (e.g., carrying greater 

load may be worse than walking faster). Studies have reported that marching while 

carrying a heavy load is second only to running as the activity most often associated with 

MSI (Knapik et al., 2013). Moreover, wearing load >10% of bodyweight doubles the risk 

of sustaining MSI compared to wearing no load (Roy et al. 2016). It is intuitive that high 

levels of repetitive mechanical loading to the lower-limbs may increase the risk of lower-

limb MSI (Burr et al., 1996; Milgrom et al., 2007), as has been robustly demonstrated in 

animal studies. In-vivo and in-vitro animal studies have shown high mechanical loading 

precipitates fatigue microdamage, which may progress to fracture without sufficient rest 

time to enable tissue repair (Burr et al., 1996; Burr et al., 1998). Additionally, 

compression and tension strains at levels causing tissue microdamage have been 

measured in-vivo from human tibias following 30 km of marching (Milgrom et al., 2007). 

Therefore, soldiers regularly exposed to high physical activity volumes and carrying 

loads would have increased mechanical load transmitted to their lower-limb joints, 

which, in addition to bone stress injuries, have been shown to be associated with pain 

and other MSI (Lenhart, Thelen, Wille, Chumanov, & Heiderscheit, 2014; Wasserstein & 

Spindler, 2015). 

Despite epidemiological studies demonstrating an association between increased 

exposure to physical risk factors and increased risk of lower-limb MSI, most have not 

quantified the level, duration, and frequency of load carriage exposure, thus limiting 

their use in designing injury prevention programs. As a result, several studies attempting 

to reduce MSI incidence through interventions such as prescribed physical training 

programs (Popovich, Gardner, Potter, Knapik, & Jones, 2000), stretching, and orthoses 

(Finestone et al., 2004), have resulted in little to no change in MSI incidence. This lack 

of effectiveness suggests interventions have not targeted MSI mechanisms. Instead of 

prescribing MSI interventions and measuring their effectiveness, research should focus 

on understanding the mechanisms of MSI and the role of load carriage in injury 

causation. Once the injury mechanisms are understood, training programs, policies, and 
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equipment design can be modified to reduce injury risk. Such a mechanistic-based 

framework for injury prevention has proven successful in reducing knee injuries in 

Australian football (Finch et al., 2016), and relies upon characterising the biomechanical 

surrogates (e.g., joint kinematics, moments, and powers) of injury during sport or job-

specific tasks (Donnelly, Lloyd, Elliott, & Reinbolt, 2012; Finch, 2006). These measures 

may provide better prediction of injury risk than, for instance, previous physical activity 

history, because they relate more to the joint and tissue mechanical environment (Finch, 

2006; Lloyd, 2001) 

Reducing MSI risk due to cumulative, sub-maximal mechanical loading may be 

achieved by decreasing carried load, redistributing carried load, and/or conditioning 

soldiers to tolerate carried loads (Knapik, Reynolds, Santee, & Friedl, 2011). Certain 

developments in armour and equipment have lightened carried loads; however, the 

diverse mission profiles of modern, technically advanced, and professional armed forces 

leads inevitably to greater overall equipment burden. Soldiers continue to report that 

carrying a heavy load with poorly designed equipment impairs in-field performance 

(e.g., grenade throw) and may contribute to MSI risk (Amoroso, Bell, Baker, & Senier, 

2000; Roy, Lopez, & Piva, 2013). Targeted conditioning programmes could improve load 

carrying capability in soldiers, and protect them from injury by increasing their 

capability to control and attenuate carried load (Hoffman, Chapnik, Shamis, Givon, & 

Davidson, 1999). This is a viable research area and targeted conditioning programmes 

for load carriage will be discussed throughout the thesis. However, programmes for 

targeted conditioning requires identification and evidence of the mechanisms causing 

injury, which is currently lacking. In any case, designing and implementing targeted 

conditioning is outside the scope of this thesis, which instead focuses on changing where 

torso load is borne as a potential mechanism to reduce injury risk. 

Changing where torso load is borne may be achieved by using assistive devices 

that either passively or actively assist the wearer. Many active assistive devices have been 

shown to yield benefits, such as restoring function to subjects with gait pathologies, 

reducing the metabolic cost of walking, and redistributing load from the shoulders 

(Mooney, Rouse, & Herr, 2014; Panizzolo et al., 2016; Quinlivan et al., 2017). However, 

benefits are largely outweighed by substantial manufacturing costs, heavy weight of 
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devices, limitations in portability and autonomy, and/or poor integration with other 

components of the soldier combat ensemble (Gregorczyk et al., 2010; Robertson, 

Rosasco, Feuz, Cook, & Schmitter-Edgecombe, 2014). Collectively, these limitations 

curtail the practicality of active devices for training and field use. Simple solutions, such 

as incorporating a hip belt onto standard body armour, could effectively reduce MSI risk 

by moving from primarily shoulder-borne load carriage to shoulder and hip-borne 

without impeding performance. For the remainder of this thesis, I will collectively refer 

to body armour designs that allow for predominantly hip-borne load carriage instead of 

shoulder-borne as “load sharing systems”. Using load sharing systems, however, may 

affect outcomes related to soldier effectiveness and performance, such as increasing 

lower-limb joint moments or the energy cost of walking (Knapik et al., 2013). Therefore, 

comprehensive evaluation of the effects of load carriage designs on soldiers’ gait 

biomechanics is necessary. 

Biomechanical measurements and modelling enable researchers to explore the 

external and internal mechanical loads acting on joints and soft tissues non-invasively. 

Increasing carried load and movement speed alters gait biomechanics (Attwells, Birrell, 

Hooper, & Mansfield, 2006; Birrell, Hooper, & Haslam, 2007; Huang & Kuo, 2014), in a 

way that may increase risk of sustaining lower-limb MSI. Compared to wearing no load, 

load carriage during locomotion produce greater peak knee flexion, internal extension 

moments, and power absorption during the weight acceptance phase of walking gait. 

While existing research has investigated the effects of carrying load and changing 

movement speed on the kinematics, kinetics, and energetics of walking, these 

biomechanical surrogates of MSI remain unexplored when people walk with different 

distributions of torso-borne loads. 

New load sharing systems should not only reduce injury risk, but they should not 

also adversely affect soldier training or field performance. Depending on training and 

operational demands, soldiers transport their equipment both purposefully at high 

speed, but also slowly over long durations (e.g., 4-5 hours), with the soldier acting as the 

equipment’s primary form of transportation. In this thesis, performance refers to the 

latter requirement (e.g., the ability of soldiers to sustain long-duration efforts), as the 

most notable cost of load carriage during operations is increased metabolic demand and 
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physiological exertion. Metabolically expensive walking is one cause of fatigue onset 

(Quesada, Mengelkoch, Hale, & Simon, 2000), decreases the capacity of soldiers to 

maintain a given work intensity (Johnson, Knapik, & Merullo, 1995), and decreases 

combat readiness and efficacy of the soldiers following marching e.g., firing a weapon 

(Hadid et al., 2016). Identifying efficient means to carry load would therefore directly 

benefit the effectiveness of soldiers. 

Redistributing load on the torso, or in a backpack, may reduce load carriage 

burden. Placing load higher in a backpack has been shown to reduce metabolic cost in 

some studies (Abe, Muraki, & Yasukouchi, 2008, Obusek, 1997 #1001; Stuempfle, Drury, 

& Wilson, 2004), but is sub-optimal for soldiers who require quick and easy access to 

mission-vital equipment. Further, high load placement has been shown to increase 

trapezius and erector spinae activity compared to mid-back load placement (Bobet & 

Norman, 1984). A configuration bringing load close to the centre of mass and permitting 

easy equipment access would be optimal. Such load sharing systems are commercially 

available, but no study has measured how redistributing torso-borne load affects the 

energetic cost of walking. Metabolic energy expenditure measurements can detect 

changes in energy costs of walking with increasing load and movement speed, and 

between load positioning >30 cm apart in a backpack; however, they have proven 

insensitive to small changes in body armour load configurations (Pierrynowsi, Norman, 

& Winter, 1981). To measure and explain these changes, mechanical work and power can 

and should be used (Zelik & Kuo, 2012). 

A major contributor to the metabolic cost of walking is mechanical energy 

generated by contracting muscles (Umberger & Rubenson, 2011). Studies have reported 

joint-level work and power increases in response to increased carried load, although, 

little is known about joint power modulation in response to different body-worn loads 

and configurations while walking at different speeds. Hip-borne load carriage could 

increase contributions of hip muscles to forward progression of the COM, and preserve 

normal mechanical work at the knee. However, the shift in power production to 

proximal muscles would decrease passive contributions normally generated by elastic 

components at the ankle (i.e., Achilles tendon), thereby increasing active work 
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performed by muscle (Neptune, McGowan, & Kautz, 2009) and hence load carriage 

burden. 

A mechanistic understanding is required to comprehensively evaluate the effects 

of changing load distribution on soldier MSI risk and performance. Contemporary 

biomechanical measurement methods and modelling can be used to examine the effects 

of carried load on joint-level energetics and joint loading. In its application to load 

carriage research, biomechanical modelling may enable us to identify a load carriage 

configuration that reduces, or optimally redistributes, joint moments and powers. This 

could subsequently inform future load carriage designs or physical training prescription. 

Ultimately, the goal is to improve soldier capability by reducing MSI risk and ensuring 

sustained field performance. 

1.2 Statement of the problem 

The available literature is insufficient to determine the effects of load carriage on 

biomechanical outcomes relating to soldier MSI risk and performance. The purpose of 

this thesis was to apply contemporary biomechanical analyses to evaluate existing and 

candidate load sharing systems for use by Australian soldiers. To this end, this thesis 

was divided into four studies each relating to a specific purpose. First, since body-worn 

load sharing systems obscure normal motion capture marker placement, a method was 

developed and verified to measure three-dimensional (3D) kinematics when armour 

systems are worn. Using the new method, the primary purpose of this thesis was then 

addressed, which was to apply biomechanical measurements and modelling to examine 

the effects of load magnitude, load distribution, and movement speed on soldier MSI 

risk and performance outcomes. The secondary purpose was to evaluate the 

manufacturers’ claims that load sharing systems reduce shoulder pressures, increase 

shoulder range of motion, and decrease soldier-perceived discomfort. Thus, the specific 

purposes of this thesis were to: 

1) Develop and evaluate a new marker set to accurately and reliably quantify joint 

kinematics during load carriage. This evaluation was to demonstrate the within- 

and between-sessions reliability of the new marker set in the testing protocols 

used for Chapters 5 and 6, 
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2) Examine whether load sharing systems can reduce shoulder pressure magnitudes 

and improve soldier-perceived shoulder discomfort compared to current 

Australian standard-issue body armour system, 

3) Determine the effects of hip-borne load carriage, changing load magnitude, and 

changing walking speed on the biomechanical surrogates for overuse MSI, i.e. 

joint kinematics, lower-limb joint moments, and energy absorption at the knee 

during walking, 

4) Investigate the effects of hip-borne load carriage, different load magnitudes, and 

walking speeds on sustained performance capability using the biomechanical 

surrogates of i) total positive lower-limb joint power and work, and ii) 

coordinated contributions of the hip, knee, and ankle joints to total positive 

power. 

1.3 Thesis objectives 

To address these specific purposes, four studies were conceived and 

implemented. They are presented in this thesis as chapters in journal article format. 

Chapter 1 includes a general introduction to the thesis topic and describes the 

purpose of the research. 

Chapter 2 includes a review of relevant literature pertaining to current 

limitations in military load carriage, common overuse MSI that may result from 

exposure to load carriage, potential mechanisms of MSI, as well as the effects of load 

carriage on the biomechanics of human movement. Throughout the review, findings are 

discussed in regard to their effects on MSI risk and soldier performance. 

Chapter 3 provides an overview of the methods used for data acquisition and 

processing within this thesis. First, there is an elaboration of the methods used to create 

a new marker set that was shown to accurately and reliably measure 3D pelvis and torso 

kinematics during load carriage. These methods are also described in experimental 

chapter 4 for the reader’s convenience. The second part of chapter 3 describes the 

general methods used in the main data collection. These data were then used for 

experimental chapters 5, 6, and 7. In both cases, there is a description of participant 
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recruitment, data acquisition and processing methods, and statistical analyses 

undertaken. 

Chapter 4 describes the findings from the first study that investigated whether a 

new marker set can accurately and reliably measure joint kinematics when body armour 

is worn. Kinematics from the new marker set were compared against the conventional 

method of placing markers on the skin, or over body armour. This chapter addresses the 

first specific purpose of this thesis and has been already published in Gait & Posture 

(Lenton, Doyle, Saxby, & Lloyd, 2017) 

Chapter 5 addresses the second specific purpose of this thesis and includes an 

examination of the efficacy of load sharing systems in reducing shoulder-borne load and 

improving soldier-perceived comfort. Shoulder pressures and perceived exertion and 

discomfort from five candidate load sharing systems were compared against current 

standard-issue body armour. Additionally, design features pertaining to reducing 

shoulder pressure and improving subject reports were discussed, and recommendations 

for future designs provided. This work has been accepted for publication in Ergonomics 

(Lenton, Doyle, Saxby, Billing, et al., 2017). 

Chapter 6 details the investigation of the effects of hip-borne load carriage, 

different load magnitudes, and walking speeds on biomechanical outcomes relating to 

MSI risk in soldiers. This chapter addressed the third specific purpose of this thesis, and 

the lower-limb biomechanics were compared between the six different armour types to 

better understand effects of load carriage on mechanically-induced MSI risk. A 

publication has been prepared for submission to Medicine and Science in Sports and 

Exercise. 

Chapter 7 addresses the fourth specific purpose of this thesis and includes 

findings from the investigation of the effects of different body armour designs, load 

magnitudes, and walking speeds on the generation and absorption of mechanical work 

and power, and the relative joint-level contributions to total power. Results were then 

discussed in relation to their effects on military performance, including optimising 

equipment design and prescribing neuromuscular training. A publication has been 

prepared for submission to the Journal of Biomechanics. 
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Chapter 8 discusses how all the thesis results relate to soldier MSI risk and 

performance. Additionally, this chapter explores how outcomes from chapters 5, 6, and 

7 can be used to inform a novel body armour design. 
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Chapter 2 : Literature review 

2.1 Effects of load carriage on soldier capability 

Military organisations place high priority on maintaining ready and effective 

fighting forces. Soldiers must be physically ready for deployment and, once deployed, 

be able to perform their role within their unit. Readiness relates to the availability of fit 

soldiers for deployment, while performance includes the mobility and sustainability of 

soldiers operating in the field. Factors that reduce either readiness or performance 

negatively affect military organisations (Nindl et al., 2013). As a result, a great deal of 

research has focused on strategies to increase the readiness and performance of soldiers 

to maximise in-field operational capability of military organizations (Jones, Canham-

Chervak, & Sleet, 2010; Jones & Knapik, 1999; Nindl et al., 2013). 

There is now an abundance of evidence demonstrating that the high physical 

demands of military service can compromise the readiness and performance of soldiers 

(Cameron & Owens, 2014; Hauschild, Schuh, & Jones, 2016; Jones, Canham-Chervak, & 

Sleet, 2010; Nindl et al., 2013). The consensus is that soldiers are exposed, both during 

training and throughout their deployment, to physical demands that will likely injure 

the musculoskeletal system. With continued exposure to this high physical training load 

and without sufficient rest, soldiers experience reduced performance and/or sustain an 

injury (Cameron & Owens, 2014). Despite this negative consequence, routine physical 

training is essential for optimising physical readiness and performance. Therefore, ways 

to manage the physical demands experienced by soldiers during their military service, 

while maintaining physical readiness and performance are being sought.  

A fundamental component of the physical demands placed on the modern soldier 

is that they must be able to carry substantial loads to complete missions and effectively 

operate in the field. At a minimum, soldiers wear a fabric vest with body armour at the 

front and back, weighing approximately 5 kg, to shield them against small arms fire. But 

in increased threat environments, protection is increased beyond that which soft armour 

affords by inserting ballistic (hard) plates into the front, back and/or side pockets of the 

fabric vest. Additional equipment is carried via pouches and pockets that attach directly 

to the fabric vest, which all add to the total body-borne load that soldiers must carry 
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(Knapik, Reynolds, & Harman, 2004). This body armour and associated combat 

equipment provides the soldiers with the necessary equipment to engage in combat with 

the enemy (e.g., weapons, ammunition), have protection (e.g., body armour, helmet, 

boots), communicate (e.g., radio), and sustain their in-field performance (e.g., food, 

water, and sleeping gear). Unsurprisingly, soldiers regularly carry upwards of 20 kg of 

body-borne load for long durations and during bursts of intense physical exertion, even 

without considering carried backpack loads. 

The amount of body-borne equipment soldiers carry depends on the operation 

length and threat levels (Defense, 2012). Short duration operations of up to eight hours 

have increased anticipated resistance from hostile forces. Therefore, extra protective 

equipment and ammunition is carried for these duties, and collectively these loads are 

termed “fighting/light patrol loads”. When the enemy location is unknown, soldiers may 

perform ground surveillance on foot. In these instances, operations can extend up to 24 

hours. For this purpose, the soldier carries additional food, water, ammunition, and 

sleeping gear in more pockets and pouches, known as an “approach/patrol load”. 

Operations lasting up to 72 hours require soldiers to carry even more equipment in a 

backpack and this heaviest equipment configuration is known as a 

“sustainment/marching load”. 

The total weight of equipment carried by soldiers is not decreasing over time. 

Research efforts and advancements in technology have provided compact, light 

equipment for the soldier to carry (e.g., smaller batteries), but the push to enhance 

soldiers with new equipment has offset any reduction in total load. For example, infantry 

soldiers now carry weapon systems that can disable aircraft and armoured vehicles 

(Defense, 2012), which they did not carry 20 years ago. In Australia, a recent survey of 

serving Army Corps showed that the self-reported absolute load carried between 2001-

2010 ranged between 30.6 and 51.2 kg, with the load varying based on the operational 

task (e.g., posts and foot patrols) and role (e.g., Artillery or Engineers) (Orr, Pope, et al., 

2015). Data from deployed operations in Iraq and Afghanistan indicated that the load 

carried by United States (U.S.) soldiers for all operations exceeds safe operating limits 

(Table 2.1) (Dean, 2004), and equated to 50% or more of body mass. Consequently, 

soldiers continue to report that carrying a heavy load with poorly designed equipment 
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impairs their in-field performance (e.g., grenade throw) and may contribute to 

increasing their injury risk (Amoroso et al., 2000; Roy et al., 2013). A major component 

of these problems may be attributed to limitations in current standard issue load 

carriage systems. 

Table 2.1. Average and maximum reported loads for the three load configurations in Dean 

(2004) and Brady, Lush, and Chapman (2011), and two configurations in Orr, Pope, et al. 

(2015). The discrepancy between mean and maximum loads is due to different combat roles 

requiring different equipment. 

 Dean, 2004  Brady et al. 2011  Orr et al. 2015 

Configuration Mean Max  Mean Max  Mean Max 

Fighting/Light patrol 21.8 kg 28.6 kg  24.9 kg 38.3 kg    

Approach/Patrol 32.7 kg 45.8 kg  35.0 kg 48.1 kg  28.4 kg 36.9 kg 

Sustainment/Marching 54.4 kg 59.9 kg  55.0 kg 64.3 kg  56.7 kg 65.1 kg 

Current methods to carry load clearly defy their intended purpose, which is to 

facilitate an efficient means for individuals to carry loads in training and combat. The 

primary design limitation in standard-issue body armour is that most of the weight pulls 

down on shoulder straps, compressing the underlying soft tissue and upper brachial 

plexus (Hadid, Epstein, Shabshin, & Gefen, 2012). If sustained for a long period, 

compression of these tissues progresses to sensory loss in the upper arms, pain, and, in 

severe cases, nerve damage (Bhatt, 1990; De Luigi, Pasquina, & Dahl, 2008). 

Research investigating the potential causes of shoulder pain and impairment has 

demonstrated that heavy loads (e.g., 10–25 kg) increases pressure on the shoulder girdle 

(Vacheron, Poumarat, Chandezon, & Vanneuville, 1999), decreases shoulder muscle 

oxygenation (Mao, Macias, & Hargens, 2015), and decreases blood flow to the arms (Kim, 

Neuschwander, Macias, Bachman Jr, & Hargens, 2014). In these situations, up to 70% of 

the vertical force is situated on the shoulders and upper back (LaFiandra & Harman, 

2004). Backpack shoulder straps have been shown to compress the underlying skin and 

soft tissue at pressures ranging from 20-55 kPa (Bryant, Doan, Stevenson, Pelot, & Reid, 

2001; Hadid et al., 2015). At these pressures, the upper-limbs experience sensory deficits 

and numbness, increased pain, discomfort in the shoulder and upper back regions 
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(Birrell & Hooper, 2007; Simpson, Munro, & Steele, 2012), and reduced performance 

(e.g., ability to aim a weapon, reduced range of motion) during prolonged load carriage 

(Knapik et al., 1997). Thus, the high magnitude of these loads and its application to the 

body probably contributes to risk of discomfort and injury. 

Moving borne load from the shoulders to the hips may reduce the risk of injury. 

Studies have measured the effectiveness of either passive or active mechanisms to 

unload the shoulders. A passive mechanism refers to one that cannot actively modulate 

the amount of shoulder unloading (e.g., a hip belt), whereas an active mechanism 

modulates unloading usually by controlling the tension of cables that connect the torso 

vest to the hip belt. Cable-driven wearable upper body devices have been shown to shift 

up to 50% of load-bearing from the shoulders to the hips (Park, Stegall, & Agrawal, 2016). 

While promising, current active systems require power, add to the mass which must be 

carried by the person, and may have issues integrating with other components of the 

soldier combat ensemble. Therefore, passive mechanisms to unload the shoulders have 

been explored with much greater frequency than active systems. When walking with 

loads ranging from 14-41 kg, integrating a hip belt (i.e., passive unloading mechanism) 

with backpacks has been shown to shift up to 30% of the load from the shoulders to the 

pelvis (LaFiandra & Harman, 2004), decrease maximum and average shoulder pressure 

(Holewijn, 1990; Martin & Hooper, 2001; Wettenschwiler, Lorenzetti, et al., 2015) and 

decrease perceived shoulder exertion (Golriz, Hebert, Foreman, & Walker, 2015) 

compared to designs without a hip belt. These findings are consistent across studies, 

despite the use of different backpack designs, variability in carrying experience of the 

participants, and different experimental protocols. Potentially, the unequivocal effect of 

hip-belts on load distribution and wearer perceptions may be because the hip region 

where the belt is worn is more tolerant to pain and discomfort than the shoulder (Martin 

& Hooper, 2001; Wettenschwiler, Lorenzetti, et al., 2015). Understandably, incorporating 

a hip belt with backpacks has reduced the incidence of shoulder pathologies in the 

military compared to using no hip belt (Bessen, Belcher, & Franklin, 1987). 

To minimise pressure on the shoulders in these situations, industry have 

developed load sharing systems that integrate a hip belt onto body armour vests. The 

manufacturers of these systems claim that they transfer load from the shoulders to the 
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hips, thereby reducing pressure on the shoulders, allowing greater shoulder range of 

motion, and increasing comfort. However, these claims made by industry have not yet 

been substantiated by rigorous and impartial testing. Additionally, other potential 

effects of using these systems (e.g., altered walking patterns) have not been investigated. 

Changing the distribution of load may affect soldier performance in the field, or alter 

lower-limb joint loading in a manner that increases the risk of developing 

musculoskeletal injury. The possible implications for injury risk are important, because 

the incidence of musculoskeletal injury in the military has remained constant even 

though numerous injury prevention strategies have been implemented in recent years 

(Finestone & Milgrom, 2008). 

2.1.1 Musculoskeletal injury incidence in the military 

The rate of soldier attrition due to injuries continues to negatively affect the 

readiness and capability of military organisations throughout the world. Each year, 

almost half of all soldiers are predicted to sustain at least one injury that limits their 

physical ability and/or causes disability (Sharma, Greeves, Byers, Bennett, & Spears, 

2015). The most common types of injuries are physical training-related musculoskeletal 

injuries (MSI) that occur in soldiers engaging in rigorous military operations both in the 

field and during training (Bell et al., 2008; Cohen et al., 2010). In Australia, data from the 

Department of Veterans Affairs indicates that specific MSI, such as joint sprains, 

disorders of muscle, tendons and other soft tissue, and arthropathies amongst the most 

frequently claimed conditions under the Military Rehabilitation and Compensation Act 

(Department of Veterans' Affairs Australia, 2014). In general, MSI burden appears to be 

rising in Western forces. Only 70 per 100,000 U.S. Army soldiers cited MSI as the reason 

for disability discharge in 1981; compared with 950 per 100,000 soldiers in 2005 (Bell et 

al., 2008). Data from the U.S. Armed Forces between 2012-2014 showed that 12.5% of 

67,525 basic training recruits sustained an MSI (Nye, Pawlak, Webber, Tchandja, & 

Milner, 2016), and that MSI resulted in 2.1 million medical encounters annually (Nindl 

et al., 2013), while recent outpatient data showed that overuse injuries constituted more 

than 55% of all injury encounters (Jones, Canham-Chervak, Canada, et al., 2010). 

Unsurprisingly, the high incidence of MSI has many negative consequences for military 

capability. 
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The percentage of active-duty and reserve soldiers sent home from, or deemed 

medically not ready for deployment has increased because of MSI (Nindl et al., 2013). 

Instead of performing their job, injured soldiers undergo time- and resource-costly 

rehabilitation and retraining because they cannot maintain the high physical fitness and 

readiness required for deployment. Many soldiers who sustain MSI are restricted to 

limited duty during their recovery (Nindl et al., 2013), with recent estimates suggesting 

more than 25 million limited duty days result from injuries each year for the U.S. services 

(Ruscio et al., 2010). Additionally, injured U.S. Air Force basic military trainees were 3.01 

times more likely to be medically discharged than non-injured trainees (Nye et al., 2016). 

When restricted to light duties, soldiers become a liability not only to their direct 

commanders, but also their organisation. For example, Australian Army soldiers 

progress through a Force Generation Cycle in 12-month blocks to ensure their training 

and skills are current (Figure 2.1). If an injured soldier requires lengthy rehabilitation 

and retraining, their progression through this training cycle slows, thereby reducing the 

operational capability of their unit and eventually the Army. Further, the high rates of 

injury recurrence and comorbidities means that MSI continue to affect military 

personnel throughout the duration of their service (Kilcoyne, Dickens, & Rue, 2013). Hill 

and colleagues (2013) reported that soldiers with a previous knee injury had ~10 times 

(odds ratio 9.83) greater relative risk of developing a subsequent soft tissue knee injury 

compared to those with no prior injury. 
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Figure 2.1. The Australian Army's 36-month Force Generation Cycle (Army, 2015). 

In addition to affecting military readiness, MSI impose substantial direct medical, 

rehabilitation, and hospitalisation costs (Songer & LaPorte, 2000). In the U.S., where 

injury data are more readily available, the healthcare and salary costs attributed to 

soldiers unable to deploy approximates $3 billion annually (Nindl et al., 2013). The long-

term effects in terms of compensation for disability discharge are staggering. In fiscal 

year of 2013, the U.S. Department of Defence paid disabled military retirees close to $1.42 

billion (Department of Defense, 2013), with MSI contributing the most to disability 

discharge. In Australia, the Department of Veterans Affairs compensated Australian 

Defence Force members approximately $349.9 million in 2013-14 for disability-related 

rehabilitation (Department of Veterans' Affairs Australia, 2014). Of this total, 61% was 

attributed to acute and chronic MSI (i.e., ~$213 million) whereas the next highest 

category, mental disorders, accounted for only 9.6%. These payments do not include the 

many indirect costs related to a reduced capacity to work, recruitment and replacement 

of discharged soldiers, and limited military career promotion (Amoroso et al., 2000). 

Given the numerous negative effects of MSI on military readiness and soldier 

remuneration, strategies to minimise injury risk are critical to improving the capability 

of military organisations. 

Ready
• High physical fitness and 
readiness

• Able for deployment

Reset
• Individual training
• Career courses
• Prepare for collective training

Readying
• Intense period of training
• Certification if necessary
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2.1.2 Incidence and risk factors for musculoskeletal overuse injuries 

The majority of MSI sustained are specific to the lower-limbs, including medial 

tibial stress syndrome (MTSS), stress fracture, iliotibial band syndrome, patellofemoral 

pain (PFP), Achilles tendinopathy, and plantar fasciitis (Milgrom et al., 1985; Rosendal, 

Langberg, Skov-Jensen, & Kjær, 2003; Sharma et al., 2015; Taanila et al., 2009). As well, 

non-specific injuries, including low back pain and peripheral neuropathy, contribute to 

the injury burden (Cohen, Gallagher, Davis, Griffith, & Carragee, 2012). The incidence 

rate of the MSI in the Australian Army has historically been high. More than 20% of 1357 

Australian Army recruits performing 12 weeks of basic training sustained a lower-limb 

injury (Pope, Herbert, Kirwan, & Graham, 2000), while 12-months of Australian Defence 

Force Academy training resulted in 9.8 % of males and 30.6 % of females diagnosed with 

MTSS (Burne et al., 2004). However, the reporting of injury data in the Australian 

military is poor, and as result data from other Western Militaries (e.g., U.S., Canada, and 

UK) are often cited in the literature. Internationally, studies have reported the incidence 

of overuse injuries to range from 0.8% to 38.2% (Cohen et al., 2010; Cosman et al., 2013; 

Glad, Skillgate, & Holm, 2012; Popovich et al., 2000; Sharma, Golby, Greeves, & Spears, 

2011; Van Tiggelen et al., 2004), depending on the type of injury (e.g., stress fracture or 

PFP), the cohort studied (e.g., Army vs Navy, basic or continuing training, regular forces 

vs special forces), and the sensitivity of methods used to diagnose injury (e.g., bone scan, 

scintigraphy or MRI). Regardless of the specifics, there is overwhelming epidemiological 

evidence indicating that musculoskeletal overuse injuries continue to burden military 

organisations globally, even though many of the injuries are considered to be 

preventable. 

Despite concerted efforts to reduce MSI with targeted interventions, such as 

prescribed physical training, stretching, and orthoses wear (Baxter, Baycroft, & Baxter, 

2011; Bonanno, Landorf, Munteanu, Murley, & Menz, 2017; Hoffman et al., 1999; Pope et 

al., 2000) MSI rates remain high compared to previous years (Finestone & Milgrom, 

2008) (Figure 2.2). In the U.S., the rate of all injuries per 1000 soldiers per year plateaued 

between 2006 and 2012 at more than 1200, with over half of these classified as lower 

extremity overuse injuries. Increased MSI have been reported in other studies as well, 

where >20% of soldiers sustained an overuse injury to the lower-extremity during 12 
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weeks of training (Brushøj et al., 2008), and 32% of soldiers who undertook 6 weeks of 

military training developed PFP (Van Tiggelen, Cowan, Coorevits, Duvigneaud, & 

Witvrouw, 2009). Stress fracture incidence also remains an unacceptable 6.9 cases per 

1000 male recruits and 26.1 cases per 1000 female recruits (Knapik et al., 2012). Thus, MSI 

continue to negatively impact soldier readiness for both training and deployment 

(Jacobs, Cameron, & Bojescul, 2014; Knapik et al., 2013). Additionally, continued high 

incidences suggest the mechanisms contributing to musculoskeletal injuries in the 

military remain poorly understood, and anecdotal information continues to drive risk 

prevention strategies. 

 

Figure 2.2. Rates of non-deployed total injuries and lower extremity overuse injuries in the 
U.S. Army between 2006 and 2012 (Armed Forces Health Surveillance Center, 2013). 

The risk factors for MSI in the military have been comprehensively investigated. 

While many are non-modifiable, such as increasing age, female sex, and specific 

ethnicities, the modifiable risk factors are generally the biggest predictors of injury risk 

(Scott, Simon, Van Der Pol, & Docherty, 2015; Sharma et al., 2015; Taanila et al., 2015). 

However, identifying the most important modifiable risk factors to target remains 

challenging because of the many lifestyle, behavioural, dietary, demographic, anatomic, 

and biomechanical variables identified as risk factors for MSI. Nevertheless, as these 
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injuries are physical and often occur during the completion of physically demanding 

tasks, it seems logical to target the anatomical and biomechanical risk factors for MSI. 

Regarding modifiable risk factors, poor physical fitness, increased total training mileage, 

exposure to march training, structurally unsuited bone geometry (e.g., narrow tibia), 

excessive foot pronation, increased hip range of motion, and quadriceps strength 

imbalances consistently emerge as factors predicting injury in military recruits and 

highly trained soldiers (Franklyn, Oakes, Field, Wells, & Morgan, 2008; Knapik et al., 

2012; Owens et al., 2013). These findings suggest that the mechanical loading experienced 

during physically demanding military tasks exceeds the soft tissue and bone tolerances, 

thereby placing soldiers at a high risk for injury. 

As indicated above, a potent and intuitive determinant of MSI risk is mechanical 

loading. The association between increased exposure to mechanical loading through 

physical training (e.g., marching and running) and increased injury rates (Jones & 

Knapik, 1999; Knapik, Hauret, Marin, & Jones, 2011) suggests that high levels of repetitive 

mechanical loading to the lower-limbs may increase the risk of MSI. Poor bone geometry 

(e.g., narrow tibia), muscle weakness, and poor walking biomechanics (e.g., excessive 

foot pronation) increases mechanical load transmitted through the lower-limbs 

(Milgrom et al., 1988). Some epidemiological evidence supports this interpretation of 

the data, with a recent study reporting a 62% reduction in stress fracture incidence when 

cumulative march training was lowered (Finestone & Milgrom, 2008). However, others 

have found no association between lower-limb injury risk and physical activity 

participation (Scott et al., 2015; Taanila et al., 2015), and no reduced injury risk when 

physical activity was reduced compared to normal activity (Popovich et al., 2000). 

Importantly, reducing training volume may be detrimental for maintaining fit and 

capable soldiers. Instead, researchers should attempt to improve their understanding of 

the mechanisms behind how mechanical loading is causing injury. If the causal 

mechanisms are understood, physical training programs could be designed to target 

specific physical adaptations to the task demands, and load carrying equipment could 

be specifically designed to reduce pathological mechanical loading.	 It is therefore 

essential to understand the forces and movements that are associated with injury during 
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load carriage, as part of a larger mechanobiology framework (Pizzolato, Lloyd, et al., 

2017), if we are to start to unpack this problem. 

2.2 Mechanical loading as a risk factor for overuse injuries 

Most lower-limb overuse injuries manifest from overloading of the joint, tissues, 

or bone (Wilder & Sethi, 2004). Structural fatigue induced from repetitive mechanical 

forces creates areas of stress concentration in joints and bone (Buff, Jones, & 

Hungerford, 1988; Scott & Winter, 1990). The magnitudes of these stresses depend on 

the interaction of anthropometric factors, and the distribution of external (e.g., ground 

reaction) and internal (e.g., muscle) forces acting on the site, as well as the state of the 

tissue (i.e., morphology, material properties, and constitutive behaviour) (Besier et al., 

2011). The cumulative mechanical loading from running activities coupled with narrow 

tibias appears to increase stress fracture risk (Jones, Thacker, Gilchrist, Kimsey, & Sosin, 

2002), while PFP can result from the deterioration of the cartilage under the patella 

following intense periods of physical activity (Sherman, Plackis, & Nuelle, 2014). 

The high levels of mechanical loading in soldiers may increase their risk of 

sustaining lower-limb overuse injuries (Burr et al., 1996; Milgrom et al., 2007). An 

example of this link can be presented for tibial stress fracture or medial tibial stress 

syndrome. In-vivo and in-vitro studies of animal bones have shown high mechanical 

loading precipitates fatigue microdamage, which may progress to fracture without 

sufficient rest (Burr et al., 1996; Burr et al., 1998). Additionally, compression and tension 

strains at levels causing this microdamage have been measured in-vivo from human 

tibias while participants walked without carrying any load, and increased following 30 

km of marching (Milgrom et al., 2007). Therefore, soldiers regularly exposed to high 

physical activity volumes and carrying heavy loads increase the mechanical load 

transmitted to their lower-limb joints, which, in addition to bone stress injuries, has 

shown to be associated with pain and injury (Lenhart et al., 2014; Wasserstein & Spindler, 

2015). From the available epidemiological data, the lower extremities (e.g., hip, knee, 

ankle, and feet) and the back are the two most frequently injured body regions 

associated with load carriage (Orr, Johnston, Coyle, & Pope, 2015; Roy et al., 2016) (Figure 

2.3). 
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2.2.1 Load carriage and injury risk 

The risk of injury due to carrying load is thought to increase with load magnitude, 

the frequency of carriage, distance travelled with load, and walking speed. Studies have 

reported that marching while carrying heavy load is second to running as the highest 

activity associated with overuse injuries, with an incidence rate of 10.5 per 1000 hours of 

marching (Knapik et al., 2013). In a prospective cohort study of U.S. female soldiers, 

wearing an average load greater than 10% of body weight and wearing body armour for 

more than one hour each doubled the relative risk of MSI compared to wearing no load 

(Roy et al., 2016). A review of the injury reporting for Australian Army soldiers from 

2009-2010 revealed that 8% of all reported injuries were load carriage related (Orr, 

Johnston, et al., 2015). Of the injuries, 56% were to the lower-limbs, and 62% percent 

had muscular stress indicated as the mechanism. The data also showed that 62% of all 

injuries occurred during a marching activity, and 13% during patrolling. Thus, most of 

the evidence suggests that increased exposure to load carriage activities increases the 

risk of sustaining MSI. 

Despite the abundance of evidence associating increased load carriage exposure 

to increased injury risk, these studies have not presented causal factors. Studies 

investigating the causes of load carriage-related injuries are lacking, because of 

limitations in directly quantifying the level, duration, and frequency of load carriage 

exposure (van der Beek & Frings-Dresen, 1998). Additionally, many studies use 

retrospective evaluation of injuries from military databases, which limits the reliability 

of the results due to misclassification of injuries and inconsistencies in reporting. There 

is also a poor link from prospective observational studies to in-vivo and in-vitro 

examination of potential injury mechanisms, i.e., in other fields what has been identified 

as relevant to the injury mechanism in laboratory experiments has proven relevant to 

injury rates in prospective studies (Donnelly et al., 2012). Without interventions 

designed to target load carriage-related injury mechanisms, it is no surprise that 

interventions to reduce injury incidences continue to fail. Despite the lack of available 

evidence, we can use evidence from successful injury prevention strategies implemented 

in other fields, such as knee injuries in Australian football players (Finch et al., 2016), 
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which have demonstrated that increasing the tolerance to, or reducing the peak 

mechanical load acting on the lower-limbs, may reduce the risk of injury.  

 

Figure 2.3. Load carriage exposure time and the types of injuries commonly sustained 

Reducing the risk of injury due to peak mechanical loading may be achieved by 

decreasing the total weight carried by soldiers, redistributing the carried load, and/or 

conditioning soldiers to carry heavy loads. As mentioned previously, the weight carried 

by soldiers is not decreasing, and may be increasing. Therefore, changing the 

distribution of load and conditioning soldiers to carry the load are the two viable 

strategies to reduce injury risk. Targeted conditioning programmes could improve the 

load carrying ability of soldiers and protect them from injury by increasing an 

individual’s ability to attenuate load (Hoffman et al., 1999). However, a targeted 

conditioning programme requires evidence of the mechanisms causing injury, which is 

currently lacking in load carriage research. Additionally, designing and implementing a 

targeted conditioning programme is outside the scope of this thesis, which instead 

focuses on whether hip-borne load carriage can reduce biomechanical risk factors for 

MSI compared to the current armour design. 

The redistribution of load is achieved by using load assistive devices that can 

either passively or actively assist the wearer. Many active load assistive devices have been 

shown to yield benefits, such as restoring function to subjects with gait pathologies, 

reducing the metabolic cost of walking, and moving from primarily shoulder-borne load 

carriage to shoulder and hip-borne (Mooney et al., 2014; Panizzolo et al., 2016; Quinlivan 
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et al., 2017). However, these benefits are largely outweighed by their limited 

performance enhancing application, substantial manufacturing costs, heavy weight, lack 

of autonomy, and poor integration with other components of the soldier combat 

ensemble (Gregorczyk et al., 2010; Robertson et al., 2014) limiting their practicality for 

training and field use. 

It is important that any assistive device given to soldiers not only reduces injury 

risk, but does not adversely affect their performance in training or the field. Anecdotal 

reports from combat soldiers support the use of simpler solutions to assist with load 

carriage, as they claim that reduced equipment complexity reduces the risk of 

equipment failure in the field and limits the mental burden of operating equipment in 

highly stressful environments. Simple solutions incorporating a hip belt onto standard 

body armour (introduced in section 2.1) could effectively reduce the risk of injury from 

mechanical load by distributing the load across the body, without impeding 

performance. However, the efficacy of these systems in assisting with load carriage and 

reducing mechanical load is not understood. Therefore, comprehensively evaluating the 

effects of these new load carriage designs on the biomechanics of walking and other 

tasks relating to injury risk and soldier performance is necessary. 

2.3 Using biomechanics to measure mechanical loading 

Biomechanical modelling enables researchers to evaluate the magnitude of 

external mechanical loads that may act on joints and articular soft tissues (Lloyd, Besier, 

Winby, & Buchanan, 2008). Few studies have examined the magnitude of lower-limb 

external joint loading sustained by soldiers when carrying military-relevant loads. Fewer 

still have examined the biomechanical effects of hip-borne load carriage. Nevertheless, 

researchers have evaluated the biomechanical effects of carrying heavy load and 

reported several outcomes that could explain the high incidence of overuse injuries in 

soldiers. The following section will describe the common biomechanical outcome 

measures reported in load carriage research, how each is collected, and how they are 

affected by both load magnitude and the distribution of load. 

Walking gait is typically assessed in load carriage research, because it is a 

fundamental movement performed by all soldiers when carrying load, and is the most 
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widely researched motor task in biomechanics (Zajac, Neptune, & Kautz, 2002). In these 

studies, a gait or stride cycle is partitioned into two phases: 1) the stance phase (0 to 

~60% of the gait cycle), which begins as the leading foot contacts the ground (i.e., heel-

strike) and ends when the same foot leaves the ground (i.e., toe-off), and 2) the swing 

phase (~60 to 100% of the gait cycle), defined from toe-off until the next heel-strike. 

Thus, an entire gait cycle is defined from heel-strike to subsequent heel-strike of the 

ipsilateral (i.e., same) leg. During the stance phase, the body weight transfers onto the 

foot in contact with the ground, vertical posture is maintained by resisting gravity, and 

forward movement is generated. During the swing phase, the trailing leg moves forward 

in preparation for the next step. 

2.3.1 Kinematic responses to load carriage 

Kinematics involves the measurement of the position, orientation, time, and their 

derivatives (i.e., velocity and acceleration). Most research describes the relative motion 

between joints, motion of segments relative to the vertical, joint range of motion (ROM) 

and whole-body motion (i.e., motion of the centre of mass). A number of studies have 

examined the changes in gait kinematics when increasing the magnitude of carried load 

or load distribution in backpacks and body armour. 

2.3.1.1 Trunk forward lean  

In the sagittal plane the body changes its posture to mediate the compromised 

stability caused by additional load. The pelvis rotates anteriorly to assist in forward 

flexion of the trunk, which increases to counterbalance the posterior torque generated 

by the added load and to realign the posteriorly displaced centre of mass (COM) within 

the base of support (Attwells et al., 2006; Birrell & Haslam, 2009; Caron, Wagenaar, 

Lewis, Saltzman, & Holt, 2013; Harman et al., 2001). This increase in trunk forward lean 

has been observed at around 5° for relatively light loads (< 10 kg), with further increases 

(~5-20°) in proportion to the carried load (Seay, Fellin, Sauer, Frykman, & Bensel, 2014). 

It is suggested that this adaptation to heavy load carriage may increase stress on the 

ligaments and muscles at the lower back (Bobet & Norman, 1984; Charteris, 2000), 

however these claims are yet to be substantiated. 
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The distribution of carried load alters the amount of trunk forward lean. Studies 

have shown greater trunk forward lean for load distributed further from the COM, most 

likely because it increases the posterior torque that must be counterbalanced compared 

to load positioned closer to the body COM (Harman et al., 2001). When the load is 

distributed evenly between the front and back of the COM (e.g., double-packs) studies 

report fewer or no deviations in trunk flexion from unloaded walking (Kinoshita, 1985; 

Lloyd & Cooke, 2000). 

2.3.1.2 Hip angle 

Hip angle is described by the relative motion of the pelvis with respect to the 

thigh. Similar to trunk flexion, hip flexion increases in response to increasing load 

magnitude (Attwells et al., 2006; Birrell & Haslam, 2009). Several studies have shown an 

increase in peak hip flexion angle in the early part of the stance phase of gait. In one 

study, increasing backpack load from 6 kg to 47 kg resulted in an 11° increase in peak hip 

flexion angle (Harman, Hoon, Frykman, & Pandorf, 2000), while in others only 2-5° 

increases have been observed with increasing carried load (e.g., 10-32 kg) (Birrell & 

Haslam, 2009; Park et al., 2014; Seay, Fellin, et al., 2014; Silder, Delp, & Besier, 2013). Peak 

hip abduction at heel-strike increases to accommodate the wider step width associated 

with heavy load carriage (Birrell & Haslam, 2009; Park et al., 2014). Additionally, the 

trunk and hips stiffen to increase their ability to resist rotation (Holt, Wagenaar, 

LaFiandra, Kubo, & Obusek, 2003), and this is likely a protective response to stabilise 

the spine against twisting motion. 

With respect to changing the distribution of load, it has been reported that 

backpack loads of up to 30 kg result in a more pronounced hip flexion increase than the 

same loads situated around the torso, such as with body armour (Harman et al., 1999b; 

Seay, Fellin, et al., 2014; Silder et al., 2013). Sharpe and colleagues (2008) showed that 

using a hip belt with backpack loads of 40% bodyweight decreased the amplitude of 

pelvic-thorax transverse rotation compared to a backpack without a hip belt, thereby 

stabilising motion through the trunk and controlling the rotational torque associated 

with carrying heavy loads. 
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2.3.1.3 Knee and ankle angle 

The kinematic response to load carriage at the knee joint has been reported 

several times in the literature, but with inconsistent findings. In most studies, knee 

flexion angle is defined as the angle between the thigh and the lower leg, with positive 

values representing increased flexion. Some studies showed that knee ROM and flexion 

increase as a function of load mass (Attwells et al., 2006; Harman et al., 2000; Silder et 

al., 2013; Simpson et al., 2012). These studies suggest that increasing knee flexion at foot 

contact lowers the COM to aid stability, and attenuates the high reaction forces by 

increasing the duration over which the vertical impulse is absorbed (Birrell et al., 2007). 

Unlike the hip and trunk, however, studies reported that knee flexion angle does not 

increase linearly with load mass (Quesada et al., 2000; Seay, Fellin, et al., 2014), and some 

showed a decrease or unchanged knee flexion angle with increasing load (Birrell & 

Haslam, 2009; Caron et al., 2013; Holt et al., 2003). Similar inconsistencies exist for the 

ankle joint, with studies showing an increase in dorsiflexion prior to foot contact (Silder 

et al., 2013), while many have reported no changes in kinematics (Holt et al., 2003; 

Vacheron et al., 1999). Given that military boots worn by soldiers span the ankle joint 

and have been shown to restrict ankle motion compared to running shoes (Sinclair, 

Taylor, & Atkins, 2015), limited change in ankle ROM should be expected with increasing 

load. 

The inconsistent results regarding knee and ankle angles may be due to the 

differences in the study methodologies. Some prescribe carried loads using an absolute 

weight (i.e., 40 kg) (Attwells et al., 2006; Birrell & Haslam, 2009), while other studies 

have participants carry loads as a percentage of their body weight (Griffin, Roberts, & 

Kram, 2003; Quesada et al., 2000; Seay, Fellin, et al., 2014). In some studies, participants 

walk at self-selected speeds (Attwells et al., 2006; Qu & Yeo, 2011), while other studies 

assign a fixed speed to decouple the effects of load and speed (Huang & Kuo, 2014; Silder 

et al., 2013). The distribution (e.g., front versus back) and type (e.g., sandbags, lead 

weight) of load also varies and the load carrying ability of the study population contrasts 

from novice (Griffin et al., 2003; Silder et al., 2013) through to experienced military 

soldiers (Harman et al., 2000; Quesada et al., 2000). These variations in study protocols 

likely contribute to inconsistent findings in the literature, and every attempt should be 
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made to use a study protocol permitting the generalisation of results to the population 

of interest. For example, the load carried by soldiers and their walking speed in the field 

is dictated by the mission requirements, not their total body mass or preferred walking 

speed. Thus, studies generalising their findings to a soldier cohort should test using 

experiments that well match the use conditions. 

Another reason for the inconsistent findings is measurement error. With 

technological improvements, modern motion capture methods have increased 

measurement precision ten-fold compared to older video-based methods 

(Mündermann, Corazza, & Andriacchi, 2006). However, under the most ideal laboratory 

conditions current motion capture technology still produces systematic and random 

errors in tracking markers, which propagate to errors in joint kinematics calculation 

(Chiari, Croce, Leardini, & Cappozzo, 2005). Consequently, small changes in joint angles 

perceived to be from load and/or load configuration permutations may instead be due 

measurement error. If systematic or measurement bias exists in joint angles calculations, 

then they need to be accounted for in the interpretation of joint angles calculated during 

load carriage walking. 

2.3.1.4 Limitations in current kinematics methods 

Despite progressive improvements in motion analysis systems, the estimation of 

joint kinematics is strongly influenced by anatomical marker placement (Della Croce, 

Leardini, Chiari, & Cappozzo, 2005), as well as soft tissue movement between the 

underlying skeletal system and skin surface (Leardini, Chiari, Croce, & Cappozzo, 2005). 

In the calibrated anatomical system technique (CAST) (Cappozzo, Catani, Della Croce, 

& Leardini, 1995), markers placed on the skin surface above bony landmarks are used to 

define the position and orientation of anatomical coordinate frames for each segment 

(e.g., pelvis and femur). The relative orientation of two linked anatomical frames is 

described through joint angles (e.g., hip angles are the relative rotations between the 

pelvis and left or right femurs) (Schache et al., 2002; Wu et al., 2002). Errors in 

identifying and/or tracking of anatomical landmarks during dynamic tasks can result in 

errors in the determination of anatomical frames, which then subsequently propagate 

to errors when calculating body segment mass and inertia parameters as well as joint 
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angles (Della Croce, Cappozzo, & Kerrigan, 1999). Many of these sources of error are 

exacerbated in study participants with high levels of adipose tissue or when equipment, 

such as that worn by soldiers, obscures important anatomical landmarks (Cappozzo, 

Catani, Leardini, Benedetti, & Della Croce, 1996). 

In obese populations or those wearing equipment, pelvis markers are often 

occluded during motion analysis of standard locomotion activities. To overcome this 

obstacle, researchers have used marker clusters placed on the pelvis to define the pelvis 

anatomical coordinate frame (Borhani, McGregor, & Bull, 2013; Lerner, Board, & 

Browning, 2014; Pohl, Lloyd, & Ferber, 2010). This method references the position of 

anatomical landmarks to at least three markers in a cluster, which track the motion of 

the segment during walking. Instead of placing the cluster markers on landmarks 

covered by adipose tissue or by equipment, cluster markers can be placed on exposed 

bony regions (e.g., sacrum). This decreases soft tissue artefact and reduces marker 

occlusion events, as the sacrum is well-exposed to motion capture cameras during most 

motor tasks. Defining the anatomical landmarks relative to a rigid cluster positioned at 

the sacrum has been shown to be more repeatable compared to skin surface markers 

placed on anatomical landmarks (Borhani et al., 2013). Additionally, tracking marker 

clusters positioned over the lateral pelvis had similar reliability to markers placed over 

pelvic bony landmarks in running (Liew, Morris, Robinson, & Netto, 2016). However, the 

combat equipment worn by soldiers, such as body armour and load carriage systems, 

obscure not only the pelvis landmarks but also the surrounding areas, including the 

lateral pelvis and sacrum, prevents placing a cluster directly on these sites. 

To overcome the marker-positioning constraints imposed by the wearing of body 

armour and load carriage systems, researchers have used simplified or used lower-limb 

only marker sets (Attwells et al., 2006; Birrell & Haslam, 2009), modified the equipment 

(LaFiandra, Holt, Wagenaar, & Obusek, 2002) or placed markers directly on the armour 

(Lenton, Aisbett, Neesham-Smith, Carvajal, & Netto, 2016; Loverro, Brown, Coyne, & 

Schiffman, 2015). Placing markers over armour assumes coupled motion of the 

pack/armour with the wearer. Ren and colleagues (2005) created a multi-segment 

human and backpack model, with the backpack modelled as a simple suspension system 

in the sagittal plane. Using gait kinematics from a single participant walking with 10 kg 
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in a backpack as input data, and modifying the backpack suspension stiffness, the model 

simulations showed that the backpack and torso interact dynamically during walking, 

with a more compliant backpack suspension resulting in larger backpack motion relative 

to the torso than a pack with stiffer suspension. Although these findings were 

simulations and not derived experimentally, they suggest that measuring the position of 

markers over armour may not represent the motion of underlying body and bone. In 

fact, if the armour moves out of phase with the body (Pierrynowsi et al., 1981), the 

opposite motion may be measured. Therefore, previously used techniques may not 

accurately define the pelvis and trunk anatomical coordinate systems and, therefore, 

may not result in accurate segmental and joint kinematics. To date, no research using 

body armour and load carriage systems has quantified and reported the accuracy and 

repeatability of joint kinematics using conventional and innovative marker sets or 

marker placement protocols. 

Despite limitations in the methods used to obtain kinematics, increasing the 

magnitude of load results in postural changes to stabilise the body through gait. 

Distributing load closer to the COM (e.g., body armour loads) results in less postural 

deviation and fewer kinematic changes compared with backpack loads (Seay, Fellin, et 

al., 2014). In fact, joint angles have been shown to not change from unloaded walking 

conditions (Park et al., 2014). This suggests that distributing the load closer to the COM 

is beneficial from a kinematics perspective. Another explanation could be that internal 

muscle forces increase to modulate joint ROM. Indeed, muscle-mediated knee stiffness 

has been shown to increase during load carriage to maintain vertical excursion of the 

COM (Holt et al., 2003). In the absence of pronounced kinematic changes, more in depth 

biomechanical analysis is required to elucidate how muscles modulate joint kinematics, 

and how this can affect injury risk. To achieve this, studies have measured the kinetic 

(force-related) variables during loaded walking. 

2.3.2 Kinetic responses to load carriage 

Kinetics describes the forces acting on a system to cause or resist motion and can 

be classified as external or internal. In load carriage research the primary force measured 

are external ground reaction force (GRF), which represent the contact force between the 
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body and the ground. When the foot contacts a force plate, the resultant GRF vector 

fully describes the magnitude and direction of the combined force of the person and 

carried load. Studies measuring the effect of load carriage on GRFs have participants 

walk on an instrumented treadmill embedded with force plates or over a force plate 

embedded in the ground. 

The use of a treadmills capable of measuring GRFs enables regulation of 

parameters, such as walking speed, inclined terrain, and environment that could 

otherwise confound results. Using a treadmill facilitates the acquisition of a large 

number of gait cycles, as the participant remains in the capture volume during the entire 

trial. When these numerous gait cycles are ensemble averaged, variability is reduced in 

the results and thereby improves statistical power. Some research has shown differences 

in walking biomechanics between treadmill and overground walking (Chiu, Chang, & 

Chou, 2015; Prosser, Stanley, Norman, Park, & Damiano, 2011), but a recent study 

reported that there are no differences in walking biomechanics between the treadmill 

and overground modes when carrying load (Fellin, Seay, Gregorczyk, & Hasselquist, 

2016). Regardless, both modes can be used to determine 3D forces, moments, and centre 

of pressure during the stance phase of gait. 

2.3.2.1 Ground reaction forces and load carriage 

Studies have consistently shown that vertical and anterior-posterior (A/P) GRFs 

increase proportionally with the carried load (Birrell et al., 2007; Harman et al., 2000; 

Hasselquist et al., 2013; Kinoshita, 1985; Seay, Fellin, et al., 2014; Tilbury-Davis & Hooper, 

1999), regardless of the type of backpack worn, the distribution of the load (Polcyn et 

al., 2002), or gender (Krupenevich, Rider, Domire, & DeVita, 2015). Immediately 

following heel-strike, the impact leg is loaded with the combined force from the person 

(i.e., body and inertial loads) and carried load. At toe-off, the now trailing leg generates 

forward propulsion, while overcoming the inertial resistance of the body and carried 

load. As a result, the greatest increases in GRFs occur at heel-strike when the leading leg 

impacts the ground, and toe-off when the trailing leg pushes off the ground (Figure 2.4). 

Using the linear trend line equations from combined vertical GRF data in the literature 

(𝑦𝑦 = 0.0119𝑥𝑥 + 1.16), and the most recently reported average load carried by Australian 
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soldiers when marching (56.7 kg with patrol load), we can estimate that an Australian 

soldier must tolerate approximately 1.83 and generate 1.84 newtons of peak vertical 

ground reaction force per kilogram of body mass every step. These forces reach almost 

two times body weight, which are values typically produced during running (Keller et 

al., 1996). As a result, strategies to reduce the magnitude of peak GRFs could assist in 

reducing the risk of MSI due to load carriage. 

Transferring load closer to the COM as a strategy to reduce GRFs has been shown 

to decrease the A/P GRF at heel strike, and increase the A/P GRF at toe-off (Birrell & 

Haslam, 2010) compared to backpack loads in one study, but most showed no difference 

in the GRF response in others (Harman et al., 2001, Polcyn et al. 2002, Harman et al. 

2000). Thus, the magnitude of the load carried governs the magnitude of the GRFs 

during level walking, and is likely not influenced by load distribution indicated by the 

COM. 

The high magnitude GRFs during load carriage have been reported to increase 

the risk of MSI to the lower-limbs (Birrell et al., 2007; Harman et al., 2000; Simpson et 

al., 2012). However, an increase in GRFs is not necessarily associated with an increased 

risk of injury (Zadpoor & Nikooyan, 2011), and gives no indication of loads experienced 

by the lower-limb joints and produced by the muscles. Examining the role of joints and 

muscles is necessary to link the high mechanical forces measured when carrying loads 

to MSI mechanisms. 
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Figure 2.4. Vertical and Anterior-Posterior (AP) ground reaction forces at heel-strike and 

toe-off as a function of carried load mass from various studies (Birrell et al., 2007; Din & 

Rambely, 2014; Harman et al., 2000; Hasselquist et al., 2013; Kinoshita, 1985; Lloyd & 

Cooke, 2000; Seay, Fellin, et al., 2014; Silder et al., 2013; Tilbury-Davis & Hooper, 1999; 

Wang, Frame, Ozimek, Leib, & Dugan, 2013). R2 values represent the coefficient of 

determination of the linear trend line. Note: some data were obtained directly from the 

authors as they did not report the exact value of the GRFs in their study. 

2.3.2.2 Joint moments and load carriage 

Measures more relevant to MSI risk during load carriage are the net joint 

moments of force (often simplified to “joint moment”), which is the torqueing effect 
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generated by a force. Measured GRFs and segment kinematics are combined in an 

inverse dynamics equation to solve the net joint moments (Sartori, Farina, & Lloyd, 

2013). Net joint moments are the sum of all moments acting on a joint, which may arise 

from body inertial, muscle, and other soft tissues, as well as hard contact within a joint. 

Often, it is inferred that muscles produce a particular joint moment and motion, i.e., the 

quadriceps generate the knee extension torques during walking (Robertson, Caldwell, 

Hamill, Kamen, & Whittlesey, 2013). However, this interpretation of the net joint 

moments is incorrect, due to our musculoskeletal system being a multi-body system 

with the components dynamically coupled (Zajac et al., 2002; Zajac, Neptune, & Kautz, 

2003). This means that net joint moments, at any and all joints, may be generated by 

muscles and segments that do not span or about the joint of interest, i.e., motion of the 

arm will influence the moments about the knee (Chaudhari, Hearn, & Andriacchi, 2005; 

Dempsey, Lloyd, Elliott, Steele, & Munro, 2009). Nevertheless, biomechanical studies in 

load carriage have used inverse dynamics to derive joint moments. 

Load carriage studies have analysed and reported peak sagittal-plane joint 

moments at the hip, knee, and ankle during walking. Similar to GRFs, the extent to 

which load carriage influences joint moments depends mostly on the load magnitude 

(Huang & Kuo, 2014; Seay, Fellin, et al., 2014). Early in the gait cycle, an increased 

external knee flexion and hip extension moments have been found when carrying 32 kg 

(Wang et al., 2013) and 55 kg (Seay, Fellin, et al., 2014) of simulated combat loads placed 

around the torso compared to no load. This means that, in the absence of kinematic 

changes in response to the carried load, the knee extensor and hip flexor musculature 

must generate increased force to decelerate the stance limb prior to ground contact, and 

prevent limb collapse during early stance under these substantial loads. Indeed, carrying 

load significantly increases quadriceps (e.g., rectus femoris) muscle activity during the 

loading response of gait with participants loaded with little as 10% of bodyweight as 

torso-borne load (Park et al., 2014; Silder et al., 2013). 

In supporting the head, arms, and trunk (HAT) from collapse and regulating the 

HAT angular momentum, the eccentric action of the quadriceps absorbs energy and 

increases the knee extension moment (Mann, 1980; Winter, 1987). As a result, this 

response increases knee joint reaction forces, as peak knee flexion angle and internal 
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extension moment during weight acceptance have been shown to increase with 

patellofemoral joint force (R2  = 0.68) and peak compressive tibiofemoral force (R2 = 

0.75), respectively (Lerner, Haight, DeMers, Board, & Browning, 2014; Powers, Ho, Chen, 

Souza, & Farrokhi, 2014). Under increased loads, pain can develop within the knee due 

to the high joint reaction forces possibly compromising articular cartilage (Radin, Yang, 

Riegger, Kish, & O'Connor, 1991; Scott & Winter, 1990). Supporting these inferences, 

activities causing large internal knee extension moments such as stair climbing and 

running are known to contribute to the development of patellofemoral pain (Heijink et 

al., 2012), while greater than normal peak knee flexion angle in walking has been shown 

to associate with increased risk of sustaining Achilles overuse injury (Hein, Janssen, 

Wagner-Fritz, Haupt, & Grau, 2014) and all overuse injuries (Cowan et al., 1996). 

Moreover, greater external knee flexion moments have been associated with a higher 

incidence and severity of anterior knee pain in patients following total knee arthroplasty 

(Smith, Lloyd, & Wood, 2004). Therefore, load carriage could precipitate the 

development of anterior knee pain in soldiers by increasing the magnitude of forces at 

the knee joint. Using load sharing systems to bear most load on the hips could reduce 

knee joint moment magnitudes by increasing the contribution of the large hip 

musculature to forward progression, work and power (Powers, 2010). To the best of the 

author’s knowledge, no studies have examined the effect of re-distributing load toward 

the hips on peak external knee flexion and hip extension moments during load carriage. 

In addition to the knee flexion moment, peak ankle dorsiflexion and hip 

extension moments are known to increase during early stance to minimise the vertical 

excursion of the whole-body COM (Seay, Fellin, et al., 2014; Wang et al., 2013). Despite 

these moments reducing the energy cost by reducing extraneous COM motion (Holt et 

al., 2003), the ankle and hip muscles perform this function through eccentric (i.e., 

lengthening) contractions. Eccentric contraction has been shown to precipitate local 

muscular fatigue in the loaded soldier (Quesada et al., 2000), and decrease the force 

generating capability of the quadriceps and hamstrings after walking with 10.8 kg of 

body armour for 45 minutes compared to pre-walk values (Phillips, Bazrgari, & Shapiro, 

2015). Due of fatigue, soldiers carrying load could be more susceptible to injury (Gefen, 

2002), therefore, minimising the peak magnitude of joint moments in early stance could 
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reduce the risk of MSI from mechanical loading. 

In late stance, studies have reported a greater reliance on lower-limb musculature 

to accelerate the body COM with increasing carried load (Brown, O’Donovan, 

Hasselquist, Corner, & Schiffman, 2014; Harman et al., 2000, Krupenevich et al. 2015; 

Seay, Fellin, et al., 2014). Specifically, hip flexion and ankle plantar flexion moments 

increase during late stance in proportion to the load carried. Although necessary for 

accelerating the COM and moving the limbs relative to the COM, increased peak plantar 

flexion moments may increase the risk of MSI. It has been shown that high peak 

plantarflexion moments increase the peak stress occurring within the Achilles tendon 

(Komi, Fukashiro, & Järvinen, 1992), which can lead to degeneration and pain (Fox et al., 

1975). It is not understood if re-distributing the load can reduce the peak moments 

required to generate forward movement, and in turn reduce the effects of load on injury 

risk. 

A notable limitation to most load carriage studies is the restriction of joint 

analysis to the sagittal plane, neglecting the large loads (i.e., forces and moments) acting 

in the frontal and transverse planes during gait. Hip abductor musculature counters the 

large external adduction moment generated by the trunk during the single support 

phase of walking (MacKinnon & Winter, 1993), while several non-sagittal joint 

movements and loads have been associated with injury. For example, patella 

maltracking (lateral displacement) has been associated with development of 

patellofemoral pain (Besier et al., 2011) and is measured in the frontal plane. Further, a 

high knee adduction moment, which tends to compress the medial tibiofemoral 

compartment, has been reported to advance the rate of progression of medial knee 

osteoarthritis (Miyazaki et al., 2002). Thus, biomechanical analysis load carriage should 

be three-dimensional to fully examine the effect of load on lower-limb injury risk in 

soldiers. 

2.3.2.3 Joint resultant forces and load carriage 

Joint resultant forces are the summed muscle, joint contact, and ligament forces 

acting across a joint. In load carriage research, only resultant forces at the knee 

calculated using inverse dynamics have been reported and, like GRFs, increase linearly 
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in response to increasing carried load (Harman et al., 2000; Polcyn et al., 2002). Recently, 

Ramsay and colleagues (2016) had participants complete a quick deceleration task in 

three load configurations; 6 kg, 20 kg on body armour and 40 kg with body armour plus 

a backpack load. Compared to the 6 kg light load, a proportional increase in tibiofemoral 

contact forces, in this case defined as the resultant force acting on the tibial plateau, was 

observed for the two heavier loads. Thus, it could be inferred that the increase is mostly 

affected by the magnitude of load and not the distribution. However, it must be noted 

that the muscle forces contributing to the joint resultant forces were estimated using 

static optimisation and, therefore, may not represent actual muscle forces generated at 

the knee (Lloyd & Besier, 2003). 

Taken together, studies reporting the kinetic responses to increasing and/or 

changing the distribution of carried load provide a foundation with which to further 

explore the effects of load carriage on MSI risk. Estimates of joint moments obtained 

using inverse dynamics could lend insight into the mechanisms as to why heavier loads 

may be associated with overuse injury. Additionally, these techniques can be applied to 

determine the 3D lower-limb joint loading patterns when the load carried by soldiers is 

borne more at the hips. 

2.4 The effect of carrying load on soldier performance 

Depending on the training and operational requirements, soldiers transport their 

equipment both purposefully at high speed and slowly over long durations (e.g., 4-5 

hours) as their primary form of transportation. Some training and operations require 

soldiers to march over 15 km carrying military equipment amounting to a considerable 

percentage of their body mass, while moving at speeds in excess of normal walking 

(Sharp, Patton, & Vogel, 1996). On the extreme end, U.S. Navy Seals train wearing 

armour vests weighing 7 kg, carrying rifles weighing between 4 and 5.5 kg, and wearing 

a pack up to 40% of body weight while running and marching distances up to 90km. 

Following marching, soldiers may have to engage the enemy, which involves performing 

high intensity, explosive movements. Not surprisingly, these tasks elicit a substantial 

physiological and metabolic cost that affects the soldier’s capability in the field. 
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The most notable cost of load carriage is a reduced ability to perform military-

specific tasks. One study showed reduced marching performance, i.e., time to complete 

4, 8, 12, 16, and 20 km, when carrying 48 and 61 kg in backpack loads compared to 34 kg 

of load (Knapik et al., 1997). Other studies have reported 31 and 32% decreases in 

obstacle course completion times with 16 and 18 kg of added load compared to no load, 

respectively (Holewijn & Lotens, 1992; Karakolis, Sinclair, Kelly, Terhaar, & Bossi, 2017). 

Holewijn and Lotens (1992) reported no differences in performance due to the 

distribution of load in the backpack, indicating that performance loss is influenced 

mostly by the total equipment mass. Conversely, Larsen and colleagues (2014) showed a 

longer time to completion of crawling and vaulting tasks in a torso body armour system 

with full arm, leg, and neck armour compared to a torso-only body armour system, 

suggesting load placement does influence performance. Similarly, Hasselquist et al. 

(2012) compared three extremity armour systems against torso-only body armour and 

showed increased time to complete five 30-m rushes and an obstacle course in the 

extremity armour types. However, there was a 5-7 kg discrepancy in load between the 

armour types in both studies which could have caused the performance decrements. 

Thus, there are equivocal reports of the effect of load distribution on soldier over-ground 

performance. 

Harman and colleagues (1999a) had participants complete an obstacle course 

with two prototype backpack designs while carrying fighting (~24 kg) and approach (~42 

kg) loads. They showed increased obstacle course completion time between the loads, 

but no difference between the backpack designs for the same loads. Thus, most of the 

performance decrements is owed to the physical challenges associated with transporting 

heavy load observed during marching as an increase in metabolic energy expenditure, 

heart rate, and perceived exertion (Bastien, Willems, Schepens, & Heglund, 2005; 

Hasselquist et al., 2013). Metabolically expensive walking can decrease the time to 

fatigue and thereby reduce performance of tasks following the walk, such as grenade 

throwing and marksmanship (Knapik et al., 1997). Therefore, identifying an efficient 

means to carry load will directly benefit soldier capability. 
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2.4.1 Load carriage and metabolic energy expenditure 

Numerous studies have demonstrated that humans expend considerably more 

metabolic energy as carried load and walking speed increase (Griffin et al., 2003; Huang 

& Kuo, 2014; Quesada et al., 2000). In fact, the net metabolic energy rate increases 

proportionally with carried load during treadmill walking (Beekley, Alt, Buckley, Duffey, 

& Crowder, 2007; Huang & Kuo, 2014), and can almost double for moderate compared 

to unloaded conditions (Blacker, Fallowfield, Bilzon, & Willems, 2009). Grenier and 

colleagues (2012) showed the net metabolic cost, i.e., metabolic rate during walking 

minus standing metabolic rate, required to transport one unit of equipment mass was 

higher than the cost to carry one unit of body mass. This result indicates that load 

carried external to the body, i.e., distributed in some way, must influence gait mechanics 

as it results in increased metabolic costs which ultimately stem from the energetic 

demands from increased muscle work and heat generation. Additionally, ground 

inclination and environmental factors, e.g., heat, humidity, and terrain, also affect the 

metabolic cost of load carriage (Bastien et al., 2005; Christie & Scott, 2005). 

Modifying the placement of load on the torso or in a backpack may reduce the 

metabolic cost of carrying load. Placing load higher in a backpack has been shown to 

reduce the metabolic and physiological cost in some (Abe et al., 2008, Obusek, 1997 

#1001; Stuempfle et al., 2004), but not all studies (Devroey, Jonkers, de Becker, Lenaerts, 

& Spaepen, 2007). These discrepancies are likely due to the contrasting load carriage 

experience of the study participants, e.g., inexperienced versus trained soldiers. In 

studies that reported an effect of load on metabolic cost, having the load COM higher 

and closer to the body reduced the metabolic energy cost compared to a load COM 

positioned low and away from the body (Abe et al., 2008; Obusek, Harman, Frykman, 

Palmer, & Bills, 1997). Positioning the COM of the pack higher and closer reduces the 

moment of inertia of the pack compared to load positioned further from the body 

(Hasselquist, Bensel, Norton, Piscitelle, & Schiffman, 2004), which should minimise 

energy expenditure. However, this load positioning may be sub-optimal or unachievable 

for soldiers who require quick and easy access to mission-vital equipment. Additionally, 

upper back load placement has been shown to increase trapezius and erector spinae 

muscle activity compared to load placed on the mid-back when walking for 90 minutes 
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at 5.6 km/h (i.e., 1.6 m·s-1) (Bobet & Norman, 1984), which may precipitate fatigue in 

crucial postural muscles. Thus, a load configuration that brings the load COM closer to 

the body while maintaining easy access to equipment would be optimal. This type of 

configuration could be achieved by placing more load on body armour around the entire 

body, and would require a hip belt to offset the increased load situated on the shoulders. 

As discussed previously, such designs are commercially available, but no study has 

measured how changing the distribution of torso-borne load affects the energetic cost 

of walking. 

To determine an optimal distribution of torso-borne load that minimises energy 

cost, researchers must be able to compare the effect of small perturbations to the load 

configuration on the energetics of walking. While measurements of metabolic energy 

expenditure can detect changes in the energy cost of walking with increasing load and 

walking speed, and between different load positions >30 cm apart in a backpack, they 

may not be sensitive enough to discriminate changes in energy cost between small 

changes in body armour load configurations. One study comparing five different load 

placements, a backpack with and without a frame, half the load on a waist belt, and half 

the load on a weight vest, showed no differences in oxygen consumption and minute 

ventilation between the load configurations (Legg & Mahanty, 1985). However, that 

study did find differences in subjective ratings, prompting the authors to suggest that 

an optimal load placement may exist, but that the physiological measures they used were 

not able to detect the differences. 

To elucidate differences in energy use between different body armour load 

configurations, components of overall metabolic cost, mechanical work and power can 

be used. Mechanical work and power analyses permit the objective study of how changes 

in load or load distribution affect the energy transfers between segments during 

movement (Umberger & Martin, 2007). Such measures have been used to detect 

differences between small (e.g., ~4.1 kg) increments in load (Pierrynowsi et al., 1981). 

This review will now appraise the available literature examining the effect of load and 

load distribution on mechanical energy use. 
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2.4.2 Load carriage and mechanical energy use 

A major contributor to the metabolic cost of walking is the mechanical energy 

generated by contracting muscles (Umberger & Rubenson, 2011). Mechanical work in the 

human body describes the change in, or amount of, mechanical energy transmitted by 

force(s) (muscle or external) over time. All work is the result of energy change, and this 

change is not instantaneous, time must elapse for work to be done (Robertson et al., 

2013). Muscle producing force while shortening, i.e., contracting concentrically, 

generates positive work. Muscle producing force while lengthening, i.e., contracting 

eccentrically, does negative work (Donelan, Kram, & Kuo, 2002a). In walking and 

running, external work describes the work done by external forces, such as from the 

ground, to progress the COM forward. Internal work refers to motion of the limbs 

relative to the COM. External work done on the COM can be measured empirically, and 

is defined as the time-integral of the product of the limb’s GRF against the body COM 

velocity (Donelan, Kram, & Kuo, 2002b). Studies often model COM work as an inverted 

pendulum, with the COM moving along an arc dictated by the length of the stance limb 

(MacKinnon & Winter, 1993, Donelan et al. 2001). Under ideal pendulum conditions in 

steady state walking, little net mechanical work is required to redirect the COM, because 

kinetic energy is continually exchanged for gravitational potential energy and returned, 

thereby conserving net mechanical energy. However, ideal pendulum conditions do not 

exist in gait, and work is done to lift and accelerate the body COM (Adamczyk & Kuo, 

2009; Donelan et al., 2002b), and transition the COM velocity from one stance leg to the 

next (Donelan et al., 2002a). 

The addition of carried load adds to the total mass that must be redirected and, 

as a result, COM work rate increases proportionally (Bastien et al., 2005; Huang & Kuo, 

2014), as does metabolic energy expenditure. Most of the increase in mechanical work is 

due to the increase in the rate of positive work performed on the COM, with 1.40 W of 

positive mechanical work performed for every 1 kg increment of carried load (Huang & 

Kuo, 2014). However, Huang and Kuo (2014) examined only moderate loads (i.e., 20.4 

kg) placed at a single location in a backpack. Another study examined the change in 

mechanical work with experienced military soldiers carrying up to 37.9 kg of torso-borne 

load (e.g., body armour, ammunition, water) (Grenier et al., 2012). Adding external mass 
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increased the work required from muscles to lift and accelerate the COM, and to transfer 

the COM from one foot to the other during double support. Additional positive work 

performed on the COM was attributed to soldiers actively stabilising their COM by 

adjusting parameters of their stride, such as double support time, and step width. These 

studies suggest that increasing the carried load requires proportionally more active 

muscle to maintain a given walking speed. As a result, soldiers carrying heavy load in 

the field may fatigue sooner, and be unable to sustain a given work intensity for as long 

compared to unloaded walking. 

Work performed on the COM could potentially discriminate changes between 

load distributions. However, it underestimates total muscular work and does not give a 

measure of work done on the individual body segments. Joint mechanical work/power 

derived from joint moments and angular velocities is considered a more accurate 

representation of musculotendon work than work performed on the COM (Sasaki, 

Neptune, & Kautz, 2009). Positive periods of the joint power represent the rate of energy 

generation, while negative periods represent the rate of energy absorption.  

Recent studies have reported joint-level work and power increase in response to 

increases in carried load during both walking (Huang & Kuo, 2014; Wang et al., 2013, 

Panizzolo et al. 2016) and running (Liew, Morris, & Netto, 2016b). Most of the increased 

energy cost during load carriage is due to the positive work performed at the ankle 

during late stance to propel the COM forward, which is a feature seen in unloaded gait 

(Umberger & Martin, 2007). However, during load carriage there is greater than normal 

muscle activation to propel the increased carried load and maintain stability (Park et al., 

2014; Silder et al., 2013). The increase in power provided from the ankle is preferred to 

power from another joint because of the mechanically efficient elastic properties of the 

Achilles tendon (Neptune, Kautz, & Zajac, 2001). Tendons are highly elastic, and can 

passively return energy to the joints during walking with little direct metabolic cost 

(Delp & Zajac, 1992). During walking at a fixed speed on a level surface, net mechanical 

work should equal zero. In load carriage, however, more total positive joint work is 

generated compared to total negative joint work, which is evidence of passive energy 

exchange. Therefore, some negative work done by elastic energy storage and return is 

not captured by inverse dynamics analysis. Despite this, net joint work calculated from 
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inverse dynamics provides a useful estimate of net muscle fibre work over a gait cycle 

when net passive work is negligible, such as for steady state walking in healthy 

populations (Sasaki et al., 2009). 

In normal walking, the knee muscles primarily perform negative work to 

decelerate the stance leg and cushion for ground impact (Farris & Sawicki, 2012). During 

load carriage, the knee performs proportionally increasing negative work (Wang et al., 

2013), but also greater positive work to rebound after ground impact and contribute to 

raising the COM (Huang & Kuo, 2014). The increased reliance on knee muscles could 

precipitate fatigue during loaded walking (Blacker, Fallowfield, Bilzon, & Willems, 2013). 

Preferably most of the positive joint work should come from the ankle plantar flexor and 

hip extensor muscles, which are morphologically suited to doing work due to the 

advantageous elastic Achilles tendon and large physiologic cross-sectional area, 

respectively (Roberts, 2002). Importantly, to date no studies have determined the effect 

of changing the load distribution on the work performed at the knee joint. 

Studies have shown an increase in negative work, i.e., absorption, at the hip as 

carried load increases (Brown, O'Donovan, Hasselquist, Corner, & Schiffman, 2014; 

Huang & Kuo, 2014). The increase in energy absorption is expected given the greater 

kinetic energy present with additional body borne load (Bastien et al., 2005). 

Conceivably, the large hip muscles would absorb more energy with increasing load, 

which may reduce joints moment throughout the lower-limb, e.g., knee flexion, ankle 

plantarflexion, during load carriage. A limitation of these studies has been that only 

moderate loads isolated to one portion of a backpack or COM were carried. Thus, there 

is a need for further research to examine how heavy carried load, and different load 

distribution methods, alter lower-limb joint work and power. 

The contribution of each joint to total positive power provides a measure of 

neuromuscular coordination when walking. In typical walking, over 80% of average 

positive joint power per stride comes from the ankle (~40%) and hip (~40%) (Farris & 

Sawicki, 2012; Umberger & Martin, 2007). This positive power profile indicates that 

positive work in walking is generated primarily by the ankle plantar-flexors and hip 

flexors. When walking speed is increased, studies have showed proportional increases 

in the magnitude of positive power at each joint, but no changes in the relative 
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contribution of the joints to total positive power (Farris & Sawicki, 2012; Schache, Brown, 

& Pandy, 2015). Forward dynamic simulations support this notion, demonstrating that 

the relative contributions of the hip and knee extensors, and ankle plantar-flexors 

remains the same, but the magnitude of each muscle’s contribution proportionally 

increases with gait speed (Dorn, Wang, Hicks, & Delp, 2015). This suggests that an 

individual would similarly ‘scale-up’ joint positive powers as a neuromuscular strategy 

to compensate for increasing carried load, yet this remains to be thoroughly explored 

experimentally. However, when task demands increase, i.e., when transitioning to 

running from walking, a recent study observed an increased relative reliance on the 

ankle joint and decreased reliance on the hip extensors for positive power generation 

(Schache et al., 2015). This suggests that with high task demands, the body adopts a 

different neuromuscular strategy to compensate rather than simply augmenting the 

magnitudes of powers and maintaining relative contributions. Such strategies likely 

occur to minimise metabolic expenditure, as individuals choose walking or running 

patterns that require the least energy (Ralston, 1958). Therefore, load carriage could 

induce similar joint power adaptations to reduce demands on the muscular and 

metabolic systems. 

Load carriage studies comparing joint power contributions of the hip, knee, and 

ankle to total average positive power have examined differences between load 

magnitudes for the walk-to-run transition (Brown, O’Donovan, et al., 2014) and different 

steady-state running velocities (Liew, Morris, & Netto, 2016a). Brown and colleagues 

(2014) had 15 soldiers walk overground at 1.3 m·s-1 before transitioning to a 3.5 m·s-1 run 

under three load conditions: light (~6 kg), medium (light + 14 kg in body armour, 20 kg 

total), and heavy (medium + 20 kg in a backpack, 40 kg total). The percent contribution 

of the hip to total average positive power significantly decreased for the heavy load 

(35.4%) compared to the medium (40.4%) and light (40.6%) loads, while knee joint 

contributions increased similarly to compensate. This proximal to distal shift in power 

production is consistent with studies of load carriage in walking, except that the 

increased contribution came from the knee and not the ankle (Huang & Kuo, 2014). 

From an energetics perspective, increasing the contribution from the ankle is preferred 

to the knee, so the strategy reported in Brown, O’Donovan, et al. (2014) may be related 
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to other task demands, such as maintaining stability or vertical support. Liew et al. 

(2016a) measured joint contributions to positive power in 31 civilian participants (16 

female, 15 male) who ran overground at 3, 4, and 5 m·s-1 carrying 0, 10, and 20% of their 

bodyweight in load. Their results demonstrated that the ankle joint contributed most 

(>60%) to positive work production when running with load, whereas contribution from 

the hip (<10%) and knee (<30%) were low in comparison (Liew, Morris, et al., 2016a). 

Although this study provided important preliminary data, it is limited by testing only 

civilian participants with light backpack loads. Further, Brown, O’Donovan, et al. (2014) 

results may be limited by their choice of marker set, which was not reported in their 

paper, affecting the joint angular velocities that are used in the joint power calculations. 

Moreover, neither study compared the effects of varying load distribution while walking 

at a steady state speed, or changing the steady state walking speed on joint contributions 

to total average positive power. Thus, further research is required to examine the effect 

of load, load distribution, and the interaction between load and walking speed on the 

contributions of lower-limb joints to total average positive power during steady-state 

walking. 

To conclude this section, re-distributing load toward the hips could increase the 

contribution of hip muscles to forward progression of the COM, and preserve normal 

mechanical work generation at the knee. However, the shift in power production to 

proximal muscles would decrease passive contributions to joint work normally 

generated by the elastic components at the ankle (i.e., Achilles tendon), thereby 

increasing the active work performed by muscle (Neptune et al., 2009) and hence 

metabolic cost. 

2.4.3 Load carriage and perceived exertion and comfort 

Physiologic, metabolic and energetic measures are not the only determinants of 

performance when soldiers carry heavy loads. The perceived effort, comfort at the 

system/user interface, armour fit, and acceptability of the armour can affect soldier 

effectiveness in the field and may be limiting factors in performance (Hasselquist et al., 

2013). Indeed, a poor design can lead to strap or vest pinching, reduced joint ROM, 

discomfort, and pressure points on the shoulders and back. Therefore, the following 



  

Chapter 2 

 46 

section will present the literature comparing subjective responses to different loads and 

load configurations. 

Ratings of perceived exertion and discomfort increase with load (Almosnino, 

Kingston, Graham, Stevenson, & North York, 2014; Beekley et al., 2007; Birrell & Hooper, 

2007; Devroey et al., 2007; Hasselquist et al., 2013; Legg, Perko, & Campbell, 1997) with 

minimal differences in these perceptions between backpack designs. Hasselquist et al. 

(2013) evaluated three load conditions: a fighting load without a backpack (17 kg), and 

two rucksack prototypes loaded with an additional 23 kg of soldier equipment while 

participants walked at 1.34 m·s-1 at 0% and 9% gradients for 10 minutes. Following the 

walking, participants rated their overall level of exertion as higher with the two backpack 

conditions than the fighting load condition, which correlated with the increased energy 

consumption and mechanical demands. This increase in exertion may reduce the self-

selected work intensity of soldiers in the field, meaning they perform at a reduced level. 

The two backpack conditions also decreased ROM in standing trunk flexion, arm 

abduction, and shoulder flexion compared to the fighting load (Hasselquist et al., 2013). 

However, no differences in perceived exertion or discomfort were reported between the 

two rucksack designs. 

Legg et al. (1997) had participants wear two different backpack designs, one with 

a pivoting hip belt and the other with a diagonal hip belt attachment, loaded with 20 kg 

and walk on a treadmill at 3 km·h-1 (i.e., 0.8 m·s-1) and 15% gradient for 30 minutes. After 

the walk, participants rated increased whole-body perceived exertion compared to pre-

walking in both pack designs, but no difference between the two. Perceived muscle 

strain on the shoulders and back, assessed with a 100 mm visual analogue scale, was 

greater for diagonal hip belt attachment compared to pivoting hip belt. Qualitatively, 

this greater perceived strain was related to poor lumbar support and an uncomfortable 

posture with diagonal hip belt attachment, while the pivoting hip belt design had good 

back support, fit, and sizing. A limitation of Legg and colleagues’ (1997) study was that 

the pivoting hip belt design was designed to assist with load carriage when walking up 

steep gradients, and the participants walked at a 15% grade. The experimental protocol 

was designed to benefit the pivoting hip belt design, and this may explain the differences 

in the wearers’ perceptions. Despite the methodological issues, the results are clear that 
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the initial sizing and fitting of the load sharing system is an important indicator of the 

likelihood of experiencing pain and discomfort after prolonged wear. 

Soldiers carrying load often report increased discomfort as the loads and 

exposure time increase. The shoulders and upper back are the sites that most commonly 

experience pain after exposure to load carriage, followed by the lower back and feet 

(Almosnino et al., 2014; Birrell & Hooper, 2007; Simpson et al., 2012). Compressive forces 

may cause this pain and discomfort, because the main contact point between load 

carriage equipment and the wearer is at the shoulders. 

The effects of changing the distribution of carried load on perceived comfort are 

not conclusive. Devroey et al. (2007) tested 12 males and 8 females in four load 

conditions: empty backpack (0% bodyweight) and carrying a backpack with 5%, 10%, 

and 15% bodyweight. Two load placements were tested, one concentrating the load 

closer to the thoracic region, and the other closer to the lumbar spine. Participants 

walked for 5 minutes and then reported their perceived exertion at specific body sites. 

The neck and shoulders were the sites that experienced the most exertion, and exertion 

increased with increasing backpack load. Load placed closer to the thoracic region was 

associated with increase exertion at the neck and shoulders compared with lumbar load 

placement, however the differences were not significant. The study was limited by the 

short load carriage exposure time for participants and the light loads used compared 

with those experienced by soldiers. Golriz and colleagues (2015) examined the effect of 

high versus low load placement in the same backpack, and a hip belt versus no hip belt 

on perceived muscle exertion and strain at the neck, shoulders, and upper back. Thirty 

participants walked for 250 m carrying 20 kg in a backpack at a self-selected pace along 

a course with varying terrain and gradients. The participants reported no difference in 

perceived exertion between the load placements. Greater perceived exertion was 

reported at the shoulders and upper back with the no hip belt backpack compared to 

the backpack with a hip belt. Thus, it could be suggested that modifying the load 

placement and where the load interfaces with the body can positively affect perceived 

muscular exertion and strain.  A major limitation of their study was participants walked 

250 m, which represents a fraction of the >10 km typically covered by soldiers in training 

and field operations. 
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To understand the mechanisms of pain and discomfort resulting from load 

carriage, research must link perceptions to objectively measurable quantities, such as 

shoulder pressure. Wettenschwiler, Lorenzetti, et al. (2015) reported that up to 85% of 

the variation in shoulder discomfort can be predicted using static backpack strap force. 

However, these findings cannot be generalised to soldiers who are conditioned to 

carrying heavy loads and may have greater resilience to pain. Using a soldier cohort, no 

correlation between shoulder pressure and shoulder discomfort was found (Bryant et 

al., 2001), suggesting that small reductions (e.g., 1-2 kg) in the load that soldiers carry 

may not improve comfort or shoulder exertion, though a minimum threshold may exist 

for the transfer of load from the shoulders to improve shoulder comfort. In identifying 

objective measures that can predict discomfort, the underlying mechanisms of pain and 

discomfort can be addressed in new backpack or body armour designs, rather than 

developing designs based primarily upon assessment of perceptions. While important 

for acceptability and in-field use (i.e., a system perceived as bulky, stiff, and 

uncomfortable can limit performance), perceptions can vary greatly between soldiers 

due to personal biases, brand perception, and peer influence. Therefore, further research 

is required to elucidate mechanical predictors of discomfort and perceived exertion in a 

military cohort with not only different backpack designs, but also different body armour 

designs. 

As discussed previously (section 2.1), new body armour designs incorporating a 

hip belt could provide immediate benefit to soldier capability. The effectiveness of these 

systems in improving soldier performance may relate to specific design features. Reid 

and colleagues (2001) compared compressive force on the shoulders, measured using 

pressure sensor systems, between three different backpack stays (straight-stay, bent-

stay, and no-stay). Testing was performed using a load distribution mannequin loaded 

with a tactical armour vest and rucksack that combined to total 25 kg. They reported 

that the bent stays reduced compressive shoulder force by over 150 N compared to using 

no stays, and 90 N compared to the straight stays. Additionally, peak pressure ‘hotspots’ 

were identified at the edges of the ballistic plates in some designs, which may cause 

discomfort compared to designs without ‘hotspots’. However, because the tests were on 

a mannequin, pressure could not be linked to human perceptions of discomfort or pain. 
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It appears that the mechanism used to transfer load from the shoulders to the hips is an 

important design consideration in addition to the interface between the load carriage 

system and the soldier. If load sharing systems can reduce the perceived exertion of 

soldiers carrying load, then they could improve the tolerance to high intensity work in 

military field and training operations. Thus, both qualitative and quantitative 

assessments of these body armour designs are necessary to determine their efficacy. 

2.5 Conclusion 

The modern soldier must carry substantial loads in adverse environments to 

complete mission objectives. Combined with a high physical training load, carry 

demands can reduce the capability of military organisations by increasing the risk of 

soldiers sustaining musculoskeletal injuries. Musculoskeletal injuries are highly 

prevalent in the military and decrease soldier performance. Injury implications are 

particularly severe, including substantial rehabilitation costs and fewer soldiers ready 

for deployment in the field (Jones, Canham-Chervak, & Sleet, 2010). Thus, reducing 

injury risk due to load carriage is a priority for Defence organisations throughout the 

world. The high musculoskeletal injury prevalence in the Military shows that there is 

still a poor understanding of the mechanisms by which carrying heavy loads causes 

injury. A complete understanding of the mechanisms of injury will allow Defence 

organisations to prescribe targeted physical training programs or design new equipment 

to minimise injury risk. 

A major component of the high carry demands may be attributed to limitations 

in current standard issue load carriage systems that concentrate carried load on the 

shoulders. To decrease the immediate burden of load carriage, various manufacturers 

have developed load sharing systems that transfer load from the shoulders to the hips. 

The manufacturers claim that these systems decrease shoulder loading, increase 

shoulder ROM, and reduce shoulder discomfort, thereby increasing soldier capability. 

However, no evidence exists to support or refute manufacturer claims. In addition, 

transferring the load in this manner may affect other outcomes related to performance 

and injury, such as the energy cost of walking, discomfort, and the risk of sustaining 

lower-limb overuse injuries (Knapik et al., 2013). 
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It is well understood that increasing carried load alters gait biomechanics 

(Attwells et al., 2006; Birrell et al., 2007; Huang & Kuo, 2014). While existing research 

has characterised the effects of carrying load on the kinematics, kinetics, and energetics 

of walking, none have examined the changes in biomechanical factors related to injury 

risk and performance when changing the distribution of torso-borne load. 

Contemporary biomechanical modelling can potentially fill these gaps by examining the 

effects of carried load on joint-level energetics and external joint loading. To date, no 

study has examined if changing the distribution of carried load affects external gait 

biomechanics at commonly injured sites, e.g., the knee. Similarly, little is known about 

the way soldiers modulate joint powers in response to wearing different loads and load 

configurations. If a particular load carriage configuration reduces or optimally 

redistributes joint moments and powers, this could inform future load carriage designs 

that may reduce injury risk and optimise performance, not only in the military, but in 

recreational load carriage, e.g., hikers. 

The papers presented in this thesis will address the abovementioned knowledge 

gaps by systematically evaluating the effects of different loads and load distribution 

designs on outcomes related to soldier injury risk and performance. First, because load 

sharing systems cover anatomical landmarks used in standard motion capture protocols, 

we will evaluate the accuracy and reliability of a new method to collect 3D kinematic 

data from people wearing load carriage systems. The second study will investigate 

whether load sharing systems support manufacturer claims in reducing shoulder 

pressure and improving comfort. Then, using the marker set from the first study, studies 

three and four will examine the efficacy of load sharing systems in improving outcomes 

related to injury and performance, respectively. Finally, the discussion section of this 

thesis will explore the implications of the results from studies two through four, and 

elaborate on how they can be used to inform the optimal design of a load sharing system.
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Chapter 3 : General methods 

 This chapter provides a general overview of the methods used in for the PhD 

project; a timeline is provided in Figure 3.1. First, the methods used in experimental 

chapter 4 are discussed with elaboration on the development of a marker cluster frame 

and new marker set. The chapter will include a description of the experimental data 

collection protocol, signal processing, and analyses performed for the main data 

collection phase. Although the methods pertaining to experimental chapters 5, 6, and 7 

are presented in their respective chapters, this chapter elaborates on the data acquisition 

and processing, and the statistical methods used. 

 

Figure 3.1. Timeline of the methods for the new marker set study and the main data 

collection phase 

3.1 Development of marker cluster frame 

As discussed in section 2.3.1.4, anatomical landmarks on the torso and pelvis that 

are normally locations for skin marker placement are occluded by body armour. After 

reviewing the literature for feasible options, we opted for a method that references the 

position of anatomical landmarks to at least three markers in a cluster, which track the 

motion of the segment during walking. Instead of placing cluster markers on landmarks 
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covered by adipose tissue, cluster markers can be placed on bony regions (e.g., torso, 

sacrum).  

In using this method, the marker cluster must be placed on the same segment as 

the anatomical landmarks it is referencing to accurately represent the segment’s motion. 

Representing motion of the torso was achieved by placing the cluster on the 1st thoracic 

vertebrae, above where the armour terminates. However, the body armour systems also 

covered the sacrum and this prevented direct placement of a cluster. Therefore, we 

designed a lightweight marker cluster frame that attached to the sacrum and projected 

three markers outward from the sacrum such that they were in the motion capture 

cameras’ field of view. The frame was conceived in collaboration with colleagues from 

the engineering department at Griffith, who provided a three-dimensional (3D) scanner 

and access to SolidWorks software (SolidWorks, MA, USA), while DiggerWorks 

provided a 3D printer and the printing materials.  

Design and development of the frame was an iterative process. In developing the 

frame, first anatomical data from studies with cadavers were reviewed to determine the 

base dimensions that would fit the average sacrum width while avoiding overlap of the 

gluteal muscles (Arman et al., 2009; Başaloğlu et al., 2005). These measures were 

confirmed in subsequent 3D scans of one male participant’s sacrum. Using these data, 

the frame was designed in SolidWorks and consisted of a triangular base that attached 

to the participant’s sacrum (70 mm x 45 mm), and a frame extending superiorly (85 mm) 

and posteriorly (60 mm) that simulated a braced cantilever with a strut to resist 

compression (Figure 3.2). The additional supports were added to reinforce the frame 

after initial prototypes broke easily in bending. The final circumference of the frame 

supports (4.8 mm) was selected to reduce the risk of breaking while still minimising the 

size of the frame. The final design was 3D printed from polyethylene, which we believed 

was compliant enough to reduce the amount of vibration occurring at the most distal 

part of the frame (Figure 3.3). Attached to the end of the frame was a cluster of three 

markers in an inverted “T” configuration to prevent the top of the frame from contacting 

the bottom of the armour vest during walking, and to extend the markers into the 

motion capture cameras field of view.  
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Figure 3.2. Schematic of the marker cluster frame. Lengths reported are in millimetres. 

 

Figure 3.3. Final printed marker cluster frame used for testing 

3.2 Marker set development 

The following section will describe the new marker set, including the location of 

the markers and marker clusters, and how the positions of the anatomical landmarks 

were referenced to the clusters. It will not, however, describe in detail how the marker 

set was tested because this information is entailed within experimental Chapter 4. For 

the marker set, several of the frames were printed with different base dimensions and 

heights to accommodate participants with varying anthropometry.  
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3.2.1 Marker placement 

Spherical, 14mm diameter retro-reflective skin-surface markers were placed on 

the head, arms, and legs on prominent anatomical landmarks in accordance with the 

UWA marker set (Besier, Sturnieks, Alderson, & Lloyd, 2003) (Table 3.1). Additionally, 

3-marker clusters were placed on the skin on the arms, legs, and torso, while the marker 

cluster frame was attached to the skin surface over the sacrum using 3 mm thick foam 

tape and a neoprene bandage (Figure 3.4). The foam tape was selected because it allowed 

the base of the frame to conform to the small contours at the sacrum. Two 4-marker 

clusters were placed on the thigh and lower leg on the right side to improve the accuracy 

of the automatic marker labelling in subsequent processing. 
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Figure 3.4. Image of the markers used in the no armour and armour conditions from the 

posterior-to-anterior view. The sacrum and thorax clusters visible were used in the new 

marker set, while markers placed on the skin surface and on body armour were used in the 

conventional marker sets. 
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Table 3.1. Marker locations and landmark identifications for the conventional and new 

marker sets. 

Marker placement Anatomical description Identification 
Conventional marker set 
IJ  Jugular notch on manubrium Marker 
C7 Spinous process of the 7th Cervical vertebra Marker 
T8  Spinous process of the 8th Thoracic vertebra Marker 
SACR Spinous process of the 1st Sacral vertebra Marker 
L/R ASIS Most prominent point of the anterior superior 

iliac spine 
Marker 

L/R PSIS Most prominent point of posterior superior 
iliac spine 

Marker 

New marker set 
IJ Jugular notch on manubrium  Pointer 
C7 1-3 Rigid cluster of 3 markers attached to the 

spinous process of the 7th Cervical vertebra 
Cluster 

T8 Spinous process of the 8th Thoracic vertebra Pointer 
SAC1-3 Rigid cluster of 3 markers projecting from the 

sacrum 
Cluster 

L/R ASIS Most prominent point of the anterior superior 
iliac spine 

Pointer 

L/R PSIS Most prominent point of posterior superior 
iliac spine 

Pointer 

Both methods 
Head L/R FHD Front of the head Marker 

L/R BHD Back of the head Marker 
Upper 
body 

L/R ACR1-3 Rigid cluster of 3 markers on the acromion Cluster 
L/R UA1-3 Rigid cluster of 3 markers on the proximal 

upper extremity 
Cluster 

L/R LEP Lateral epicondyle of the humerus Marker 
L/R MEP Medial epicondyle of the humerus Marker 
L/R FA1-3 Rigid cluster of 3 markers on the forearm Cluster 
L/R WRR Wrist radial side Marker 
L/R WRU Wrist ulna side Marker 
L/R HNDR Hand radial side Marker 
L/R HNDU Hand ulna side Marker 

Lower 
body 
 

L/R TH1-4 Rigid cluster of 4 markers on the thigh Cluster 
L/R LE Lateral femoral epicondyles Pointer 
L/R ME Medial femoral epicondyles Pointer 
L/R TB1-4 Rigid cluster of 4 markers on the tibia Cluster 
L/R LMAL Lateral malleolus Pointer 
L/R MMAL Medial malleolus  Pointer 

Feet L/R CAL Calcaneus  Marker 
L/R MT1 Head of the 1st metatarsal Marker 
L/R MT5 Head of the 5th metatarsal Marker 
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3.2.2 Referencing anatomical landmarks to the clusters 

Consistent with the Calibrated Anatomical System Technique (CAST) protocol 

(Cappozzo et al., 1995), a static calibration trial was recorded of each participant 

standing in an anatomically neutral pose, followed by a second trial that was used to 

define the 3D positions of the anatomical landmarks using a 6-marker calibration wand. 

The tip of the wand was placed on each of the 14 anatomical landmarks and their 3D 

positions determined in the laboratory coordinate system using a combination of the 

wand’s pose and the known offset between the tip of the wand and its frame of reference 

(255 mm). Then, the anatomical landmarks, defined by the wand, were expressed 

relative to the relevant segment frames. These points were used to determine the trunk, 

pelvis, thigh, and lower leg anatomical coordinate systems for the new marker set (Table 

3.2). For the new marker set, the positions of the trunk and pelvis markers that defined 

their segment frames were respectively tracked in dynamic motion trials using the 

cluster of markers on the trunk and the marker cluster frame. The description of these 

dynamic motion trials and methods on the experimental evaluation of the new marker 

set can be found in section 4.3. 
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Table 3.2. Definition of the trunk, pelvis and thigh anatomical coordinate frames for both 

marker sets. 

Trunk 
Origin Marker located on C7  
x-axis Orthogonal to the z-y plane with its positive direction pointing 

anteriorly 
 

z-axis Line joining the T8 and c7 markers, positive superiorly  

y-axis Anterior and perpendicular to the z-axis through the IJ marker   

Pelvis 
Origin Midpoint between right and left ASISs  
x-axis Parallel to the line connecting ASISs, positive to the right  

z-axis Orthogonal to the plane defined by ASISs and midpoint of PSISs, 
positive superiorly 

 

y-axis Orthogonal to the other two axes, positive anteriorly  

Thigh 

Origin Coincident with hip joint centre  
x-axis Orthogonal to the y-axis, located in the frontal plane defined by the y-

axis and femoral epicondyles, pointing to the right 
 

z-axis Line joining the hip joint centre and knee joint centre, positive 
superiorly  

 

y-axis Orthogonal to the x-y plane with its positive direction pointing 
anteriorly 

 

3.3 Methods for evaluating candidate load sharing systems  

In this section, an overview of the data acquisition protocol and experimental 

conditions (i.e., body armour and load configuration) that were tested is provided, along 

with a detailed description of the signal processing, computational methods and 

statistical analyses. The main data set was acquired in the biomechanics laboratory at 

the Defence Science and Technology (DST) Group. I was the primary laboratory 

operator and was responsible for the data acquisition sessions, including establishing 

the data collection protocol and calibrating all equipment. Specific results from the 

analysis can be found in the relevant thesis chapter.  



 Chapter 3 

 

 59 

3.3.1 Experimental design 

A within-subjects repeated measures study design was used to investigate the 

effects of changing the magnitude of carried load, the distribution of the load on the 

person, and walking speed on a range of biomechanical, psychosocial, and perceptual 

parameters. The within-subjects design was selected because it allows for each 

participant to serve as their own control, thereby reducing the error arising from 

variation between participants. To account for the known disadvantages of a within-

subjects study design, such as learning and practice effects, the order in which 

participants completed the assigned experimental conditions was randomised and 

counterbalanced using a 12	 × 	12 Latin square design (Figure 3.5). Because a total of 21 

participants were tested, we performed two Latin squares and used the full output from 

the first and the first nine rows from the second. 

 

Figure 3.5. Latin square design used to assign participants to their testing conditions. The 

green, orange, blue, and yellow bands represent the conditions tested in sessions 1, 2, 3, 

and 4, respectively. 
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3.3.2 Participants 

Infantry soldiers from 5/6 Royal Victorian Regiment were asked to volunteer for 

this study. All interested soldiers were screened during a telephone interview and 

provided details of the study. Those who agreed to participate came to the biomechanics 

laboratory at the DST Group on four separate occasions with each presentation 

separated by at least three days.  

An a-priori power analysis using G*Power (Faul, Erdfelder, Lang, & Buchner, 

2007) determined that based on the mean, between-groups comparison of effect size 

from previous data (f = 0.38) (Seay, Fellin, et al., 2014), a sample of approximately 15 

would be needed to obtain statistical power at the recommended .80 level. To account 

for potential dropout and/or missing data, twenty soldiers (age: 29.5±7.1 years, height: 

1.77±0.08 m, mass 82.8±12.1 kg) were recruited to participate with each providing their 

written informed consent (Australian Defence Human Resources Ethics Committee 

Protocol 756-14) prior to participation in this study. All participants had completed 

initial employment training (5.5±3.7 years since completion) and participate in weekly 

load carriage activities. Their specific roles in the military included: rifleman, light 

gunner, artillery, and mortarman. During the first laboratory visit, all participants 

completed a physical activity and readiness questionnaire, and a brief medical 

questionnaire. The questionnaires were then reviewed and participants with current or 

recent musculoskeletal injuries or doctor’s recommendations against strenuous exercise 

were excluded from participating in this study. No participants were excluded on this 

basis. 

3.3.3 Body armour and loading conditions 

Five experimental armour conditions were evaluated against the current in-

service body armour system (Table 3.3) utilising two operational configurations. 

Additionally, all participants were tested with a baseline (i.e., no-armour condition), in 

which participants wore athletic shorts, army-issued socks, and their personal combat 

boots to ensure the boots were not a source of discomfort. The five experimental body 

armour systems were selected by personnel at DiggerWorks after conducting 
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preliminary testing that included evaluating the integration of the armour with existing 

equipment worn by the soldier (e.g., helmet, clothing, weapons systems) and the fit of 

the armour. DiggerWorks, an organisation that is part of the Capability Acquisition and 

Sustainment Group in the Australian Army, are interested in evaluating the benefits and 

functional implications of new types of body armour on the soldier. Their role is to 

identify and deliver technology and equipment to enhance the capability of frontline 

soldiers, including body armour and load sharing systems. As such, they had access to 

new commercial and prototype armour designs that were selected for testing in this 

thesis.  

3.3.3.1 Body armour systems 

The armour systems selected were the current standard-issue body armour (Tiered 

Body Armour System tier 2 version 4, TBAS) that placed all the load on the shoulders 

and five load sharing systems. The load sharing systems were two commercially 

available (cARM1, cARM2) and three prototype (pARM1, pARM2, pARM3) models 

designed to transfer load from the shoulders to the hips by a hip belt. While all the 

load sharing armour systems claimed to transfer load to the hips, the physical 

mechanisms (i.e., struts) for load distribution varied between the different models. 

Additionally, the dimensions of the hip belt and shoulders straps varied amongst the 

designs ( 
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Table 3.4). All six body armour systems were loaded with 15 kg and 30 kg for a 

total of 12 armour × load conditions. 

Table 3.3. The six body armour systems used in the study and a description of the load 

distribution device (LDD) used to transfer load from the shoulders. TBAS had no load 

sharing component. The armour name is provided along with its de-identified name. 

Armour Vest LDD Description 

TBAS 

 

N/A Tiered Body Armour System 
(TBAS) Tier 2 Version 4 vest. 

CRYE 
(cARM1) 

 
 

CRYE CAGE Armour Chassis 
with a structural kinetic load 

sharing system that links the belt 
to the torso vest using two 

fibreglass struts positioned above 
the iliac crest. The struts attach 
from the base of the vest to the 
top of the belt via pockets, and 

strap in place via Modular 
Lightweight Load-carrying 
Equipment (MOLLE) loops 

sitting vertically between belt 
and vest located on both sides of 

the system. 

TYR 
(cARM2) 

 

 

TYR- tactical PICO ballistic vest, 

TYR-tactical XFrame Brokos Belt, 
and XFrame Dynamic Load 

Carriage System. 

Uses stays made from 
polyethylene, nylon, and carbon 

fibre in an X-formation that 
connect from the ballistic vest to 

the Brokos belt. The stays 
originate at the top and back of 

the belt, crossing over and 
inserting into the base and back 

of the vest. 
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Armour Vest LDD Description 

USMC 
(pARM1) 

 

 

United States Marine Corps 
(USMC) Interceptor body 

armour. 

A composite semi-rigid load 
sharing system connects the 

torso vest with the hip belt. The 
belt connector can slide up and 

down. 

CORE 
(pARM2) 

 
 

TBAS Tier 2 Version 4.2 ballistic 
vest. A polyethylene, curved 

spine located at the rear of the 
belt. The spine originates at the 

top of the armour vest and into a 
pocket at the rear. The spine 

length can be adjusted using a 
button-release sliding 

mechanism. 

SORD 
(pARM3) 

 

 

SORD armour vest. A 500mm x 
90mm fibreglass spine linked the 

belt to the torso vest. The belt 
was adjusted to a pre-defined 

height prior to use. 
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Table 3.4. Shoulder strap and hip belt dimensions and materials for the different armour 

systems tested. Shoulder strap dimensions are reported as width X height, whereas hip 

belt dimensions reported as height X depth. 

 Shoulder strap   Hip belt  

 Dimensions 
(mm) 

Materials  
Fabric (padding) 

 Dimensions 
(mm) 

Materials  
Fabric (padding) 

TBAS 65x15 Nylon polyester 
(Closed cell foam) 

 NA NA 

cARM1 71x15 Nylon (Closed cell 
foam) 

 125x16 Nylon (foam) 

cARM2 60x14 Nylon polyester 
(Closed cell foam) 

 112x13 Nylon and spacer mesh 
(foam) 

pARM1 65x15 Nylon polyester 
(Closed cell foam) 

 153x12 Nylon (foam) 

pARM2 75x18 Nylon (Closed cell 
foam) 

 151x12 Nylon (foam) 

pARM3 72x10 Nylon polyester 
(Closed cell foam) 

 147x10 Cotton/Nylon (foam) 

3.3.3.2 Loading configuration 

The 15 kg load consisted of an armour system (i.e., torso vest and hip belt) with 

replica ballistic soft armour inserts and aluminium training plates that replicated the 

same shape and mass as hard-armour ballistic plates. Three F88 magazine cartridges 

weighted to represent the mass of a full magazine, a replica grenade, and multiband 

inter/intra team radio fitted to the front of the vest were included. A medical pouch and 

extra magazine cartridge were fitted to the left and right side of the torso vest 

cummerbund, respectively (Figure 3.6). The location of each pouch was determined 

through consultation with military personnel to match an operational configuration, 

and all pouches were filled with weights of approximate size and mass to the actual field 

equipment. The 30 kg condition consisted of the same 15 kg of tactical items, plus a 

medium-sized assault pack that coupled onto the rear of the torso vest via MOLLE 

weave. This assault pack was loaded with another 15 kg of mass, evenly distributed 

throughout the pack to add bulk without concentrating the mass to a specific portion of 

the pack. 

The correct body armour size was placed and fitted on the participant by the 

same researcher (GKL). A range of sizes was provided for each armour system to ensure 

correct fitting to the participant. The top of the armour plate was positioned inferior to 
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the suprasternal notch and at a height corresponding with the suprasternal notch on the 

back, while the hip belt was situated above the iliac crest. There was enough of a gap 

between the hip belt and bottom of the torso vest to prevent pinching during movement. 

The body armour was tightly fitted to the person to ensure that the load was transferred 

correctly to the hip belt. If a participant was between two sizes, we opted for the larger 

size instead of the smaller size to prevent pinching. 

 

Figure 3.6. A. Pouches used in the 15kg armour configuration. B. Assault pack that was 

attached on to the rear of the armour vest for the 30kg armour configuration. 

3.3.4 Data collection 

Participants attended four different laboratory-based testing sessions during 

which they completed the testing protocol (Figure 3.7) for the 12 armour × load 

conditions (i.e., the six body armour systems and two load conditions) plus a baseline 

no-armour condition. In the first session, participants completed the no-armour 

condition and then three armour × load conditions, whereas in the remaining sessions 

only three armour × load conditions were completed. Each successive testing session 

was separated from the previous by at least 3 days to reduce the effects of fatigue or 

soreness. During the first visit, participants were briefed on the entire testing protocol, 

including a demonstration of how to perform the functional movement tasks and the 

treadmill walking protocol. The baseline no armour condition was used as practice for 
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the functional movement tests to ensure they were performed correctly. Participants 

were also briefed on the questionnaires that they were to complete for each armour 

system to ensure consistent interpretation of the questions by all participants. The brief 

included a description of the purpose and meaning of each question, and important 

considerations when answering each question. Any comments or concerns from 

participants about how to interpret the questions were clarified during this period. 

3.3.4.1 Anthropometrics 

A range of anthropometric measures were collected during the first testing 

session (Table 3.5). The mass (kg) and height (m) of each participant were recorded 

using weight scales and a stadiometer, respectively. Chest and waist circumference were 

collected with a standard anthropometric tape, while the stadiometer was used to record 

suprasternal notch and Omphalion height. Chest breadth (cm) was recorded using 

callipers. 

Table 3.5. Description of the definition and technique for each of the body measures taken. 

 Definition Technique 
Height  Taken using a standard stadiometer. 

Participant removes shoes and stands facing 
forward with head looking up 

Mass  Participant removes shoes and stands on 
scales with head looking forward and up 

Chest 
circumference 

The circumference of 
the chest at the 
height of the Thelion 
(i.e., nipple). 

Stand in front of the participant and use the 
tape to measure the horizontal circumference 
of the chest. Keep soft tissue compression to a 
minimum. Take measure at end tidal 
expiration 

Waist 
circumference 

The horizontal 
circumference of the 
torso at the height of 
the Omphalion 

Use the tape to measure the horizontal 
circumference of the torso at the Omphalion 
landmark. Taken at end tidal expiration. 

Chest breadth The maximal 
horizontal breadth at 
the height of the 
Thelion. 

Use the callipers to measure the breadth at the 
end tidal expiration. Avoid including the 
latissimus dorsi in this measurement. 

Suprasternal notch 
height 

 Use stadiometer to measure distance from the 
ground to the suprasternal notch 

Omphalion height  Use stadiometer to measure distance from the 
ground to the Omphalion 
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3.3.4.2 Functional movement tests 

Four functional movement tests were performed in each of the armour × load 

conditions that represented discrete tasks performed in the field and during training. 

These tasks were designed to identify any major limitations to the soldier’s movement 

that were caused by the body armour. 

The four tests were selected to characterise four critical movements that soldiers 

perform in both training and while deployed. Care was taken to ensure the tasks had 

high face validity. The first three tasks required participants to move from a standing 

position into the three most common weapon firing postures: standing, kneeling, and 

prone. The ability of soldiers to manoeuvre into these positions quickly and unimpeded 

by equipment can be vital to operational success. Once participants adopted the 

position, they obtained a sight picture at a target hanging at a 10 m distance and then 

returned to a standing position. Obtaining a sight picture required participants to 

position the butt of the weapon against their chin and aim it at the target. Each 

movement was performed with a replica standard Australian Defence Force weapon 

(F88 Austeyr). For the final task, participants were required to move from a standing 

position and sit in an Australian Army transportation vehicle (i.e., Bushmaster) seat. We 

selected this task because soldiers are often transported in vehicles and can sit for up to 

8 hours. Therefore, comfort and acceptability of the armour system when seated is 

extremely important to usability in the field. 

Following each test, participants rated how acceptable their movement was on a 

scale ranging from 1 (“completely unacceptable”) to 5 (“completely acceptable”) 

compared to their experience performing those same tasks in the field. A five-point scale 

was used because we previously experienced issues using a 7 or higher point scale in 

field trials with a military population. Specifically, extreme values (e.g., 1 and 7) were 

rarely selected because they differed only slightly from the preceding numbers (e.g., 

“completely agree” versus “very strongly agree”). A smaller scale also increases the 

likelihood of the participants correctly interpreting the meaning of the question 

compared with larger scales that have more responses to choose from. 
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3.3.4.3 Gait analysis 

Assessment of participants’ gait involved measuring whole-body 3D motion, 

shoulder pressure, and ground reaction forces (GRFs). To achieve this, participants were 

instrumented with skin-surface markers, and pressure pads, and walked for 10 minutes 

at 1.25 m·s-1 and 1.81 m·s-1 over a split-belt treadmill that contained two force plates. This 

gait analysis procedure was performed for each armour type and load condition, such 

that 13 repetitions of the protocol were completed.  

 

Figure 3.7. Experimental protocol used that was repeated for all armour and load 

conditions. Blue sections were completed without the participants wearing body armour, 

whereas red sections were completed with the participant wearing body armour. 

3.3.4.4 Camera calibration 

An 11-camera motion capture system was used to record position of skin-

mounted markers (Vicon Nexus, Oxford Metrics, Oxford, UK). The placement of motion 

capture cameras was iteratively optimised during the pilot testing for this project until 

marker occlusion in the capture volume was minimised. Prior to data capture in each 

testing session, the cameras were calibrated using an Active wand that was provided by 

the camera manufacturers. This wand was comprised of strobing, light emitting diodes 
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that the cameras detect. The wand was waved throughout the capture volume until at 

least 2000 frames of wand data were captured by each camera. Using these data, Vicon 

Nexus software solved the lens equations to determine the relative position of each 

camera. The quality of the calibration was assessed after each attempt, and if the image 

error exceeded 2 mm for any cameras then the calibration was repeated. 

3.3.4.5 Reference systems 

After calibration, an L-frame was positioned at the bottom left side of the rear 

force plate and subsequently used to define the volume origin of the global coordinate 

system. This second step aligned the calibrated cameras with the a priori defined 

coordinate system of the force plates. The laboratory global coordinate system was 

orientated such that the positive y-axis was in the direction of forward walking 

progression, the positive x-axis was to the right lateral, and the positive z-axis pointed 

vertically upward.  

3.3.4.6 Instrumented treadmill 

Participants walked over a force-plate instrumented treadmill located in the 

center of the capture volume (AMTI Compact Tandem, Watertown, MA, USA). The 

treadmill was split in the middle and comprised of two fore-aft orientated force plates 

that acquired 3D GRFs, moments and centre of pressure. The force plates embedded in 

the treadmill were zeroed prior to each testing session and prior to each experimental 

condition, because we identified in pilot testing that the force plate zero value drifted 

after approximately one hour of use. New device drivers were installed for the treadmill 

after initial pilot testing data showed inconsistencies between the speed set in the 

treadmill software and the measured speed. Using the new device drivers, consistency 

between software display speed and belt speed was achieved. Approximately 30 minutes 

before testing commenced we powered on the treadmill and set the speed to 1.5 m·s-1 to 

allow the treadmill to warm up.  
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Figure 3.8. Laboratory setup including the force-plate instrumented treadmill that was 

surrounded by 11 motion capture cameras. 

3.3.4.7 Skin surface markers 

Following the calibration and verification that all equipment was working 

correctly, spherical, 14 mm diameter retro-reflective markers and marker clusters were 

placed on the head, torso, arms, and legs of the participant in accordance with a marker 

set we previously developed and verified (Lenton, Doyle, Saxby, & Lloyd, 2017). One 

researcher (GKL) placed the markers and clusters on all participants. The markers were 

adhered using double-sided tape and sports tape to reinforce any markers that were 

prone to falling off due to sweat. 
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Figure 3.9. Illustration of marker placement. Orange markers represent markers on a 

cluster, red markers are single markers on the right side, green markers are single markers 

on the right ride, and blue markers were defined using the pointer. 

A static calibration trial was recorded of each participant in quiet stance in an 

anatomically neutral pose. Pictures were taken of the static pose to assist with scaling a 

model of the person in subsequent biomechanical modelling. Following this static trial, 

the assigned body armour condition was placed on the participant and a second trial 

was recorded to define the 3D positions of 14 anatomic landmarks using a 6-marker 

calibration wand. This method is described in detail in the first study (section 4.3) and 

will therefore only briefly be explained here. The static calibration trial was used to 

define the position of anatomically relevant markers relative to technical coordinate 

systems derived by marker cluster placed on the same segment. The rationale for this 
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approach is that often the skin surface atop prominent anatomic landmarks or 

landmarks close to joints deforms considerable during motion. Thus, the motion of 

these markers will not well represent the motion of the underlying bones, due to the 

interposition of soft tissue and skin deformation. Thus, defining the position of 

anatomic landmarks relative to technical frames located in the middle of the segment 

and mounted on semi-rigid platforms reduces this source of error. In this data collection 

protocol, markers on the torso and pelvis that are normally occluded by the body armour 

were tracked in dynamic trials (e.g., walking) using a cluster of three markers positioned 

over the 1st thoracic vertebrae and the sacrum, respectively. Additionally, the position of 

markers on the malleoli, femoral condyles, and medial epicondyles of the humerus were 

defined by clusters placed on the tibia, lateral thigh, and posterior humerus, 

respectively. 

3.3.5 Shoulder pressure 

In addition to standard gait analysis measures, shoulder pressure was recorded 

to determine if the load sharing systems could effectively displace load. Two pressure 

pads, each 452 mm in length × 113 mm in width (Pliance-X-32/Expert System, Germany-

Novel Electronics, Munich, Germany) were placed over the shoulders of each participant 

by aligning the centre–lateral edge of the pad with the acromion process and the center-

medial edge of the pad with the anterior border of the upper trapezius (Figure 3.10). 

Once positioned on the participant, the pressure pad signals were zeroed. Each pressure 

pad contained 256 individual pressure sensels (14.1 mm2 per sensel) that were calibrated 

from 5-600 kPa. The pressure pads measured the pressure applied perpendicular to the 

pad and hence perpendicular to the surface of the shoulder at the points of contact. The 

front three and back three sensor rows of the pad were excluded from our measurements 

because these portions of the pads overlapped the front and back plates of the body 

armour are produced spurious pressure measurements. Upon completion of the 

treadmill protocol, the pads were cleaned with a disinfectant and dried to prevent sweat 

from contaminating the individual sensels. 
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Figure 3.10. A: The right and left pressure pads used for data collection. B: Placement of 

the right pad over the right shoulder. Left pad placement was identical but on the left 

shoulder. 

3.3.6 Range of motion 

Participants performed dynamic range of motion (ROM) and walking trials in 

each armour system configuration. Three repetitions of hip flexion, trunk flexion, 

shoulder forward flexion, and shoulder abduction ROM trials were performed (Table 

3.6) while marker positions were recorded. For each ROM trial, participants were 

instructed to move slowly from an anatomically neutral position until they experienced 

resistance to movement, and then return to the original position. 

3.3.7 Dynamic walking trials 

Participants completed a treadmill walking protocol consisting of a 5-minute 

warm-up at 1.25 m⋅⋅s-1 to warm-up and familiarise themselves with the experimental 

condition, 10-minutes “moderate” walking at 1.53 m⋅⋅s-1, 10-minutes “fast” walking at 1.8 

m⋅⋅s-1, and a 5-minute cool down at 1.25 m⋅s-1. The experimental speeds represented 

typical administrative (i.e., moderate) and approach (i.e., fast) marching speeds in the 
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Australian Army. Whole-body 3D marker positions (100 Hz) and force plate data (1000 

Hz) were acquired in Vicon Nexus, while pressure pad data (50 Hz) were acquired in the 

Novel software for 30 s during the final minute of each walking speed. The receiver box 

for the pressure pads was connected to the Vicon Giganet box using a fibre-optic cable. 

Synchronisation was achieved by arming Vicon Nexus to record only after receiving a 

5V pulse from the receiver, which was triggered when record was pressed in the Novel 

software. We also collected Ratings of Perceived Exertion (RPE) in the penultimate 

minute of each walking speed as it is a commonly accepted measure of whole-body 

exertion. 

3.3.8 Soldier perceptions 

Following the treadmill protocol, participants completed a questionnaire 

assessing performance and discomfort. First, participants reported their perception of 

whether the armour system they had just worn unloaded their shoulders compared to 

their experience wearing the standard-issue TBAS (1 = No, 2 = Yes, a little, 3 = Yes, a lot, 

4 = Yes, all). Hereafter, this will be referred to as “load offset rating”. Next, participants 

rated the comfort and fit of the body armour vest and belt (1 = completely unacceptable, 

to 5 = completely acceptable. Using the same acceptability scale, participants rated if the 

body armour system restricted their ability to walk compared to not wearing body 

armour. Participants then completed a discomfort questionnaire in which they rated the 

discomfort experienced at 10 different body regions with a response ranging from 1 

(“comfortable”) to 6 (“extremely uncomfortable”). Following completion of the 

questionnaire, participants rested for at least 25-minutes and then completed the 

protocol including the questionnaire and rest period, for the subsequent two armour-

load conditions assigned for the testing session. The rest was sufficient to enable full 

recovery from the previous armour-load condition. 

3.3.9 Data Processing 

Each session of raw marker and GRF data was reconstructed and cleaned in Vicon 

Nexus to ensure no marker gaps. Raw pressure and qualitative data were extracted and 

processed directly in Matlab. The cleaned gait data were then processed in a series of 
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custom Matlab scripts to create the output files necessary for biomechanical modelling. 

Further Matlab operations were used to access and run the OpenSim tools to eventually 

produce whole-body motion, joint angles, and joint moments. Finally, the modelling 

outputs were further analysed to produce metrics such as joint work and power. The 

following sections will detail each of these data processing stages.  

3.3.9.1 Data flow 

All marker data were prepared using a standard processing pipeline (Figure 3.11). 

Using Vicon Nexus version 2.3, raw marker trajectories for the static calibration, ROM, 

and 30 s walking trials were reconstructed. Missing marker trajectories were 

interpolated using a cubic spline method or using the trajectories of visible markers on 

the same segment for pattern filling. Using a modified version of MOtoNMS (Mantoan 

et al., 2015), a processing pipeline to facilitate the conversion of Coordinate 3D (.c3d) 

files to OpenSim input files was developed in Matlab (R2014b, The Mathworks, Natick, 

MA, USA). Joint centres were defined in the processed static calibration trials at the hip 

using the Harrington regression equations (Harrington, Zavatsky, Lawson, Yuan, & 

Theologis, 2007) and at the knee and ankle using the midpoint of the medial and lateral 

femoral condyles and malleoli, respectively. We used the Harrington equations as it has 

been shown to predict the hip joint centre with equal accuracy compared to functional 

methods (Kainz, Carty, Modenese, Boyd, & Lloyd, 2015). 

Instead of the default analysis window methods available in MOtoNMS, we 

identified right heel strike events with a marker displacement method. This method 

used the local maxima of the horizontal distance between the sacrum marker and right 

calcaneus marker (Alvim, Cerqueira, Netto, Leite, & Muniz, 2015). Even though force 

plate data were collected, standard event detection using a force threshold was not 

possible due to significant noise in the force signal at heel strike and toe off events. 

Nevertheless, we verified our kinematic method with both visual inspection of the heel 

and GRF signal in the trials and a temporal comparison of the joint angles with previous 

literature. Consecutive right heel strikes were used to define the start and end for 

individual gait cycles from the 30 s walking trials. In each gait cycle, GRF data from the 

two force plates were combined into a single force signal per limb using a previously 
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developed method (Gerber & Stuessi, 1987). The method used a number of algorithms 

to calculate the resultant forces, moments, and points of application of both force 

platforms as one large platform. In this way, we could assign the GRF to each limb in 

subsequent analyses. The marker trajectories and GRFs were low-pass filtered (10 Hz 

cut-off) using a 2nd order infinite impulse response Butterworth filter, cascaded once to 

remove phase shifts (Robertson & Dowling, 2003), and transformed from the laboratory 

coordinate system to the OpenSim reference system. Finally, the transformed marker 

trajectories and GRF data were written into Track Row Column (.trc) and Motion (.mot) 

files for input into OpenSim (Delp et al., 2007). 

 

Figure 3.11. Data processing pipeline to convert the raw input Coordinate 3D (.c3d) data 

collected in Vicon Nexus to the Track Row Column (.trc) and Motion (.mot) output files 

used in OpenSim. 

3.3.9.2 Range of motion 

Filtered marker trajectories from the ROM trials were processed using custom 

Matlab scripts to obtain the joint angles of interest (Table 3.6). The marker data were 

loaded from the c3d files and used to create direction cosine matrices that represented 

the Cartesian coordinate systems of the segment. The relevant segments for each ROM 

trial were created and the relative position between the two segments was used to define 
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the joint angle of interest. An XYZ (flexion/extension, abduction/adduction, 

internal/external) rotation sequence was used. The ROM for each trial was defined as 

the maximum angle minus the minimum angle, and the mean ROM of the three trials 

was calculated for each movement type. 

Table 3.6. Range of motion trials performed for each armour and load variation. 

3.3.9.3 Shoulder pressure 

Using custom Matlab code, raw pressure pad data were first filtered using a low-

pass (6 Hz cut-off) zero-lag 2nd-order infinite impulse response Butterworth filter. 

Analysis of the left pad data revealed extremely inconsistent outputs indicative of faulty 

measurements. Indeed, the left pressure pad sensors were compromised by moisture 

after two participants had completed testing. However, prior to the left pad failure the 

pressure data from the two participants were similar between the left and right sides 

and, therefore, the right pad data was deemed representative of the pressure measures 

from both shoulders. 

3.3.10 Biomechanical modelling 

Gait biomechanics were determined using an established analysis pipeline in 

OpenSim version 3.3 (Figure 3.12). A generic full-body anatomic model (Rajagopal et al., 

2016) was selected because it contains updated parameters from previous models and 

has been validated during walking. The model consisted of 22 body segments, with 13 in 

the lower body to represent the pelvis, right and left femur, patella, tibia/fibula, talus, 

calcaneus, and toes. The model had 37 degrees of freedom (DOFs), with the 17 upper 

 Instruction Definition of angle 
Hip flexion With your knee extended, lift your 

right leg forward 
Angle between pelvis and right 
femur in x-y plane 

Trunk flexion Maintain straight legs and bend 
forward trying to touch the floor in 
front of your toes 

Angle between ground and torso in 
x-y plane 

Shoulder 
forward flexion 

Maintain a straight arm and 
attempt to raise your right arm 
directly in front of you 

Angle between torso and right arm 
in x-y plane 

Shoulder 
abduction 

Maintain a straight arm and 
attempt to raise your right arm 
directly to your side 

Angle between torso and right arm 
in y-z plane 
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body DOFs actuated using 17 torque actuators, while 80 (40 per leg) muscle-tendon 

units actuated the 20 lower body DOFs. The model included three rotational DOFs for 

the hip, one DOF for the knee, with abduction/adduction and internal/external 

rotations prescribed as a function of knee flexion, and one DOF for the ankle. 

 

Figure 3.12. OpenSim processing pipeline using experimental marker trajectories and 

ground reaction forces as inputs to the processing tools. 

3.3.10.1 Anatomic model scaling 

Scaling the generic anatomic model to match the mass and inertia parameters of 

each participant is crucial to obtaining accurate kinematic and kinetic outputs from the 

model. The model bodies were linearly scaled to the dimensions of the participant using 

the distances between pairs of markers obtained in the static standing calibration trial, 

and the corresponding virtual marker pairs positioned on the model. For example, the 

distance between the right anterior superior iliac spine and right lateral femoral 

epicondyle markers scaled the right femur, and the distance between the right lateral 

femoral epicondyle and right lateral malleolus markers scaled the tibia/fibula. The 
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relative mass distribution of each model was preserved, but the overall mass was 

adjusted based on laboratory mass measurements of each participant. 

Linear scaling does not always preserve dimensionless muscle fibre and tendon 

operating ranges (Ward, Smallwood, & Lieber, 2005) and, therefore, the optimal fibre 

and tendon slack lengths of each muscle-tendon actuator were optimised to preserve 

their normal operating ranges (Modenese, Ceseracciu, Reggiani, & Lloyd, 2016). In our 

methodology, we used 10 evaluation points in the optimisation per degree of freedom, 

which has been shown to preserve operating ranges with minimal error. 

3.3.10.2 Biomechanical modelling of dynamic gait tasks 

Using the scaled anatomic model, an inverse kinematics (IK) algorithm was used 

to determine the model kinematics with a ZXY (flexion/extension, 

abduction/adduction, internal/external) rotation sequence at the joints with three 

DOFs (hip, lumbar, and upper limb joints) and the ankle joint (Delp et al., 2007; Reinbolt 

et al., 2005). For the knee joint, the six knee DOFs were solved by tracking only one 

rotational DOF (knee flexion), with the other rotations and translations prescribed as a 

function of knee flexion. Specifically, the knee joint had spline functions that defined 

how the tibia translated and rotated on and about the X and Y axes with respect to the 

femur. These translations and rotations were coupled to the knee flexion general 

coordinate throughout the entire knee flexion ROM. Therefore, we used the knee flexion 

angle and prescribed motion from the splines to calculate the knee abduction/adduction 

and internal/external joint angles. As the spline functions in the model only specified 

twelve coordinates, we fitted a cubic polynomial to interpolate between the points. In 

this way, we could input the knee flexion general coordinate for each time point in the 

gait cycle and obtain a corresponding coordinate in the other DOFs. We used this 

approach because marker data in the frontal and transverse planes is not reliable. 

Ideally, the splines would be derived from each subject’s MRI data using a recently 

established knee mechanism (da Luz et al., 2017), however, the acquisition and 

processing of MRI data is costly and time consuming and, therefore, outside the scope 

of this thesis. 



 Chapter 3 

 

 80 

While prescribing motion for all rotational DOFs enabled the calculation of 3D 

joint angles, the model, in its original state, was not able to solve the 3D generalised 

forces and moments. This is because OpenSim can only solve for the generalised 

coordinates (i.e., DOF) that parameterise the joint, and splines are not DOFs. Therefore, 

the original model was customised by adding frontal and transverse plane DOFs to the 

knee joint to allow the computation of joint moments. The modified model was 

subsequently used, along with the kinematics from IK and experimental GRFs, in 

OpenSim inverse dynamics analysis to calculate the internal moments developed at the 

hip, knee, and ankle. OpenSim computes the joint moments that best reproduce the 

model kinematics given the experimental ground reaction forces. 

A residual reduction analysis was not performed in this study as we were only 

interested in loads in the lower extremity. In inverse dynamics, the residuals are applied 

at the root segment (i.e., first outboard joint from the ground), which is the pelvis. As 

such, errors in upper body motion where most of the residuals come from should 

minimally affect lower extremity loads. We expected higher residuals than typically 

calculated during normal walking gait because of the extra mass situated on the upper 

body. This added mass would increase error in the model due to greater inertial forces 

in the upper body compared to without the added mass. Residual reduction, however, 

would be important if we planned to incorporate upper body motion in future analyses, 

or if forward-driven simulations of motion were of interest. 

3.3.11 Parameterisation of data 

3.3.11.1 Shoulder pressure 

The shoulder pressure data were processed to obtain the total force (i.e., sum of 

the forces experienced by each loaded sensor in Newtons), maximum pressure (i.e., the 

highest pressure experienced by any one sensor in kPa), and mean pressure (i.e., the 

sum of pressures in all sensors divided by the number of sensors in kPa) for every frame 

of the 30 s capture period. All of the instantaneous pressure values were then averaged 

across the 30 s capture period to obtain mean values for the pressure variables for each 

armour-load condition and movement speed. 



 Chapter 3 

 

 81 

The pressure pad was split into four regions to compare the distribution of the 

summed (i.e., average of all sensors in the region) and maximum pressures across the 

shoulder. The regions were selected based on the mean Australian military population 

norms for the distance from the 7th cervical spine to the nipple line (378 mm) and length 

from the acromion to the middle of the upper trapezius muscle (147 mm) (Edwards, 

Furnell, Coleman, & Davis, 2014) and from the known dimensions of the overall pad and 

individual sensors. The four regions were classified as the front shoulder, inside 

shoulder, outside shoulder, and the back shoulder. As the middle of the pad was always 

aligned with the acromion process, the defined pad regions should have aligned 

similarly between participants. However, to account for potential inaccuracies in pad 

alignment, the rows of sensors between the front shoulder and the upper shoulder, and 

between the upper shoulder and the back shoulder, were excluded from analyses. All 

pressure region results were normalised against the pressure results from the armour 

system without a hip belt (i.e., TBAS) to determine the effectiveness of the load sharing 

system against the current standard-issue body armour system. 

3.3.11.2 Qualitative data 

The questionnaire responses for the load offset rating, functional movement 

tests, belt fit and comfort, armour fit and comfort, and discomfort ratings at the four 

body regions were combined into two ratings to remove low frequency responses and 

enable subsequent univariate Chi-square analyses. The load offset rating was separated 

into two scores, with a score of one remaining as “No” and scores from two to four 

combined and labelled “Yes”. For the performance assessment ratings and fit and 

comfort ratings a response of one, two, or three was combined and labelled 

“Unacceptable” and ratings of four or five were combined and labelled “Acceptable”. 

Additionally, the four body regions experiencing the most discomfort (Hasselquist et al., 

2013) were reduced into “comfortable” (rating=1) and “uncomfortable” (ratings from 2 to 

6). Finally, the load offset rating was separated into two score categories, one remaining 

as “No”, while scores from two to four were labelled “Yes”. 



 Chapter 3 

 

 82 

 

Figure 3.13. (A) Image of the pad sitting on the right shoulder. (B) Visual representation of 

the defined pressure pad regions. The pad comprised 8 x 32 sensors, with each square 

representing one sensor (14.1 mm x 14.1 mm). 

3.3.11.3  Gait data 

Each 30 s data capture contained at least 25 gait cycles, and we took the ensemble 

average of the joint angles and moments for at least 10 gait cycles from each participant 

(ranging from 10-28 gait cycles). Some gait cycles were removed from subsequent 

analyses after our quality control process. This involved plotting and manually 

inspecting the angles and moments for all the gait cycles and removing those which were 

deemed to contain errors. Trials contained errors when they were missing data at the 

end of the gait cycle and/or contained large artefact errors that could not be attributed 

to normal variability within the gait pattern. 
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Joint work and power were calculated using standard computational methods 

(Figure 3.14). First, for each lower-limb joint, instantaneous joint angular velocities were 

calculated from the derivative of the joint angles with respect to time. Second, sagittal-

plane hip, knee, and ankle joint power was determined by the dot product of joint 

moments and angular velocities (Rubenson, Lloyd, Heliams, Besier, & Fournier, 2011). 

Joint power was normalised to each participant’s body mass (Wkg-1). Third, 

instantaneous joint power curves were split into power phases previously defined across 

the gait cycle (Winter, 1987). Positive power phases defined for hip, knee, and ankle 

joints represented periods of energy generation, while negative power phases 

represented energy absorption, and were consistent between participants. Numerical 

integration of the instantaneous joint power curves within the defined phases at each 

joint enabled calculation of positive (𝑊𝑊;
<) and negative (𝑊𝑊;

=) joint work (Jkg-1), which 

were multiplied by two to approximate output from both limbs. Total right limb positive 

𝑊𝑊>?>
<  and negative 𝑊𝑊>?>

=  work were determined from summing positive and negative hip, 

knee, and ankle joint work, respectively. Finally, positive and negative work terms were 

divided by stride cycle time to give positive (�̇�𝑊>?>
< ) and negative (�̇�𝑊>?>

= ) mass-specific 

power terms (Wkg-1) (Rubenson et al., 2011). These terms represented energy generated 

and absorbed by the limbs during an average stride. This analysis was performed 

separately for stance and swing phases of the gait cycle, which were defined based upon 

heel-strike and toe-off gait events. To compare relative contributions of each joint 

towards 𝑊𝑊>?>
<  and 𝑊𝑊>?>

= , each joint’s 𝑊𝑊;
< and 𝑊𝑊;

= was expressed as a percentage of 𝑊𝑊>?>
<  

and 𝑊𝑊>?>
= , respectively. 
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Figure 3.14. Analysis pipeline used to calculate joint work and power for the hip, knee, and 

ankle in the sagittal plane. All data were normalised to the participant’s mass (kg). Positive 

and negative work done were calculated by numerical integration with respect to time, and 

are denoted by 𝐻𝐻;< and 𝐻𝐻;= or 𝐾𝐾;< and 𝐾𝐾;= or 𝐴𝐴;< and 𝐴𝐴;= for the hip, knee, and ankle, 

respectively. Total positive (𝑊𝑊ABA
< ) and negative (𝑊𝑊ABA

= ) work was calculated as the sum of 

work from each joint, e.g., 𝐻𝐻;< + 𝐾𝐾;< + 𝐴𝐴;<. The work done at each joint (e.g., 𝑊𝑊;
<) was 

doubled to approximate the output from both limbs and divided by the stride time (𝑇𝑇CADEFG) 

to give positive (�̇�𝑊ABA
< ) and negative (�̇�𝑊ABA

= ) mass-specific power terms (Wkg-1). 

Net joint angles, moments and power data were time normalised to the gait cycle 

(0-100%). These data were averaged across participants for each movement speed and 

armour × load configuration to generate group mean curves for the hip, knee, and ankle. 

From the mean curves, peak parameters of interest were extracted for statistical analysis 

using custom Matlab code. These parameters varied based on the study and will be 

elaborated further in the relevant study chapters. To ensure consistent and correct 

identification of the peaks, the code checked that each peak occurred within its expected 

timeframe in the gait cycle. For example, peak ankle plantarflexion moment should 
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occur between 50-60 % of the gait cycle. This prevented incorrect identification of a peak 

in the waveforms that had multiple similar peaks (e.g., knee flexion moment). 

3.3.12  Statistical analysis 

Statistical analysis was performed for the parameterised data using both IBM 

SPSS Statistics for Windows (IBM Corp, Armonk, NY) v22.0 and R version 3.3.1 in R-

Studio (RStudio, Inc, Boston, MA) v0.99.903. In addition to the base packages, the 

statistical packages used in R included plyr v1.8.4, dplyr v0.5.0, pastecs v1.3, ggplot2 v2.2.1, 

lattice v0.20, ez v4.3, VIM v4.6.0, micev2.25, Rcpp v0.12.7, and reshape2 v1.4.2. The 

statistical methods used to treat and analyse the shoulder pressure data, qualitative data, 

and gait data varied slightly and, therefore, will be presented under separate 

subheadings. 

3.3.12.1  Shoulder pressure and RPE 

Pressure parameters, RPE, and shoulder region data were first checked for 

outliers using Tukey’s method (Hoaglin, Iglewicz, & Tukey, 1986), which uses the 

Interquartile Range (IQR) to identify outliers. Outliers below the mean are defined by 

𝑄𝑄𝑄𝑄𝑄𝑄𝑇𝑇𝑊𝑊𝑇𝑇𝑄𝑄𝑇𝑇	1 − 1.5	 × 	𝐼𝐼𝑄𝑄𝐼𝐼, and outliers above by 𝑄𝑄𝑄𝑄𝑄𝑄𝑇𝑇𝑊𝑊𝑇𝑇𝑄𝑄𝑇𝑇	3 + 1.5	 × 	𝐼𝐼𝑄𝑄𝐼𝐼. This method is 

conservative enough to remove extreme outliers that may bias the sample while 

preserving most of the data. The data were then confirmed as normally distributed using 

the Shapiro-Wilk test for each variable. That is, the null hypothesis that the population 

data were normally distributed was accepted for each variable as the p-values were 

greater than our chosen alpha value of 0.05. 

To test the null hypothesis that armour type, movement speed, and load have an 

effect on shoulder pressure parameters and RPE, a three-way repeated measures 

Analysis of Variance (ANOVA) (armour × speed × mass) was performed. The ANOVA 

for the pressure parameters and shoulder region data showed no main effect of walking 

speeds, or interaction between walking speeds and armour type or load. Therefore, the 

data from the two movement speeds were aggregated to compare between armour 

systems and load. A two-way repeated measures ANOVA (armour × load) was performed 

on the reduced data to test for significant main effects of armour system or carried mass, 
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and their interaction for the shoulder pressure parameters. If a significant main effect or 

interaction existed for shoulder pressure or RPE, then comparisons between individual 

armour systems, carried mass, and movement speeds were performed using Bonferroni 

post-hoc analyses. Significance was set at p<0.05. 

3.3.12.2 Qualitative data 

The questionnaire data were confirmed as normally distributed using the 

Kolmogorov-Smirnov test. The Shapiro-Wilk test was not used because it does not work 

well when the data contain many identical values, such as with categorical variables. 

There were no outliers in these data because of the categorisation into only two 

selections. 

Using the categorised data, differences between the armour systems and load 

mass were analysed using Chi-square tests. Chi-square testing is a statistical method 

assessing the goodness of fit between a set of observed values and the expected values. 

These tests also indicated the frequency with which each armour system and load mass 

was rated in each category. The result and significance of the Chi-square test was 

reported with significance set at p<0.05. 

3.3.12.3 Gait data 

Participant means for each variable were exported from Matlab to comma 

separated value (csv) files to import the data into R. The raw data were checked for 

outliers using Tukey’s method, described in a previous section, and all outliers identified 

with this method were removed. The percentage of missing values from each outlier-

removed variable was determined, with missing values ranging from 0-5 % of the data. 

Various methods exist to account for missing data, such as deleting cases list wise or 

substituting the missing value with the previous value. However, because the study 

design was repeated measures, deleting cases list wise would significantly reduce 

statistical power due to all the participant’s data being removed for that variable. 

Additionally, incorrect substitution of missing values in the data can bias the 

distribution and lead to false test statistics. Instead, we used the Multivariate Imputation 

by Chain Equations (MICE) v2.25 package in R to generate multiple imputations for the 
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missing multivariate data using predictive mean matching (Buuren & Groothuis-

Oudshoorn, 2011), which generates values that are much more like real values.  

Briefly, MICE first uses observed data from other variables to estimate a linear 

regression, producing a set of coefficients x. Then, a random draw is selected from a 

multivariate normal distribution with mean x and the estimated covariance matrix of x 

to create a new set of coefficients x*. Using x*, predicted values are generated both for 

missing cases and for those with data present in the variable. For each variable with 

missing data, a set of cases with an observed variable whose predicted values are close 

to the predicted value for the case with missing data is identified. From the closely 

matching cases, one is randomly selected and assigned to the missing value. The 

important part is the random selection of closely matching cases for the missing value. 

Other statistical packages, such as SPSS, do not randomly assign a case for the missing 

value and, therefore, restrict the random variation in the imputation process. As a result, 

the variance in the data is reduced leading to narrow confidence intervals and 

exaggerated test statistics. We set the number of closely matching cases to randomly 

draw from at 5, which is generally accepted for smaller sample sizes. The data were then 

confirmed as normally distributed using the Shapiro-Wilk test for each variable. 

With the imputed data, three-way repeated measures ANOVAs were performed 

to test for significant main effects of armour type, carried load, and movement speed, 

and their interaction for each kinematic, joint moment, and joint power variable. Post-

hoc analyses (paired t-tests) were performed on significant main effects or interactions 

to identify the location of the significant differences. All p-values from the post-hoc tests 

were adjusted using the Benjamini and Hochberg method for multiple comparisons, 

which controls the false discovery rate and, therefore, against errors arising from 

multiplicity (Benjamini & Hochberg, 1995). The false discovery rate is the expected 

proportion of false discoveries amongst the rejected hypotheses, and is a less stringent 

condition than the family-wise error rate. The value of the Cohen’s d statistic (Cohen 

1988), corrected for the biased estimate of the population effect size for small samples 

(n < 25) using Hedges’s g (Hedges & Olkin, 1985), was computed for each significant 

main effect and post-hoc test to determine the effect size. For all normally distributed 

variables analysed using ANOVA, partial eta-squared (η2p) effect sizes are presented 
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(Lakens, 2013). When interpreting partial eta-squared results, values from .01 to .06, .06 

to .14, and >.14 are considered small, medium, and large effect sizes, respectively 

(Richardson, 2011). Significance was set at p<0.05.
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4.1 Abstract 

Background: Body armour covers anatomical landmarks that would otherwise 

be used to track trunk and pelvis movement in motion analysis. This study developed 

and evaluated a new marker set, and compared it to placing markers on the skin and 

over-top of body armour 

Hypotheses: (1) New marker set would result in similar trunk, pelvis, and hip 

joint angles compared to angles obtained from markers placed on the skin (2) New 

marker set would result in different trunk, pelvis, and hip joint angles compared to 

angles obtained from markers placed on body armour (3) The similarity in joint angle 

waveforms in the armour condition markers sets would be less than the similarity in the 

no armour condition marker sets. 

Study Design: Within-subjects, repeated measures 

Methods: In our method, pelvis and trunk motions were measured using a 

custom-built sacral and upper-back marker cluster, respectively. Joint angles and ranges 

of motion were determined while participants walked on a treadmill without and with 

body armour. Joint angles were obtained from the new marker set and compared against 

conventional marker sets placed on the skin (i.e., without body armour) or over-top the 

body armour (i.e., with body armour). Bland-Altman analyses were used to compare the 

agreement of kinematic parameters between marker sets, while joint angle waveforms 

were compared using inter-protocol coefficient of multiple correlations (CMCs). The 

intra- and inter-session similarities of joint angle waveforms from each marker set were 

also assessed using CMCs to determine repeatability. 

Results: There was a strong agreement between joint angles from the new 

marker set and markers placed directly on the skin at key anatomical landmarks. The 

agreement worsened when markers were placed on top of body armour, suggesting 

markers placed on armour introduce errors in joint angles estimations. Inter-protocol 

CMCs comparing markers on body armour to the new marker set were poor compared 

to CMCs between skin-mounted markers and the new marker set. Intra- and inter-

session repeatability were generally high (CMC >0.8) for trunk, pelvis, and hip angles, 
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but the intra-session CMCs tended higher for the new marker set at the compared to 

placing markers over-top of body armour. 

Conclusion: The new marker set compared well with placing physical markers 

on the skin and was superior to placing markers on armour. This new marker set 

provides a viable alternative for researchers to reliably measure trunk, pelvis, and hip 

motion when equipment, such as body armour, obscures marker placement.  

  



Chapter 4 

 

 

92 

4.2 Introduction 

Despite progressive improvements in motion analysis systems, the estimation of 

joint kinematics is strongly influenced by anatomical marker placement (Della Croce et 

al., 2005), as well as soft tissue movement between the underlying skeletal system and 

skin surface (Leardini et al., 2005). In the calibrated anatomical system technique 

(CAST) (Cappozzo et al., 1995), markers placed on the skin surface above bony 

landmarks are used to define the position and orientation of anatomical coordinate 

frames for each segment (e.g., pelvis and femur), and the relative orientation of two 

sequential anatomical frames is described through joint angles (e.g. hip angles are the 

relative rotations between the pelvis and left or right femurs) (Schache et al., 2002; Wu 

et al., 2002). Errors in identifying and/or tracking of anatomical landmarks during 

dynamic tasks can result in errors in the determination of anatomical frames, which 

then subsequently propagate to errors when calculating body segment mass and inertia 

parameters and joint angles (Della Croce et al., 1999). Many of these sources of error are 

exacerbated by high levels of adipose tissue in study participants or when equipment, 

such as that worn by soldiers, obscures important anatomical landmarks (Cappozzo et 

al., 1996). 

In such populations, pelvis markers are often occluded during motion analysis of 

standard locomotion activities. To overcome this obstacle, researchers have used marker 

clusters on the pelvis to define the pelvis anatomical coordinate frame (Borhani et al., 

2013; Lerner, Board, et al., 2014; Pohl et al., 2010). This method references the position of 

anatomical landmarks to at least three markers in a cluster, which track the motion of 

the segment during walking. Instead of placing cluster markers on landmarks covered 

by adipose tissue, cluster markers can be placed on bony regions (e.g. sacrum). This 

decreases soft tissue artefact (Borhani et al., 2013; McClelland, Webster, Grant, & Feller, 

2010) and reduces marker occlusion events, as the sacrum is well-exposed to motion 

capture cameras during most motor tasks. Indeed, defining anatomical landmarks 

relative to a rigid cluster positioned at the sacrum has been shown to be more repeatable 

compared to skin surface markers placed on anatomical landmarks (Borhani et al., 2013). 

Additionally, tracking marker clusters positioned over the lateral pelvis had similar 
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reliability to markers placed over pelvic bony landmarks in running (Liew, Morris, 

Robinson, et al., 2016). However, the combat equipment worn by soldiers, such as body 

armour and load carriage systems, obscure not only the pelvis landmarks but also the 

surrounding areas. This prevents placing a cluster directly on the sacrum or lateral 

pelvis. 

To overcome the marker-positioning constraints imposed by the wearing of body 

armour and load carriage systems, researchers have used simplified or lower-limb only 

marker sets (Attwells et al., 2006; Birrell & Haslam, 2009), modified the equipment 

(Caron et al., 2013; LaFiandra et al., 2002), or placed markers directly on the armour 

(Lenton et al., 2016; Loverro et al., 2015). These techniques may not accurately define the 

pelvis and trunk anatomical coordinate systems and, therefore, may not result in 

accurate segmental and joint kinematics. To date, no research using body armour and 

load carriage systems has quantified and reported the accuracy and repeatability of joint 

kinematics using alternate marker sets and marker placement protocols. 

The purpose of the current study was to develop a new marker set to track trunk 

and pelvis motion during load carriage. The first aim was to determine if the new marker 

set could produce kinematics that closely matches the kinematics from placing markers 

directly on the skin surface. Second, to examine the new marker set’s viability with body 

armour, kinematics obtained from the new marker set were compared against 

kinematics from markers placed on armour. Third, intra- and inter-session repeatability 

of kinematics from the new marker set was compared against those obtained from 

markers placed on the skin or on body armour. It was hypothesized that the new marker 

set would result in trunk, pelvis, and hip joint angles similar to those obtained from skin-

placed markers. Additionally, it was hypothesized that the similarity between joint angle 

waveforms in the armour condition marker sets would be less than the similarity in the 

no armour condition marker sets.  
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4.3 Methods 

Two armour conditions were used to compare measured joint angles from the 

new marker set against those obtained using markers placed on the skin surface, and 

markers placed on body armour. To achieve this, the first condition had participants 

wearing running shoes and shorts without body armour (NA), in the second condition 

they wore a body armour system (ARM) consisting of a trunk vest and hip belt. The ARM 

condition had no additional load, as its purpose was to replicate typical body armour 

coverage and not to simulate combat load carriage. Markers were placed directly on the 

skin for the NA condition, and on top of body armour and visible anatomical landmarks 

for the ARM condition (Table 4.1) as the conventional methods to track trunk and pelvis 

motion. For both the NA and ARM conditions, the new marker set and conventional 

marker set were on the participant at the same time and, therefore, the exact same gait 

motion was modelled using two different, but concurrently acquired, marker sets. 

4.3.1 Participants 

Eight recreationally active males (mean±SD: mass 87.1±8.3 kg, height 1.81±0.06 m, 

age 31±4 years) who were free of musculoskeletal disorders were recruited. The 

Australian Defence Human Research Ethics Committee approved the study protocol 

(ADHREC 756-14), and all participants provided written informed consent prior to 

participation. 

4.3.2 Procedures 

Three-dimensional marker positions were acquired using 11 Vicon (Vicon, 

Oxford, UK) motion analysis cameras (3 MX40 with 4MP and 8 T40 with 16MP) sampling 

at 100Hz, that surrounded a force-plate instrumented treadmill (AMTI, Watertown, 

USA), sampling at 1000Hz. Spherical, 14mm diameter retro-reflective markers were 

placed on the head, arms, and legs in the same body locations (Besier et al., 2003) for 

both marker sets (Table 1), while the trunk and pelvis marker placement and definition 

changed between the conventional and new marker sets (Figure 4.1). For the new marker 

set, a custom-design lightweight rigid polyethylene frame was 3D printed, and onto 
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which three markers were secured (see Chapter 3). This frame was then attached to the 

skin surface over the sacrum using 3 mm thick foam tape and a neoprene bandage. One 

researcher (GKL) placed the markers and sacrum cluster on all participants.  

 

Figure 4.1. Image of the markers used in the NA and ARM conditions from the posterior-

to-anterior view. The sacrum and thorax clusters visible were used in the new marker set, 

while markers placed on the skin surface and on body armour were used in the 

conventional marker sets. 

Consistent with the CAST protocol, a static calibration trial was recorded of each 

participant standing in an anatomically neutral pose, followed by a second trial that was 

used to define the 3D positions of the anatomical landmarks using a 6-marker 

calibration wand (Cappozzo et al., 1995). The tip of the wand was placed on each of the 

14 anatomical landmarks (Table 4.1) and their 3D positions determined in the laboratory 

coordinate system using a combination of the wand’s pose and the known offset between 

the tip of the wand and its frame of reference. Then, the anatomical landmarks, defined 
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by the wand, were expressed relative to the relevant segment frames (Table 4.1) 

(Cappozzo et al., 1995). These points were then used to determine the trunk, pelvis, and 

thigh anatomical coordinate systems for the new marker set, which were defined 

according to ISB standards (Wu et al., 2002). For the skin-surface and body armour 

marker-placement methods, physical markers were placed on or over the same 

anatomical landmarks identified by the wand and, therefore, the anatomical coordinate 

systems were defined the same way for all marker sets. However, for the new marker set, 

the positions of the trunk and pelvis markers that defined their segment frames were 

respectively tracked in dynamic motion trials using the trunk and sacrum clusters.  

Table 4.1. Marker locations and landmark identifications for the conventional and new 

marker sets. 

Marker placement Anatomical description Identification 
Conventional  marker set 
IJ  Jugular notch on manubrium Marker 
C7 Spinous process of the 7th Cervical vertebra Marker 
T8  Spinous process of the 8th Thoracic vertebra Marker 
SACR Spinous process of the 1st Sacral vertebra Marker 
L/R ASIS Most prominent point of the anterior superior iliac 

spine 
Marker 

L/R PSIS Most prominent point of posterior superior iliac 
spine 

Marker 

New marker set 
IJ Jugular notch on manubrium  Pointer 
C7 1-3 Rigid cluster of 3 markers attached to the spinous 

process of the 7th Cervical vertebra 
Cluster 

T8 Spinous process of the 8th Thoracic vertebra Pointer 
SAC1-3 Rigid cluster of 3 markers projecting from the 

sacrum 
Cluster 

L/R ASIS Most prominent point of the anterior superior iliac 
spine 

Pointer 

L/R PSIS Most prominent point of posterior superior iliac 
spine 

Pointer 

Both methods 

Head L/R FHD Front of the head Marker 
L/R BHD Back of the head Marker 

Upper 
body 

L/R ACR1-3 Rigid cluster of 3 markers on the acromion Cluster 
L/R UA1-3 Rigid cluster of 3 markers on the proximal upper 

extremity 
Cluster 

L/R LEP Lateral epicondyle of the humerus Marker 
L/R MEP 
 

Medial epicondyle of the humerus Marker 

L/R FA1-3 Rigid cluster of 3 markers on the forearm Cluster 
L/R WRR Wrist radial side Marker 
L/R WRU Wrist ulna side Marker 
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Marker placement Anatomical description Identification 
L/R HNDR Hand radial side Marker 
L/R HNDU Hand ulna side Marker 

Lower 
body 
 

L/R TH1-4 Rigid cluster of 4 markers on the thigh Cluster 
L/R LE Lateral femoral epicondyles Pointer 
L/R ME Medial femoral epicondyles Pointer 
L/R TB1-4 Rigid cluster of 4 markers on the tibia Cluster 
L/R LMAL Lateral malleolus Pointer 
L/R MMAL Medial malleolus  Pointer 

Feet L/R CAL Calcaneus  Marker 
L/R MT1 Head of the 1st metatarsal Marker 
L/R MT5 Head of the 5th metatarsal Marker 

Two sets of dynamic motion trials were performed by the participants walking 

with and without body armour, allocated in random order. They first walked on the 

treadmill for 5 minutes at 1.11 m⋅⋅s-1 to warm-up and familiarize themselves with the 

experimental condition. After the warm-up, participants walked for 10 minutes at 1.53 

m⋅⋅s-1 while 3D marker positions were collected for 10-second epochs every two minutes. 

The position of markers in the conventional marker set (i.e., on the skin or on body 

armour) and in the new marker set were measured concurrently for the NA and ARM 

conditions. Once the protocol was completed for the first body armour condition, 

participants rested for 10 minutes to minimize the effects of fatigue and completed the 

same walking protocol, but in the second body armour condition (i.e., NA or ARM). All 

participants then repeated the two walking protocols in a second testing session at least 

3 days later to ensure any minor skin irritations, caused by marker adhesives, had 

disappeared so the researcher could not use these to guide subsequent marker 

placement. 

4.3.3 Data Analysis 

Using Vicon Nexus version 2.3, marker trajectories for all trials were 

reconstructed. Using custom Matlab scripts (R2014b, The Mathworks) joint centers were 

defined in the static calibration trials at the hip using the Harrington regression 

equations (Harrington et al., 2007), and at the knee and ankle using the midpoint of the 

medial and lateral femoral condyles and malleoli, respectively. The heel-strike and toe-

off gait events were determined using the vertical ground reaction force data of the foot 

in contact with the plate, with the detection threshold set to 20 N. The marker 
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trajectories for all trials were low-pass filtered (6Hz) using a 2nd order Butterworth filter, 

cascaded once to remove phase shifts (Robertson & Dowling, 2003), and transformed 

from the laboratory coordinate system to the OpenSim (Delp et al., 2007) global 

reference system  

Gait biomechanics were determined using an established analysis pipeline in 

OpenSim version 3.3. A generic musculoskeletal model (Hamner, Seth, & Delp, 2010) 

was scaled to match the size of the participant using the distances between pairs of 

markers obtained in the static standing calibration trial, and the corresponding virtual 

marker pairs positioned on the model. Using the scaled model, an inverse kinematics 

algorithm determined the model kinematics by minimizing the squared error between 

the model and the experimental marker positions. A ZXY rotation sequence was used to 

calculate pelvis (tilt, list, and rotation) and trunk/hip (flexion-extension, abduction-

adduction, and rotation) angles for each marker set in both armour conditions. The 

trunk, pelvic, and hip joint angles for three-successive strides were time-normalized 

from 0 to 100% for each gait cycle and ensemble averaged into a single stride. From the 

ensemble averages, the 3D peak joint angles (°), joint ranges of motion (ROM) (max–

min), and joint angle waveforms across stance were calculated and used in subsequent 

statistical analyses.  

4.3.4 Statistical Analysis 

Statistical analyses were conducted using Matlab and SPSS version 22 (IBM, 

Armonk, NY, USA). To assess the level of agreement in joint angles (i.e., ROM, peak 

values) between each armour condition’s marker sets, Bland-Altman tests were used to 

calculate the mean from each marker set, and the mean difference (�̅�𝑇) (conventional 

marker set angle – new marker set angle), standard deviation of the difference (SD), and 

95% limits of agreement (LOA) between the marker sets (Bland & Altman, 1986). In this 

study, a mean difference of <3° indicated high agreement, a value approximately half of 

the requirement for the minimal detectable change in joint angles (Wilken, Rodriguez, 

Brawner, & Darter, 2012). Additionally, the coefficient of multiple correlations (CMC) 

was used to evaluate the similarity of kinematic waveforms between each armour 
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condition’s marker sets. In this study, CMC>0.8 was considered to be indicative of high 

repeatability (Vaz, Falkmer, Passmore, Parsons, & Andreou, 2013). The CMC, similar to 

the coefficient of variation, is a variability to mean ratio, but with different 

normalisation. I chose the CMC as it is a widely accepted method for comparing the 

pattern of two time series curves and indicates the pattern differences between the 

marker sets both within- and between-sessions. 

Intra-session (i.e. data collected at 2-minute intervals) and inter-session (i.e. day 

one versus two) CMCs determined the repeatability of the joint angles between each 

armour condition’s marker sets (Ferrari, Cutti, & Cappello, 2010). Repeated measures t-

tests determined if the intra- and inter-session CMCs were significantly different 

between each armour condition’s marker sets, and if the inter-marker set CMCs were 

significantly different between armour conditions, with significance set at p < 0.05. 

4.4 Results 

4.4.1 Similarity between marker sets 

For both the NA and ARM conditions, the level of agreement was high between 

joint angles obtained from the new marker set and those obtained using physical marker 

placement (Table 4.2). The SD and LOA of joint angles were higher in the ARM 

condition compared to those obtained in the NA condition for peak hip flexion (SD 6.1° 

and LOA 13.1→10.9° vs. SD 3.5° and LOA 5.8→	7.8°) and trunk extension (SD 6.0° and 

LOA 13.4→10.2° vs. SD 2.8° and LOA 5.6→	5.3°). There were no mean differences in joint 

angles between the marker sets that exceeded the threshold in the ARM condition. 
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 Table 4.2. Bland-Altman analysis demonstrating the agreement for peak joint angles and 

joint range of motion between the marker sets. Mean, mean of the measurements for the 

conventional placement and new marker set, 𝑇𝑇̅, mean difference between the two marker 

sets (conventional placement – new marker set), SD, the standard deviation of the mean 

difference, 95% LOA, lower and upper limits of agreement representing ± 1.96 SD. All 

results are presented in degrees (°). 

(n = 8) Hip  Pelvis  Trunk 

Skin  Mean �̅�𝑇 (SD) 95% LOA  Mean �̅�𝑇 (SD) 95% LOA  Mean �̅�𝑇 (SD) 95% LOA 

Peak angle            
Sagittal 27.4 1.0(3.5) –5.8→7.8  3.5 –1.7(2.5) –6.6→3.3  –9.7 –0.1(2.8) –5.6→5.3 

Frontal 8.3 –0.9(2.1) –5.0→3.2  6.0 –0.5(1.1) –2.6→1.7  5.3 –1.1(2.4) –5.9→3.7 

Transverse –0.7 0.9(4.5) –7.8→9.7  6.4 0.6(2.3) –3.8→5.0  9.4 1.2(3.4) –5.5→7.8 

Joint ROM 
           

Sagittal 46.7 –2.6(4.9) –12.1→7.0  4.4 –1.2(2.2) –5.4→3.1  4.8 –3.1(1.3) –0.5→5.7 

Frontal 17.5 –2.3(3.0) –8.2→3.6  11.4 –1.0(2.1) –5.0→3.1  13.6 –1.5(2.6) –3.6→6.5 

Transverse 15.6 1.3(1.3) –5.3→7.8  10.9 1.9(1.9) –1.1→5.0  17.2 2.3(2.7) –7.6→2.9 

Armour   

Peak angle 
           

Sagittal 28.8 –1.1(6.1) –13.1→10.9  2.2 –1.1(4.9) –10.9→8.6  –8.7 –1.6(6.0) –13.4→10.2 

Frontal 7.9 –0.1(2.0) –4.1→3.9  5.2 –1.6(1.5) –4.6→1.4  3.8 0.3(2.3) –4.3→4.7 

Transverse 0.1 –1.7(2.4) –6.4→3.0  5.1 1.1(3.6) –6.0→8.2  8.1 –1.3(2.1) –5.4→2.8 

Joint ROM 
           

Sagittal 47.4 –1.9(3.2) –8.2→4.3  4.3 –2.6(2.2) –7.0→1.8  5.0 –2.3(2.5) –7.3→2.7 

Frontal 15.8 –1.5(1.2) –3.9→0.8  9.8 –1.9(1.3) –4.6→0.7  10.8 –1.2(2.9) –6.9→4.5 

Transverse 18.1 –0.9(3.8) –8.4→6.6 10.7 0.0(1.8) –3.5→3.5  14.5 0.4(2.6) –5.6→4.7 

The inter-marker set CMC results for the NA condition were high apart from 

pelvis tilt and trunk extension, where there was a small ROM (Figure 4.2). For the NA 

condition, the inter-marker set CMC results were higher than in the ARM condition for 

all joint angles (Figure 4.3). Specifically, the CMC values for hip flexion (0.99±0.01) pelvis 

tilt (0.08±0.21) and trunk extension (0.16±0.31) were significantly lower in the ARM 

condition compared to the NA condition (hip flexion 0.99±0.01, pelvis tilt 0.63±0.14 and 

trunk extension 0.74±0.11, p<0.05). Additionally, there were significantly lower CMC 

results in the ARM condition compared to the NA condition for pelvis list (p<0.01) and 

trunk bending (p=0.02).   
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Figure 4.2. Comparison of hip, pelvis, and trunk kinematic waveforms obtained from 

markers placed on skin against those obtained from the new marker set. Each waveform 

is the three-stride average of all participants and all angles are in degrees. The mean ± 

standard deviation of the inter-marker set coefficient of multiple correlations (CMC) 

results are presented for each angle, with those greater than 0.8 shown in bold. 
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Figure 4.3. Comparison of hip, pelvic, and trunk kinematic waveforms obtained from 

markers placed on armour against those obtained from the new marker set. Each 

waveform is the three-stride average of all participants and all angles are in degrees. The 

mean ± standard deviation of the inter-marker set coefficient of multiple correlations 

(CMC) results are presented for each angle, with those greater than 0.8 shown in bold. * 

indicates that the CMC result is significantly lower than the corresponding CMC result 

obtained from the no armour condition.  

4.4.2 Intra- and inter-session repeatability 

The intra-session CMC results show high repeatability for both marker sets in the 

sagittal, frontal, and transverse planes for the NA armour condition (Table 4.3). 

However, intra-session CMCs from pelvic tilt angles were significantly lower when using 

skin-placed markers compared to angles obtained with the new marker set (0.74±0.10 

vs. 0.84±0.05, p<0.01). When participants wore body armour, the intra-session CMCs 

from trunk extension angle were significantly higher with the new marker set 

(0.82±0.09) compared to those obtained with markers placed on armour (0.68±0.14, 

p<0.01). The inter-session CMC results indicated high repeatability in the frontal and 

transverse planes for the trunk, pelvis, and hip joint angles, and sagittal plane for the hip 

in both marker sets across both armour conditions. There were no significant differences 
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for inter-session CMC results between the marker sets in either armour condition. 

Table 4.3. Mean (SD) intra- and inter-session coefficient of multiple correlations (CMC) 

comparing the conventional placement and new marker set for pelvis, hip, and trunk 

kinematic waveforms. *Indicates significant difference between the conventional marker 

set and new marker set (p<0.05). 

(n= 8) Conventional marker set  New marker set 
  Sagittal Frontal Transverse Sagittal Frontal Transverse 
Markers on skin      
Intra-session CMC        
Hip 0.99 (0.01) 0.99 (0.01) 0.94 (0.03)  0.99 (0.01) 0.99 (0.01) 0.92 (0.06) 
Pelvis 0.74 (0.10) 0.99 (0.01) 0.95 (0.04)  0.84 (0.05)* 0.99 (0.01) 0.90 (0.14) 
Trunk 0.81 (0.08) 0.98 (0.01) 0.98 (0.01)  0.87 (0.06) 0.98 (0.01) 0.97 (0.01) 
Inter-session CMC        
Hip 0.97 (0.03) 0.97 (0.02) 0.87 (0.09)  0.98 (0.01) 0.97 (0.04) 0.81 (0.16) 
Pelvis 0.47 (0.27) 0.95 (0.05) 0.89 (0.17)  0.49 (0.22) 0.93 (0.07) 0.84 (0.14) 
Trunk 0.58 (0.29) 0.97 (0.07) 0.95 (0.04)  0.43 (0.30) 0.92 (0.07) 0.90 (0.09) 

Markers on armour      
Intra-session CMC        
Hip 0.99 (0.01) 0.99 (0.01) 0.89 (0.09)  0.99 (0.01) 0.99 (0.01) 0.91 (0.07) 
Pelvis 0.71 (0.09) 0.98 (0.01) 0.89 (0.08)  0.76 (0.16) 0.98 (0.01) 0.85 (0.12) 
Trunk 0.68 (0.14) 0.98 (0.01) 0.98 (0.01)  0.82 (0.09)* 0.98 (0.01) 0.96 (0.03) 
Inter-session CMC        
Hip 0.97 (0.02) 0.96 (0.04) 0.78 (0.19)  0.96 (0.02) 0.95 (0.04) 0.77 (0.20) 
Pelvis 0.28 (0.12) 0.86 (0.14) 0.84 (0.14)  0.42 (0.13) 0.88 (0.10) 0.73 (0.20) 
Trunk 0.41 (0.09) 0.83 (0.15) 0.96 (0.04)  0.51 (0.16) 0.81 (0.21) 0.91 (0.09) 

4.5 Discussion 

This study determined the accuracy and repeatability of a new marker set to 

measure 3D kinematics of the trunk, pelvis, and hip during load carriage. Other methods 

to track pelvis motion (Borhani et al., 2013; Liew, Morris, Robinson, et al., 2016) are 

reliant upon placing marker clusters directly on the pelvis or sacral skin surface, which 

is not possible when body armour and backpack hip belts are worn because they pass 

over and cinch on the hips. The novel marker set, which used a 3D printed cluster frame 

with markers on a stem, was compared with the current standard of marker placement 

directly on the skin surface and with placing markers over armour.  

The kinematics derived from the new marker set agreed well with the kinematics 

from the conventional marker set and confirmed that both marker methods can be used 
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interchangeably if participants are not wearing body armour. The Bland-Altman analysis 

showed high agreement between the marker set joint angles in the NA condition (Table 

4.2), and compare well with one study (Meldrum, Shouldice, Conroy, Jones, & Forward, 

2014) that determined good agreement of joint angles from the same marker set across 

two testing sessions. Additionally, the inter-marker set CMCs for the NA condition 

showed high similarity in the kinematic waveforms between marker sets in all planes of 

motion and were higher or comparable to previous studies (Borhani et al., 2013; Liew, 

Morris, Robinson, et al., 2016). These results demonstrate that the new marker set can 

measure similar joint motion compared to skin-placed markers. 

Contrary to our hypothesis, placing markers on armour at approximate 

anatomical landmarks did not significantly change the peak joint angles and joint range 

of motion compared to angles obtained from the new marker set. Indeed, the mean 

difference in peak angles and ROM between the two marker sets when wearing body 

armour was similar to the difference in marker sets when not wearing armour (Table 2). 

However, the inter-marker set CMCs for the ARM condition were significantly lower for 

pelvic tilt and lumbar extension angles compared to the NA condition. This could be 

due to altered trunk and pelvis anatomical coordinate systems with markers placed on 

armour that create an offset in the respective joint angles (Figure 4.3). This offset is 

difficult to overcome when placing markers over armour because the human operator 

cannot consistently identify the anatomical landmarks. Additionally, the lack of 

similarity suggests that placing markers over body armour introduced errors in hip, 

pelvis, and trunk joint angles that may be substantial enough to affect outputs from 

subsequent musculoskeletal modelling procedures that are sensitive to lower-limb 

alignment i.e., joint contact forces (Borhani et al., 2013). The new marker set, therefore, 

reduced the variability in joint angles and overcame the angle offsets caused by placing 

markers on body armour. 

Establishing a repeatable kinematic data collection method for studying load 

carriage systems is critical as motion analysis of load carriage becomes prevalent (Seay, 

2015). The CMC has been used extensively to examine the similarity of kinematic 

waveforms collected within a session, between sessions (Pohl et al., 2010; Schache et al., 
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2002), and between different measurement protocols (Borhani et al., 2013). This study 

showed higher inter-session repeatability for joint angles calculated using the new 

marker set compared with those obtained by physically placing markers on the skin. In 

fact, the intra-session CMCs in the new marker set were above the threshold for high 

repeatability, and compare well with similar studies reporting gait repeatability (Collins, 

Ghoussayni, Ewins, & Kent, 2009; Schache et al., 2002). The inter-session CMCs were 

less favorable, and highlight the importance of consistent marker placement during 

repeated measurement protocols. 

When wearing body armour, the new marker set was highly repeatable within 

session and had good repeatability between sessions (Table 4.3). There was a tendency 

for the intra- and inter-session CMC scores to be higher with the new marker set 

compared to placing markers on armour. The discrepancy in repeatability between 

marker sets highlights the limitations in placing markers on body armour, not only in 

accurately reproducing marker placement between sessions (Leardini et al., 2005) but 

also in minimizing trial-to-trial variability within a session. Pelvic tilt and trunk 

extension repeatability had the most variability, which may indicate a problem of 

consistent anatomical landmark identification, or reflect the limitation of the CMC 

when movements have a small range of motion (Røislien, Skare, Opheim, & Rennie, 

2012). 

There are some limitations to be considered when interpreting the results. First, 

the small sample size likely contributed to the high LOA, as a few extreme values would 

bias the spread of data. Second, contrasting the new method against placing markers on 

the skin surface or on body armour is not a comparison with the true gold standard (e.g., 

direct measurement of underlying bone using cortical bone pins). A review of original 

articles assessing soft tissue artefact showed that it can create ~20mm of marker 

displacement (Della Croce, 2006), leading to rotation errors as high as 13° in the 

transverse plane. However, it is generally accepted that these errors are small enough in 

the sagittal plane to allow accurate representation of body motion using skin-mounted 

markers. Further, placing markers on the skin is typically used in clinical settings and 
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load carriage research and, therefore, offers a practical, less costly and non-invasive 

alternative. 

4.6 Conclusion 

This study developed a new marker set that is capable of measuring pelvis, hip, 

and trunk joint kinematics with high intra- and inter-session repeatability during load 

carriage. Additionally, the new marker set compared well with placing physical markers 

on the skin and was superior to placing markers on armour. Thus, the new marker set 

provides a viable alternative for researchers to reliably quantify pelvis, hip, and trunk 

kinematics when equipment (e.g., body armour) obscures direct marker placement. 
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5.1 Abstract 

 Background: Soldiers carry heavy loads that may increase the risk of 

experiencing shoulder pain, discomfort, and injury. To ease the burden of load carriage, 

manufacturers are developing hip belts that integrate onto body armour and claim to 

transfer load off the shoulders and onto the hips. This study determined if these designs 

can reduce shoulder pressure and improve comfort compared to bearing all of the load 

on the shoulders. 

 Hypotheses: (1) Armour designs incorporating a hip belt would reduce mean 

and peak shoulder pressure and shoulder discomfort compared to the armour system 

without a hip belt (2) Increasing shoulder pressure will be positively correlated with 

increases in perceived shoulder discomfort 

 Study Design: Within-subject, repeated measures 

 Methods: Twenty-one soldiers (age: 29.5 ± 7.1 years, years since completion of 

basic training: 5.5 ± 3.7 years) completed moderate- and fast-paced walking trials on a 

treadmill in six body armour (one standard issue and five prototype designs) and two 

load (15 kg and 30 kg) configurations. The prototype designs all included a hip belt to 

primarily shoulder-borne load carriage to shoulder and hip-borne. Normal force and 

pressure applied on the shoulder was measured dynamically using pressure pads, while 

qualitative data on perceived discomfort and usability were obtained from 

questionnaires administered after walking. 

 Results: Repeated measures ANOVA revealed a significant reduction in total 

force and maximum shoulder pressure with designs implementing a hip belt compared 

to no hip belt (p < 0.005). Additionally, up to 30% fewer participants experienced 

shoulder discomfort with the hip belt designs compared to when bearing all load on the 

shoulders (p < 0.005). Logistic regression revealed that laterally-concentrated shoulder 

pressure results in 1.34 times greater likelihood of experiencing discomfort (p = 0.026).   
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 Conclusion: These results advocate the use of hip belts with body armour. Body 

armour and backpack designs should integrate a hip belt and distribute load closer to 

the shoulder midline to reduce load carriage injury risk. Additionally, the results can be 

used to inform the design of load sharing systems not only for military applications, but 

also general backpack users, with implications for reducing the risk of shoulder 

discomfort and injury.
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5.2 Introduction 

Soldiers carry equipment that provides protection and allows them to effectively 

operate in the field. Loads carried by soldiers, both in training and when deployed, often 

exceed 30 kg and have been reported as high as 60 kg (Dean, 2004). It has been suggested 

that carrying these heavy loads increases the risk of sustaining musculoskeletal injuries 

(Sharma et al., 2015), with costly implications for military organisations (Nindl et al., 

2013). The shoulders are particularly susceptible to injury, because pressures from 

backpack or body armour shoulder straps compress underlying soft tissues. Soft tissue 

compression can cause sensory loss, pain, and, in severe cases, nerve damage (Bhatt, 

1990; De Luigi et al., 2008). Retrospective studies have shown shoulder neuropathies 

incidence of 0.54-1.17 per 1000 soldiers per annum (Bessen et al., 1987; Makela, Ramstad, 

Mattila, & Pihlajamaki, 2006), with exposure to carrying heavy load a common risk factor 

for injury incidence. Recently, U.S. soldiers qualitatively reported carrying a heavy load 

with poorly designed load-carrying equipment impaired their field performance (e.g., 

grenade throw) and may have contributed to increased injury risk (Roy et al., 2013). 

Research investigating potential causes of shoulder pain and impairment has 

demonstrated carrying loads (e.g., 10–31 kg) decreases blood flow to the arms (Kim et al., 

2014) and fingers (Hadid et al., 2016), and increases pressures to the shoulder girdle 

(Vacheron et al., 1999). In these situations, up to 70% of the vertical force is situated on 

the shoulders and upper back (Lafiandra and Harman 2004). Backpack shoulder straps 

have been shown to compress the underlying skin and soft tissue at pressures ranging 

from 20-55 kPa (Bryant et al., 2001; Hadid et al., 2015). At these pressures, wearers 

experience upper-limb sensory deficits and numbness, overall increased pain, shoulder 

and upper back discomfort (Birrell & Hooper, 2007; Simpson, Munro, & Steele, 2011), and 

reduced performance during prolonged load carriage (Knapik et al., 1997). Thus, 

carrying large loads and its method of application to the body (i.e., shoulder straps) 

contribute to discomfort and injury. 

As the absolute load carried increases, shoulder discomfort is predicted to 

increase (Park et al., 2013; Vacheron et al., 1999; Wettenschwiler, Lorenzetti, et al., 2015). 
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Up to 85% of the variation in shoulder discomfort has been predicted using static 

backpack strap force, suggesting as backpack load increases so does discomfort. 

However, these findings cannot be generalised to soldiers who are conditioned to 

carrying heavy loads and may have greater resilience to pain. Using a soldier cohort, no 

correlation between shoulder pressure and discomfort was found (Bryant et al., 2001), 

suggesting small reductions (e.g. 1-2 kg) in carried loads may not improve comfort or 

injury risk in soldiers. Furthermore, technology advances that lighten soldier equipment 

have been offset by concurrent advances in technology that demand more equipment to 

be carried in the field. Unsurprisingly, prolonged exposure to carrying heavy loads 

continues to be associated with shoulder neuropathies in soldiers (McCulloch, Sheena, 

Simpson, & Power, 2014). Therefore, concomitant to reducing carried load, research 

efforts should focus on redistributing load to reduce injury risk. 

Redistributing carried load from the shoulders to the hips may reduce the risk of 

injury. When walking with loads ranging from 14-41 kg, integrating a hip belt with 

backpacks has been shown to shift up to 30% of the load from the shoulders (LaFiandra 

& Harman, 2004), decrease maximum and average shoulder pressure (Holewijn, 1990; 

Martin & Hooper, 2001; Wettenschwiler, Lorenzetti, et al., 2015), and decrease perceived 

shoulder exertion (Golriz et al., 2015) compared to designs without a hip belt. These 

findings are consistent across studies, despite use of different backpack designs, 

variability in participants’ carrying experience, and different experimental protocols. 

While using a hip belt increases pressures and discomfort at the hips compared to no 

hip belt (Martin & Hooper, 2001), shifting pressures away from shoulders is preferred 

because the hip region is more tolerant to static pressures (Wettenschwiler, Lorenzetti, 

et al., 2015). Studies have confirmed this with backpack load carriage, however, no 

studies have investigated if a hip belt with body armour can reduce shoulder-borne loads 

and improve subjective ratings of comfort. 

The purpose of this study was to determine if integrating a hip belt into existing 

body armour designs can reduce shoulder pressures and discomfort compared to a body 

armour design where the shoulders bear most of the carried load. Additionally, the study 

aimed to determine whether different shoulder-to-hip load transfer devices changed the 
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distribution of shoulder pressures, and whether shoulder pressure parameters can 

predict shoulder discomfort in a military population. We hypothesised that using a hip 

belt integrated design would reduce both shoulder pressure magnitudes and shoulder 

discomfort, and redistribute load closer to the shoulder midline compared to armour 

systems without a hip belt. Further, we hypothesised that increased shoulder pressures 

would result in increased shoulder discomfort.  

5.3 Methods 

5.3.1 Participants 

Twenty-one Australian Army Reserve soldiers (age: 29.5±7.1 years, height: 

1.77±0.08 m, mass 82.8±12.1 kg) provided written informed consent (Australian Defence 

Human Resources Ethics Committee Protocol 756-14) prior to participating in the study. 

The participants had recently completed initial entry training (5.5±3.7 years), 

participated in weekly training activities, and their roles included rifleman, light gunner, 

artillery, and mortarman. Individuals with recent musculoskeletal injuries or 

contraindications for strenuous exercise were excluded. 

5.3.2 Body Armour 

Six different body armour systems were tested. These were the Australian Army 

current-issue body armour: Tiered Body Armour System (TBAS), which applies all load 

to the shoulders, and five load sharing systems. Load sharing systems were two 

commercially available (cARM1 and cARM2) and three prototype (pARM1, pARM2, and 

pARM3) models, that each were designed to transfer load from shoulders to hips by a 

hip belt. While pARM2 had the same torso vest (i.e., plate carrier) as TBAS, remaining 

load sharing systems had different vests provided by the manufacturer. We opted to use 

manufacturer-provided vests, because the hip belts were designed to integrate 

specifically with these models. Mechanisms (e.g., struts) used to connect torso vest to 

hip belt also differed, and details for each design can be found in supplementary 

material. 
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Six body armour systems were loaded with 15 kg and 30 kg for a total of 12 armour 

× load conditions. The 15 kg load consisted of an armour system (i.e., torso vest and hip 

belt) with replica ballistic soft armour inserts and aluminium training plates mimicking 

shape and mass of real ballistic plates, three magazine cartridges weighted to represent 

shape and mass of a full F88 magazine, replica grenade and multiband inter/intra team 

radio fitted to front of vest, and medical pouch and extra magazine cartridges fitted to 

left and right sides of torso vest cummerbund, respectively (Figure 5.1). Location of each 

pouch was chosen after consultation with military advisors and represented an 

operational configuration, with all pouches filled with weights of similar size and mass 

to actual equipment. Most of the load was situated midway between the pelvis and 

shoulders, and standardised between different armour types so that the load placement 

was not a confounding factor. The 30 kg condition consisted of the same 15 kg of tactical 

items, plus a medium-sized assault pack coupled onto the rear of the torso vest. Assault 

pack was loaded with another 15 kg of mass, evenly distributed throughout to add bulk 

without concentrating mass to a specific pack location. 

 
Figure 5.1. Standard configuration of the armour condition with 15 kg of load. 

5.3.3 Procedures 

Participants attended four laboratory-based testing sessions during which they 

completed testing for 12 different armour × load conditions (i.e., six body armour 
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systems and two load conditions) plus a baseline no-armour condition. Laboratory 

temperature was regulated using air conditioning and the lab was well insulated. Testing 

order was randomised and counterbalanced using a Latin square design. In the first 

session, participants completed no-armour condition as a baseline and then three 

armour × load conditions, whereas in remaining sessions only three armour × load 

conditions were completed. Each successive testing session was separated from previous 

session by at least 3 days to reduce effects of fatigue or soreness. 

Pressure pads (452 mm × 113 mm) (Pliance-X-32/Expert System, Germany-Novel 

Electronics, Munich, Germany) were fitted and zeroed atop each shoulder, aligning the 

pad centre–lateral edge with acromion process and pad center-medial edge with anterior 

border of the upper trapezius. Pressure pads contained 256 individual pressure sensors 

(14.1 mm × 14.1mm per sensor), calibrated from 5-600 kPa, and measured pressure 

applied perpendicular to the pad. Sensors from the front three and back three pad rows 

were excluded to prevent measurements from pad portion that overlapped with front 

and back body armour plates contaminating the data (Figure 5.2). There were no layers 

of clothing between the skin and pressure sensors to minimise the effect of textiles 

between the skin and pressure sensor from influencing pressure recordings. In pilot 

testing, original pressure sensors had no leather sleeve, however, they were soon 

destroyed by shear loading. We ordered new sensors and asked for a thin leather sleeve 

to ensure pressure sensors remained in working order. Pressure sensors were not placed 

on the hips because the pads are designed to measure normal force and not tangential, 

which leads to invalid recordings of pressures at the hips. Correct body armour size was 

placed and fitted on each participant by the same researcher for all testing. 

Participants completed a treadmill walking protocol consisting of a 5-minute 

warm-up at 1.25 m⋅⋅s-1, 10 minutes “moderate” walking at 1.53 m⋅⋅s-1, 10 minutes “fast” 

walking at 1.8 m⋅⋅s-1, and a 5-minute cool down at 1.25 m⋅s-1. The experimental speeds 

represented typical administrative (i.e., moderate) and approach (i.e., fast) marching 

speeds in the Australian Army. Pressure pad data were acquired at 50 Hz for 30 s during 

the final minute of the moderate and fast walking speed phases. Ratings of perceived 

exertion (RPE) were obtained in the penultimate minute of each walking speed (Borg, 
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1982). We considered data collected after eight minutes of walking at each speed to be 

stable and repeatable, as participants have been shown to require 5-6 minutes of 

treadmill walking before gait parameters are consistent (Lavcanska, Taylor, & Schache, 

2005), and for body armour load to settle on to participants’ bodies.  

Immediately following the treadmill protocol, participants reported their 

perception of whether load was taken off their shoulders compared to their normal 

experience wearing body armour (1=No, 2=Yes, a little, 3=Yes, a lot, 4=Yes, all). 

Hereafter, this will be referred to as “load offset rating” (see section 5.8.1). Participants 

then completed a discomfort questionnaire in which they rated, individually for each 

site, discomfort experienced at the neck, shoulders, upper back, and hips (see section 

5.8.2). Response options ranged from 1 (“comfortable”) to 6 (“extremely 

uncomfortable”). The questionnaire used discrete numbers rather than a visual analogue 

scale and was similar to a previously used scale (Martin & Hooper, 2001). Discomfort 

questionnaire experts from our Ergonomics department who validated and used this 

scale in previous Defence field trials recommended this scale over using visual analogue 

scales as low frequency responses can bias the mean response substantially. Participants 

were briefed on questionnaires before testing to ensure they were interpreted 

consistently. Following questionnaire completion, participants rested ≥25-minutes and 

then completed the treadmill protocol (including rest period) for two subsequent 

armour-load conditions assigned to the testing session. This rest period was deemed 

adequate for recovery from 30-minutes of sub-maximal intensity load carriage (Faghy & 

Brown, 2014) 

5.3.4 Data Analysis 

Using custom Matlab (R2014b, The MathWorks, Natick, MA, USA) code, raw pressure 

data from right shoulder pad were filtered using a low-pass (i.e., 6 Hz cut-off) zero-lag 

second-order infinite impulse response Butterworth design and processed to obtain 

total force (i.e., sum of forces from all loaded sensors in Newtons), maximum pressures 

(i.e., highest pressures experienced by any one sensor (kPa)) for every frame in 30 s 

capture period. We filtered raw pressure data only to determine peak pressure, as impact 
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artefacts existed that were not necessarily representative of an actual peak value. In this 

study, total force was reported instead of average pressure due to force not always being 

applied to all sensors, which resulted in discrepancies between total force and average 

pressure. These variables are related because average pressure is derived from total force 

per pad unit area, however, sensors recording zero were not included in the software-

derived average pressure. Right-side data were used as some sensels in the left pad were 

damaged during testing by shear loading. We compared mean left and right pad results 

(e.g., force, max pressure, mean pressure) from two participants who had complete data 

and there were no significant differences between the measurements. All instantaneous 

pressure values were then averaged across 30 s capture period to obtain mean values for 

pressure variables for each armour-load condition and movement speed. 

The pressure pad was divided into four regions to compare distribution of total 

force (i.e., sum of all sensors in region) and maximum shoulder pressure across. Regions 

were selected based on mean Australian military population norms for distance from 7th 

cervical spine to nipple line (378 mm) and length from acromion to middle of upper 

trapezius muscle (147 mm) (Edwards et al., 2014), and from the known dimensions of 

the overall pad and individual sensors (Figure 5.2). Four regions were classified as the 

front shoulder, medial shoulder, lateral shoulder, and back shoulder. As the middle of 

the pad was always aligned with acromion processes, defined pad regions aligned 

similarly between participants. However, to account for potential inaccuracies in pad 

alignment, rows of sensors between front shoulder and upper shoulder, and between 

upper shoulder and back shoulder, were excluded from analyses (Figure 5.2). 

5.3.5 Statistical analysis 

All data were analysed using IBM SPSS Statistics (IBM Corp, Armonk, NY) v22.0 

for Windows. Pressure parameters, RPE, and shoulder region data were confirmed to be 

normally distributed using Kolmogorov-Smirnov test, and three-way repeated measures 

Analysis of Variance (ANOVA) (armour × speed × mass) were performed to determine 

interactions between armour systems, movement speed, and carried load. The ANOVA 

for pressure parameters and shoulder region data showed no main effect of, or 
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interaction between, speed. Therefore, data were aggregated to compare between 

armour systems and carried load. A two-way repeated measures ANOVA (armour × 

mass) was performed on aggregated data to test for significant main effects of armour 

system or carried load, and their interaction. All regional pressures were normalised 

against pressure results from no hip belt armour (i.e., TBAS), and a separate armour × 

mass ANOVA was performed to test for main effects and interactions between hip belt 

armour designs and load. This was to directly compare if the region of shoulder loading 

changed between body armour designs that incorporated a hip belt. If a significant main 

effect or interaction was found, pairwise comparisons between individual armour 

systems and carried loads were performed using Bonferroni post-hoc analyses. 

Significance was set at p<0.05. 

Load offset rating and discomfort questionnaire data were categorised into two 

responses for each question to combine low-frequency responses and enable subsequent 

Chi-square analyses. Load offset rating was separated into two score categories, one 

remaining as “No”, while scores from two to four were labelled “Yes”. Additionally, four 

body regions were reduced into “comfortable” (rating=1) and “experienced discomfort” 

(ratings from 2 to 6) (Hasselquist et al., 2013). Using categorised data, differences in 

questionnaire responses between armour systems were analysed using Chi-square tests 

and pairwise post-hoc comparisons were performed on significant Chi-square results. 
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Figure 5.2. Visual representation of the defined pressure pad regions for a pad placed on 

the right shoulder. The pad comprised 8 x 32 sensors, with each square representing one 

sensor (14.1 mm2). 

Using mean absolute pressures across body armour systems, logistic regression 

analyses was performed to determine associations of pressure variables that had 

significant main effects (independent variable) and likelihood of experiencing shoulder 

discomfort (dependent variable), with six armour systems and two carried loads entered 

as categorical covariates. 

5.4  Results 

Analysis of RPE revealed significant main effects for carried load (Table 1). The 

RPE increased significantly when carrying 30 kg of load (12.3±2.2) compared to values 

obtained when carrying 15 kg load (10.1±1.9) (p<0.001). There were no significant 

differences in RPE between armour systems. 
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Chi-square analysis revealed relationships between armour system and load 

offset rating were significant (χ2=21.84, p=0.016) (Table 1). Most participants perceived 

carried load was transferred off their shoulders with use of a hip belt (75.6–97.3%), 

however significantly fewer perceived load was taken off their shoulders with pARM3 

(75.7%) compared to all other armour types (p<0.05). Additionally, percentage of 

participants who perceived load was taken off their shoulders reduced when carried load 

increased from 15 kg (95%) to 30 kg (83.7%). 

5.4.1 Discomfort 

A chi-square test of independence showed significant relationships between body 

armour system and discomfort at both shoulders (χ2=14.427, p=0.013) and hips 

(χ2=35.048, p<0.001) (Figure 5.3). All load sharing systems, other than pARM3, had fewer 

participants experience shoulder discomfort compared to TBAS. The cARM2 and 

pARM2 armour systems had 20% fewer participants experience shoulder discomfort 

compared to TBAS. Despite this, majority (64.1% and 65.7%) of participants still 

experienced shoulder discomfort when wearing cARM2 and pARM2 armour systems, 

respectively. All load sharing systems elicited greater hip discomfort than TBAS. Fewer 

participants experienced hip discomfort wearing cARM1 (71.8%) pARM2 (68.4%) and 

pARM3 (59.5%) compared to when wearing cARM2 (84.6%) and pARM1 (79.5%). 
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Figure 5.3. Participants (% of total) rating the neck, shoulders, upper back, and hips as 

comfortable or uncomfortable. The chi-square (χ2) result is presented in the top left corner. 
ap=0.013, bp<0.001. 

5.4.2 Shoulder pressure 

No interactions between load and armour systems were found for total force or 

maximum pressure variables, however, there were main effects of armour systems and 

carried load (p<0.005). Main effects of carried load revealed all pressure pad parameters 

were significantly higher with 30 kg of carried load compared to values obtained when 

carrying 15 kg (p<0.005). Comparisons between armour types revealed total force on 

shoulders was lower when wearing pARM1 and pARM2 compared to values obtained 

when wearing TBAS (p<0.005) (Table 5.1). Maximum shoulder pressure was lower for 

cARM1 compared to values obtained with TBAS (p=0.037), and wearing pARM1 or 

pARM2 reduced average shoulder pressure compared to wearing TBAS (p=0.038). 

There was a significant interaction between carried load and armour system for 

medial total force (p=0.034). The pARM2 (p<0.001) and cARM2 (p=0.004) armour 

systems decreased total force relative to TBAS from 104.14±43.7% and 110.1±32.5% with 

15 kg of carried load to 65.9±20.2% and 89.4±20.9% with 30 kg of carried load, 
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respectively (Figure 5.4). This finding suggests the load redistribution feature of pARM2 

and cARM2 became more effective in medial shoulder region with increased carried 

mass, though total force relative to TBAS remained constant in other armour systems 

between carried loads (p>0.05).  

There were main effects of armour system and carried load on total force and 

maximum regional shoulder pressures (p<0.005). Compared to wearing TBAS, wearing 

cARM2 reduced total force in lateral region, while wearing cARM2 and pARM2 resulted 

in significantly less maximum pressure in the lateral region (p<0.001) (Figure 5.5). The 

cARM1 and pARM3 systems had significantly less total force in medial shoulder region 

compared to cARM2 (p=0.014, p=0.020) and pARM1 (p=0.006, p=0.041). Additionally. 

wearing pARM2, cARM1, and cARM2 armour systems resulted in significantly lower 

maximum pressure in medial shoulder compared to pARM3 (p<0.001) and pARM1 

(p<0.001), and wearing cARM2 resulted in significantly less maximum pressure in lateral 

shoulder region compared to cARM1 (p=0.024) and pARM3 (p<0.001). For comparisons 

between loads, carrying 15 kg of load resulted in 18.1±23.4% less normalised maximum 

pressure in front region compared to carrying 30 kg (p=0.004). 

 
Figure 5.4. Total force (mean and standard error) in each region for the load sharing 
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systems normalised to a percentage of the TBAS pressure (shown as the dashed-horizontal 

line). Values above the line indicate the total force was higher for that armour system 

compared to TBAS, while values below the line indicate lower pressure. *Armour system is 

significantly lower than TBAS (p<0.001), +cARM2 (p = 0.002, p = 0.002) and pARM1 (p = 

0.019, p=0.049) are significantly greater than pARM2 and cARM1, respectively, #pARM1 is 

significantly greater than pARM2 (p<0.001), cARM1 (p=0.015), and pARM3 (p=0.008), 

^cARM1 (p=0.014, p=0.006) and pARM3 (p=0.020, p=0.041) are significantly less than 

cARM2 and pARM1, respectively, §pARM2 (p=0.019) and pARM3 (p=0.001) armour 

systems are significantly greater than cARM2,✝30 kg load is significantly less than 15 kg.  

 

Figure 5.5. The maximum pressure (mean and standard error) in each region for the load 

sharing systems normalised to a percentage of the TBAS pressure (shown as the dashed-

horizontal line). Values above the line indicate the maximum pressure was higher for that 

armour system compared to TBAS, while values below the line indicate the pressure was 

lower. *Armour system is significantly lower than TBAS (p<0.001), ^pARM2, cARM1, and 

cARM2 are significantly lower than pARM3 (p<0.001), ‡ pARM2, cARM1, and cARM2 are 

significantly lower than pARM1 (p<0.001), # cARM1 and pARM3 are significantly greater 

than cARM2 (p=0.024, p<0.001). 
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Logistic regression model had strong predictive capacity, accounting for 45% of 

variation in shoulder discomfort. Results showed odds of experiencing shoulder 

discomfort increased 1.34 and 1.04 times with every 1 kPa increase in maximum pressure 

on lateral shoulder region and total force applied to posterior shoulder region, 

respectively (Table 5.2). 

Table 5.1. Ratings of Perceived Exertion (RPE), load offset rating, and absolute pressure 

values (mean±SD) for armour systems and carried loads. All RPE and pressure data were 

aggregated for movement speed. Data shown for armour systems were aggregated for 

carried load, while data for carried loads were aggregated for armour system. 1Indicates 

significant main effect or armour type (p<0.05).*Data obtained for armour system is 

significantly lower than data obtained when wearing TBAS. ^Data for armour system is 

significantly different than data obtained when wearing pARM3. Grey regions indicate 

significant main effect of load, where 30 kg data were significantly higher (except for load 

offset which was lower) than values obtained with 15 kg (p<0.05). 

  Armour system  Carried load 

Variable  TBAS cARM1 cARM2 pARM1 pARM2 pARM3  15 kg 30 kg 

RPE  11.3±2.5 11.2±2.2 10.9±2.5 11.3±2.2 11.1±2.2 11.4±2.4  10.1±1.9 12.3±2.2 

Load 

offset (%) 
 - 94.9^ 87.2^ 92.3^ 97.4^ 75.7  95.0 83.7 

Total 

force (N)1 
 133.6±54.3 109.5±50.7 109.9±50.3 95.0±68.3* 95.2±48.1* 110.7±52.1  74.4±33.8 143.6±51.4 

Maximum 

Pressure 

(kPa)1 

 29.4±10.6 23.4±8.7*^ 23.6±9.0^ 27.7±14.8^ 24.1±9.0^ 32.9±12.2  22.4±9.3 31.3±11.6 
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Table 5.2. Shoulder discomfort predicted from pressure parameters using logistic 

regression. An odds ratio >1 indicates that as the pressure parameter increases, there is 

increased odds of experiencing discomfort. The 95% confidence interval (CI) associated 

with the odds ratio is reported. *p<0.05. R2 indicates amount of variation in shoulder 

discomfort predicted by all variables. 

Pressure variable Odds ratio (CI) P-value 
Total Force 0.99 (0.97 – 1.02) 0.450 
Maximum Pressure 1.05 (0.96 – 1.16) 0.295 
Front region total force 1.03 (0.99 – 1.07) 0.123 
Front region max pressure 1.05 (0.91 – 1.22) 0.479 
Back region total force 1.04 (1.01 – 1.07) 0.024* 
Back region max pressure 0.96 (0.81 – 1.15) 0.678 
Inside region total force 1.01 (0.99 – 1.03) 0.504 
Inside region max pressure 1.06 (0.97 – 1.16) 0.210 
Outside region total force 0.98 (0.94 – 1.01) 0.144 
Outside region max pressure 1.34 (1.04 – 1.74) 0.026* 
 R2 = 0.45  

5.5 Discussion 

This is the first study to investigate if using a hip belt integrated body armour 

design reduces shoulder pressures and perceptions of discomfort in soldiers. Six 

different body armours (one standard-issue design without a hip belt and five designs 

with hip belts) were loaded to 15 kg and 30 kg mass configurations and compared in a 

soldier cohort that walked at moderate and fast speeds on a treadmill. Hip belt armour 

designs reduced shoulder discomfort and shoulder pressures, and changed distribution 

of shoulder pressures compared with standard-issue no hip belt design. 

Results confirmed our hypothesis that body armour integrated with a hip belt 

reduces shoulder discomfort compared with standard-issue no hip belt body armour, 

and were consistent with previous backpack research (Golriz et al., 2015; 

Wettenschwiler, Lorenzetti, et al., 2015). Best performing load distribution systems (i.e., 

cARM2 and pARM2) resulted in 20% fewer participants experiencing shoulder 

discomfort compared to standard-issue armour. Hip belt body armour designs also 

reduced shoulder pressures compared to standard-issue body armour, supporting our 
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second hypothesis. The most effective load distribution system (pARM1) displaced 

approximately 29% more vertical force from shoulders compared to TBAS. These 

findings agree with previous studies that showed a backpack hip belt can transfer 

approximately 30% of vertical force (LaFiandra & Harman, 2004) and 50% of pressures 

(Martin & Hooper, 2001) from shoulders. Additionally, shoulder load transfer is 

comparable to results from active robotic upper-body assistive devices (Park, Stegall, 

Zhang, & Agrawal, 2016). In areas where a thin layer of soft tissue covers bony landmarks 

(e.g., shoulder or forearm), pressures >10 kPa restrict blood circulation (Holloway, Daly, 

Kennedy, & Chimoskey, 1976; Sangeorzan, Harrington, Wyss, Czerniecki, & Matsen, 

1989) and >20 kPa increase pain risk (Bryant et al., 2001). In this study, maximum 

pressure produced by standard-issue armour was 25.2±10.3 kPa with 15 kg carried load, 

while the best performing load distribution system reduced pressure to 17.9±6.1 kPa, 

which was below the pain threshold. This reduced shoulder pressure may be the 

mechanism by which hip belts reduce shoulder discomfort and protect against pressure-

induced injuries to underlying nerves (Martin & Hooper, 2001; Wettenschwiler, 

Lorenzetti, et al., 2015).  

Although effective in reducing shoulder pressure and discomfort, using a hip belt 

shifted discomfort from shoulders to hips, with 60-80% of participants reporting hip 

discomfort with load distribution systems compared to 30% when using standard-issue 

body armour. Nevertheless, the hips, with deep nerves protected by thick soft-tissue and 

bone (e.g., pelvis and femur), are anatomically well-suited to withstand compressive 

forces, whereas shoulders have nerves located superficially beneath muscle. While no 

load carriage studies have examined the difference in discomfort sensitivity at the 

shoulders and hips to different types (e.g., compression vs. shear) and magnitudes of 

loading, a previous study showed pain thresholds were lower when compressive 

pressures were applied to sites with superficial nerves compared to bony or highly 

muscular sites (Kosek, Ekholm, & Hansson, 1999). Further, load carriage studies have 

shown perceived shoulder discomfort to be more sensitive to changes in static pressures 

than hip discomfort (Martin & Hooper, 2001; Wettenschwiler, Lorenzetti, et al., 2015). 

Consequently, shoulder-to-hip load transfer may not elicit as much pain and discomfort 
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compared to shoulders bearing most of the load and, therefore, could be an effective 

mechanism to decrease risk of pressure-induced shoulder injuries (Bessen et al., 1987). 

This becomes relevant considering the critical tasks hindered by deficits in neural 

function, such as firing a weapon or throwing a grenade (Hadid et al., 2016). Further 

studies could investigate the extent to which pain due to shoulder or hip pressure 

increases with time (e.g., over 2-3 hours), as we deliberately limited exposure time to 30 

minutes to minimise temporal pain summation effects. 

Shoulder pressure distribution may be a more important predictor of discomfort 

than the magnitude of shoulder pressure in soldiers. Logistic regression analysis showed 

no associations between total force or maximum pressure and shoulder discomfort, 

which disagrees with our third hypothesis. Additionally, maximum shoulder pressure 

with 30 kg of load, while reduced by wearing load distribution systems compared to 

TBAS, exceeded the pain threshold regardless of armour system used. In contrast to 

magnitude pressure results, the likelihood of soldiers experiencing shoulder discomfort 

increased 1.34 times with every 1 kPa increase in maximum pressure to the lateral 

shoulder region. From these results, we propose two recommendations that could assist 

in reducing pressure-related shoulder injuries. First, soldiers should limit their exposure 

to carrying loads above 30 kg, where practicable, to short periods of time, unless a load 

sharing design can be identified from existing products or prototypes with superior load-

distribution performance to designs tested in this study. Second, to reduce shoulder 

discomfort and injury risk, it is preferable to distribute load closer to shoulder midline 

so the clavicle can provide mechanical protection to underlying soft tissues (Hadid et 

al., 2015). From the designs tested in this study, relative to TBAS, cARM2 armour had 

lowest total and maximum pressures in the lateral shoulder region, thereby possibly 

protecting against discomfort and injury. In contrast, pARM2 and pARM3 armour had 

greater lateral shoulder pressures than TBAS for both 15 kg and 30 kg conditions, which 

may reduce soldier tolerance to wearing these designs for long time periods compared 

to designs that distribute load closer to shoulder midline (e.g., cARM2). Therefore, based 

on the importance of pressure distribution for predicting discomfort risk, results from 

this study suggest that wearing cARM2 would provide the greatest immediate benefit to 
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soldiers. Moreover, redistributing shoulder pressure medially, in addition to reducing 

shoulder pressure magnitude, should be design targets for body armour and backpack 

manufacturers. 

5.5.1 Limitations 

Despite a controlled experimental design, the current study had limitations. First, 

pressure sensors within pressure pads are vulnerable to moisture from sweat and 

humidity, which may contaminate data (Wettenschwiler, Stämpfli, et al., 2015). To 

reduce this risk, pads were protected with a thin leather sleeve and cleaned as per 

manufacturer’s instructions between each use. This leather film was provided by the pad 

manufacturer and they ensured it would not affect pressure recordings. While the film 

may have slightly reduced pressures, Jones and Hooper (2005) showed interface pressure 

measurements were unaffected by layers of clothing. Additionally, the same pad was 

applied for all testing conditions, so any effect would be consistent across armour 

conditions and, therefore, not have influenced relative differences in pressure between 

armour types or loads. Second, although pressure pad placement was standardised, 

small inter-session positioning differences and the use of different torso vests may have 

increased measurement variability and meant differences in pressure distribution 

occurred because of differences in specific design features, such as shoulder strap 

dimensions. Third, pressure region was not a factor in the ANOVA due to the study 

lacking statistical power to perform a 4-way ANOVA with many statistical degrees of 

freedom. Fourth, the order in which participants completed each movement speed was 

not randomized and, therefore, between-speed comparisons need to be interpreted with 

caution. Finally, discomfort questionnaire may not have detected whether participants 

were experiencing discomfort levels sufficient to limit their field effectiveness. Future 

studies should implement less subjective (e.g., two-point discrimination or cold pressor 

test) methods to assess localised discomfort or pain to better understand discomfort 

mechanisms. 



Chapter 5 

 

  

 

128 

5.6 Conclusion 

Results demonstrated, for the first time, incorporating a hip belt with body 

armour can reduce shoulder load and discomfort. This provides a logical method to 

improve standard-issue load carriage designs for soldiering. Due to simple design 

characteristics, hip belts are light and can be easily integrated within existing torso body 

armour. To optimise body armour and backpack design, manufacturers should consider 

implementing design features to reduce absolute shoulder pressure and distribute 

pressure closer to shoulder midline, while minimising hip discomfort. Load sharing 

systems have the potential to reduce risk of shoulder injuries during load carriage and 

risk of any performance decrements associated with shoulder pain and discomfort. 
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5.8.1 Load offset rating 

Do you feel the load was taken off your shoulders compared to your normal experience 

when wearing body armour?  

 
  

No/didn’t notice Yes, a little Yes, all Yes, a lot 
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5.8.2 Discomfort questionnaire 

Please circle the level of comfort you feel for each body region. Use the scale provided 

as a guide. 

COMFORT RATING 
Comfortable 1 
Very slight discomfort (“just noticeable”) 2 
Slight discomfort (“annoying”) 3 
Moderate discomfort (“can put up with it”) 4 
Very Uncomfortable (“very hard to tolerate”) 5 
Extremely uncomfortable (“need to stop”) 6 

 

Neck       Lower Back 
1 2 3 4 5 6  1 2 3 4 5 6 
 
Shoulders      Hips 
1 2 3 4 5 6  1 2 3 4 5 6 
 
Chest       Knees 
1 2 3 4 5 6  1 2 3 4 5 6 
 
Armpits      Ankles 
1 2 3 4 5 6  1 2 3 4 5 6 
 
Upper back      Feet 
1 2 3 4 5 6  1 2 3 4 5 6 
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6.1 Abstract 

Background: Soldier attrition due to musculoskeletal injuries has increased 

globally within the last 10 years, leading to a reduced workforce capability while 

incurring substantial costs. Exposure to the physical demands of military service, 

including heavy load carriage, is associated with the risk of musculoskeletal injury (MSI). 

Predictors of MSI include biomechanical surrogates of injury that describe mechanical 

loading acting at common injury sites, and are related to the joint and tissue mechanical 

environment. Optimising how soldiers carry load by redesigning load carriage 

equipment could reduce or redistribute mechanical load. The purpose of this study was 

to determine the effects of load redistribution, load magnitude, and walking speed on 

biomechanical surrogates of MSI. 

Hypotheses: (H1) Compared to wearing a standard design, load borne closer to 

the hips will result in a more upright posture, and decreased magnitude of the knee 

extension moments and power absorbed at the knee during the early stance phase of 

walking. (H2) In response to increasing the carried load and walking faster, trunk 

flexion, peak knee flexion, negative power absorbed during the loading response, and 

joint moments will be increased compared to wearing a lighter load and/or walking 

slower. 

Study Design: Within-subjects, repeated measures 

Methods: Twenty soldiers (29.5±7.1yrs) each wore twelve body armour 

variations: six armour types (one standard-issue armour, TBAS, and five prototype 

designs, cARM1-2, pARM1-3) and two carried load magnitudes (15 and 30kg) while 

walking on an instrumented treadmill for 10 minutes at each moderate (1.53m⋅⋅s-1) and 

fast (1.81m⋅⋅s-1) speeds. Measured whole-body marker kinematics and ground reaction 

forces were used, along with a scaled anatomic model, in OpenSim’s inverse kinematic 

and inverse dynamic procedures to respectively determine whole-body joint angles and 

lower-limb net joint moments. From the ensemble average of at least 10 gait cycles, peak 

hip flexion and extension moments, knee flexion moment, ankle plantar flexion 

moment, and knee adduction moment were determined. Additionally, negative knee 
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joint work over early stance was computed. 

Results: Results from repeated measures ANOVAs of peak parameters revealed 

joint moments increased when participants carried greater load and/or walked faster 

(p<0.001). Combined effects of carried load and walking speed were mostly additive. The 

peak knee flexion angle, extension moment, and negative work in stance did not change 

between armour types, but the peak plantarflexion moment reduced by 16% when 

wearing cARM1 compared to TBAS during fast walking with 30 kg, suggesting possible 

positive benefits of load redistribution at higher task demands. 

Conclusion: This study was the first to show that redistributing the load from 

the shoulders to the hips did not adversely affect hip, knee and ankle loading. Armour 

designs building upon the best features of those tested in this study may seek to optimise 

lower-limb joint loading, although further studies are required to the exact determine 

design criteria. Additionally, the results could be used to inform the prescription of 

physical training programs enabling soldiers’ to better tolerate carrying heavy loads. 
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6.2 Introduction 

The physical demands of military service place soldiers at risk of musculoskeletal 

injuries (MSI) (Nindl et al., 2013). Rates of MSI to the lower extremities have more than 

doubled in the past decade, with soldiers sustaining one or more MSI during a typical 

service career (Armed Forces Health Surveillance Center, 2013). In addition to affecting 

military capability, MSI impose substantial direct medical, rehabilitation, and 

hospitalisation costs (Songer & LaPorte, 2000), as well as indirect costs related to a 

reduced capacity to work. In Australia, the Department of Veterans Affairs had 

Australian Defence Force compensation claims of approximately $213 million in 2013-14 

for acute and chronic MSI-related rehabilitation (Department of Veterans' Affairs 

Australia, 2014). Due to the high costs of treating MSI, many epidemiological studies 

have been conducted to understand the factors contributing to MSI risk in soldiers, with 

the goal of designing effective interventions for MSI prevention. These studies have 

determined high total training mileage (e.g., running and marching), structurally 

unsuited bone geometry, and high exposure to carrying and wearing heavy loads 

(Milgrom, Finestone, Eldad, & Shlamkovitch, 1991; Roy et al., 2016) as primary physical 

risk factors for MSI. Indeed, mission-vital equipment carried by modern soldiers, while 

enhancing their infield capability, has been reported to increase their risk of sustaining 

MSI (Roy et al., 2016). This is understandable as loads carried by Australian soldiers in 

recent deployments have ranged from 30.6 to 51.2 kg (Orr, Pope, et al., 2015) while 

carried loads have exceeded 50% of body mass for U.S soldiers.  

Despite epidemiological studies demonstrating an association between increased 

exposure to physical risk factors and increased risk of lower-limb MSI, most have not 

quantified the biomechanical effects of physical risk factor, such as load carriage, thus 

limiting their use in designing injury prevention programs. As a result, several studies 

attempting to reduce MSI incidence through interventions such as prescribed physical 

training programs (Popovich et al., 2000), stretching, and orthoses (Finestone et al., 

2004), have resulted in little to no change in MSI incidence. This lack of effectiveness 

suggests interventions have not targeted MSI mechanisms. Instead of prescribing MSI 

interventions and measuring their effectiveness, research should focus on 



Chapter 6 

 

 

135 

understanding the mechanisms of MSI and the possible role of load carriage on injury 

causation. Once the injury mechanisms are understood, training programs, policies, and 

equipment design can be modified to reduce injury risk. Indeed, such a mechanistic-

based framework for injury prevention has proven successful in reducing knee injuries 

in Australian football (Finch et al., 2016), and relies upon characterising the 

biomechanical surrogates (e.g., joint kinematics, moments, and powers) of injury during 

sport or job-specific tasks (Donnelly et al., 2012; Finch, 2006). These measures may 

provide better prediction of injury risk than, for instance, previous physical activity 

history, because they relate more to the joint and tissue mechanical environment 

(Donnelly et al., 2012; Finch, 2006; Lloyd, 2001) 

Previous studies have characterised the biomechanical changes caused by 

carrying load. Trunk flexion increases to mediate the compromised stability caused by 

the load (Attwells et al., 2006). Additionally, compared to wearing no load, load carriage 

gait evokes greater peak knee flexion, internal extension moments, and power 

absorption during the weight acceptance phase of gait (Seay, Fellin, et al., 2014; Silder et 

al., 2013; Wang et al., 2013). In supporting the head, arms, and trunk (HAT) from collapse 

and regulating HAT angular momentum, negative knee powers absorb energy and 

increase the internal knee extension moment (Mann, 1980; Winter, 1987). Consequently, 

knee reaction forces likely increase as peak knee flexion and internal extension moments 

are positively correlated with patellofemoral (R2 =0.68) and tibiofemoral (R2=0.75) 

reaction forces (Lerner, Haight, et al., 2014; Powers et al., 2014). Knee pain may develop 

in response to the increased reaction forces potentially damaging the articular cartilage 

(Scott & Winter, 1990). Indeed, individuals exhibiting, or regularly exposed to activities 

producing larger than normal internal knee extension moments, (e.g., stair climbing and 

running) have been shown to develop higher rates of and more severe anterior knee pain 

than individuals less exposed (Heijink et al., 2012; Smith et al., 2004). Reducing peak 

knee extension moment and knee energy absorbed in early stance may, therefore, be 

important for reducing MSI risk. 

To reduce the risk of MSI due to load carriage, soldiers should simply carry less. 

However, technological advances provide lighter equipment (e.g., smaller batteries) 

compared to before, yet the diverse mission profile of modern, technically advanced, 
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and professional armed forces leads inevitably to greater equipment burden. Instead, 

optimising how soldiers carry load in new equipment designs may decrease MSI risk. 

Compared to standard backpack designs, distributing load closer to the body centre of 

mass results in a more upright posture and fewer kinematic and kinetic changes (Seay, 

Fellin, et al., 2014). However, to date, no studies have examined the effects of shoulder 

and hip-borne load carriage on specific biomechanical surrogates of MSI, such as 3D 

joint moments and power absorption at the knee. 

This study aimed to determine the effects of changing the distribution of torso-

borne load, the magnitude of load, and walking speed on joint kinematics, lower-limb 

joint moments, and energy absorption at the knee during walking. It was hypothesised 

that shoulder and hip-borne load carriage will result in a more upright posture 

compared to wearing a standard design, and decrease the magnitude of knee extension 

moment and power absorbed at the knee during the early stance phase of walking. 

Additionally, in response to increasing the carried load and walking faster, trunk flexion, 

peak knee flexion, negative power absorbed during the loading response, and joint 

moments will increase compared to wearing a lighter load and/or walking slower.  

6.3 Methods 

6.3.1 Participants 

Twenty Australian Army Reserve soldiers (age: 29.5±7.1 years, height: 1.77±0.08 

m, mass 82.8±12.1 kg) participated in this study. They had all completed initial entry 

training (5.5±3.7 years since completion) and participated in weekly training activities 

with their respective Reserve unit. In Australia, reservist and active personnel have to 

pass the same basic training and have similar load carriage experience. While active 

personnel would have a higher level of physical strength and endurance than reservists, 

they have similar walking patterns to reservists as they are trained to carry load in the 

same way. All were in good health with no injuries or physician recommendation to 

avoid strenuous exercise. Participants gave their written informed consent approved by 

the Australian Defence Human Research Ethics Committee (Protocol 756-14). 
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6.3.2 Body Armour Conditions 

Six different body armour systems were tested, which included the current 

Australian Army standard-issue Tiered Body Armour System (TBAS) and five load 

sharing systems designed to transfer load from the shoulders to the hips. Of the load 

sharing systems, two were commercially available (cARM1 and cARM2) and three were 

prototypes (pARM1, pARM2, and pARM3). For the six body armour systems, either 15 kg 

or 30 kg of load were added to simulate typical Australian Army operational combat 

loads for short duration missions. A description and illustration of these load 

configurations can be found in section 3.3.3.1. 

6.3.3 Procedures 

Participants attended four laboratory-based testing sessions to complete a 

standardised treadmill walking protocol (Figure 6.1) for each of the 12 armour × load 

conditions (i.e., the six body armour systems and two load conditions). Each testing 

session was separated from the previous by at least 3 days to eliminate any chance of 

fatigue affecting subsequent sessions. During testing, participants wore an athletic shirt, 

standard athletic shorts, and their own military boots. Despite differences in shoes 

between participants, the type of shoe each participant wore was consistent for each 

session they attended, such that comparisons between armour types would still be valid 

due to the within-participant study design (i.e., the dissipation of forces would be 

constant across armour types). In the first visit, participants completed a health 

screening and completed the treadmill walking protocol for three armour × load 

conditions. In each of the three subsequent sessions, participants completed the 

treadmill walking protocol for three armour × load conditions. The order of completing 

the experimental conditions was randomised and counterbalanced using a Latin square 

design. 
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Figure 6.1. Soldier completing treadmill the walking protocol for one of the 12 experimental 

conditions. 

Assessment during treadmill walking involved measuring whole-body 3D motion 

and ground reaction forces (GRF). Spherical (i.e., 14 mm diameter) retro-reflective 

markers and marker clusters were placed on the head, torso, arms, and legs of the 

participant in accordance with a marker set previously developed (Chapter 4) and 

validated (Lenton, Doyle, Saxby, & Lloyd, 2017). Marker and GRF data were measured 

using an 11-camera (100 Hz) 3D motion capture system (Vicon, Oxford, UK) and a fore-

aft split-belt force-measuring (1000 Hz) treadmill (AMTI Compact Tandem, Watertown, 
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MA, USA). Prior to treadmill walking, a static calibration trial was recorded of the 

participant in quiet stance in an anatomically neutral pose. A second trial was also 

recorded to define the 3D positions of 14 anatomic landmarks using a 6-marker 

calibration wand, which aided segment tracking in dynamic walking trials. 

For each armour condition, participants completed a treadmill walking protocol 

consisting of a 5-minute warm-up at 1.25 m⋅s-1, 10-minutes “moderate” walking at 1.53 

m⋅s-1, 10-minutes “fast” walking at 1.81 m⋅s-1, and 5-minute cool-down at 1.25 m⋅s-1. The 

experimental speeds represented typical administrative (i.e., moderate) and approach 

(i.e., fast) speeds in the Australian Army. During the treadmill walking protocol, whole-

body 3D marker positions and force plate data were acquired for 30 s during the final 

minute of each walking speed. Data was collected in the final minute to allow the 

participant sufficient time to develop a consistent walking pattern (Lavcanska et al., 

2005). Following the protocol, participants rested for a minimum of 25 mins and 

repeated the protocol for the remaining armour-load configurations assigned for that 

session. This rest period was deemed sufficient to minimise any risk of cumulative 

fatigue developing throughout the testing session.  

6.3.4 Data Analysis 

All participants completed the walking trials for each combined armour, load 

magnitude and walking speed conditions. Their marker and GRF data were processed 

using a consistent computational pipeline. Using Vicon Nexus version 2.3, raw marker 

trajectories from the static calibration and 30 s walking trials were reconstructed and 

cleaned for subsequent processing. Marker trajectories and GRF data were then 

exported from Vicon Nexus via MotoNMS (Mantoan et al., 2015), a Matlab toolbox 

(R2014b, The Mathworks) that processes and prepares the data for subsequent 

modelling in OpenSim (Delp et al., 2007). In MotoNMS, joint centres were defined for 

the hips using the Harrington regression equations (Harrington et al., 2007), and at the 

knees and ankles using the midpoint of the medial and lateral femoral condyles and 

malleoli, respectively. In the 30 s walking trials, consecutive right heel strikes were 

detected with a marker displacement method (Alvim et al., 2015) used to identify 

individual gait cycles. Marker trajectories and GRFs were then low-pass filtered with 10 
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Hz cut-off using a 4th order zero-lag Butterworth design (Robertson & Dowling, 2003), 

and transformed from the laboratory coordinate system to the OpenSim coordinate 

system. We chose the same cut-off frequency for marker and force data as it has been 

shown that artefacts in inverse dynamics results can occur at heel strike if different cut-

off frequencies are used (e.g., 10 Hz for marker data and 25 Hz for force data) 

(Kristianslund, Krosshaug, & Van den Bogert, 2012). Due to the walking speeds being 

faster compared to self-selected walking speeds, signal power not characteristic of noise 

was present in the first 10 harmonics. Thus, too low a frequency would attenuate some 

of the actual signal.  As a result, I chose 10 Hz to remove the high frequency noise present 

in the signal while minimising signal distortion. 

6.3.5 Biomechanical modelling 

A generic full-body anatomic model consisting of 13 lower-body segments 

actuated by 80 muscle-tendon units (Rajagopal et al., 2016) was used within OpenSim 

version 3.3. This model was selected because it improves upon previous OpenSim 

models and has been validated for use in walking gait. The model included a six degrees 

of freedom (DOF) pelvis, a three rotational DOF hip, a one DOF knee where 

abduction/adduction and internal/external rotations, as well as superior/inferior and 

anterior/posterior tibial translations were prescribed as a function of knee flexion 

(Walker, Rovick, & Robertson, 1988), and a one DOF ankle for plantar/dorsiflexion. 

For each participant, the model bodies were linearly scaled using the distances 

between pairs of markers obtained in the static calibration trial and the corresponding 

virtual marker pairs positioned on the model. The relative mass distribution of each 

model was preserved, but the total mass was adjusted based on mass measurements of 

each participant. Using the scaled anatomic model, an inverse kinematics (IK) algorithm 

was used to determine the 3D model kinematics (Reinbolt et al., 2005). For the knee 

joint, IK solved for knee flexion DOF with the other rotations and translations 

prescribed as a function of this DOF. However, to allow OpenSim to compute 3D knee 

moments, additional adduction/abduction and internal/external knee rotations were 

added. The kinematics and GRFs were applied in the inverse dynamics tool to calculate 

joint moments. From the inverse dynamics results, total negative knee joint work per 



Chapter 6 

 

 

141 

stride was calculated by integrating the area under the instantaneous knee joint power 

curve over the first 30 % of stride (Winter, 1987). 

Each 30 s epoch of data contained at least 25 gait cycles. From this, for each 

participant, at least 10 gait cycles (range: 10-28 gait cycles) were used to create ensemble 

averages of the joint angles and moments across the armour types, loads, and walking 

speeds. Selected gait cycles were removed from ensemble averages after manual 

inspection of the angle and moment curves revealed errors (i.e., outliers). From the 

ensemble-averaged curves, peak joint angles, moments, and negative work parameters 

were extracted for statistical analysis. Since the three prototype armour systems were of 

similar design (i.e., single strut located at the back), the data from these were grouped 

into a single armour condition (pARM) for statistical comparisons. This was not 

considered for the cARM1 and cARM2 because their designs had multiple differently 

positioned struts. 

6.3.6 Statistical Analysis 

Statistical analysis was performed with R version 3.3.1 in R-Studio (RStudio, Inc, 

Boston, MA) v0.99.903. All data were inspected for outliers, which were removed using 

Tukey’s method (Hoaglin et al., 1986). To generate a complete dataset for statistical 

comparisons, missing data were imputed using values obtained from predictive mean 

matching (Buuren & Groothuis-Oudshoorn, 2011). This analysis was appropriate given 

the percentage of missing values from each outlier-removed variable ranged from 1-5% 

(Royston, 2004). The Shapiro-Wilk test was used to confirm the data were normally 

distributed. Three-way repeated measures ANOVA tests were then performed to test for 

significant main effects of armour type, carried load, and walking speed, and their 

interactions for each joint angle, moment, and work variable. Post-hoc analyses (i.e., 

paired t-tests) were performed if significant main effects or interactions were revealed 

to identify specific paired differences. All p-values for the post-hoc tests were adjusted 

using Benjamini’s method to control for multiple comparisons (Benjamini & Hochberg, 

1995) and effect sizes (i.e., partial η2) were calculated for all the significant main and 

interaction effects, with small, medium, and large effects defined as η2 between 0.01 and 

0.06, 0.06 and 0.14, and greater than 0.14 respectively (Richardson, 2011). Linear 
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regressions were also performed to test for trade-offs between sagittal-plane joint 

moments (i.e., hip versus knee) and negative knee work during early stance (Winter & 

Eng, 1995). Significance was set at p<0.05.  

6.4 Results 

6.4.1 Effect of using different load sharing systems 

An interaction was observed between armour type, load, and speed for peak ankle 

plantarflexion moment (p<0.05, η2p=0.01). Post-hoc analysis revealed that peak ankle 

plantarflexion moment was higher for TBAS during fast walking with 30 kg (2.16±0.21 

Nmkg-1) compared to values obtained for cARM1 (2.04±0.27 Nmkg-1) and cARM2 

(2.00±0.26 Nmkg-1) (p<0.05). Additionally, there was a significant interaction between 

armour type and load for peak hip abduction moment (p<0.05, η2p=0.03). Specifically, 

when carrying 30 kg of external load, peak hip abduction moment was higher for TBAS 

(1.14±0.27 Nmkg-1) compared to values obtained when wearing cARM1 (1.00 ±0.27 Nmkg-

1, p<0.05), cARM2 (0.94±0.26 Nmkg-1, p<0.05) and pARM (0.98±0.26 Nmkg-1, p<0.05). 

A comparison of peak joint angles revealed significant interactions between 

armour type and carried mass for mean trunk flexion, and trunk bending and rotation 

ROM. There were also significant main effects of armour type for peak hip extension 

and internal rotation (Figure 6.2, Table 6.1). When carrying 15 kg, mean trunk flexion 

was lower for all load sharing systems compared to when wearing TBAS, while bending 

and rotation ROM was generally lower. When 30 kg was carried, there were no longer 

differences between armour types. Wearing load sharing systems resulted in a more 

upright walking posture, but reduced trunk flexion and rotation ROM, as well as internal 

hip rotation compared to wearing TBAS. 
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Figure 6.2. The interaction between carried load and armour type for mean trunk flexion, 

and trunk bending and rotation ROM. *Indicates values are significantly different between 

loads within the same armour type. All other significant differences are between armour 

types with 15 kg load. 

Even though there was a more flexed trunk with TBAS, this did not result in significantly 

greater hip flexion or reduced knee flexion moments in early stance compared to the 

load sharing systems (Table 6.1). Peak knee flexion, knee flexion moment, hip extension 

moment, and total energy absorbed at the knee in early stance did not change between 

armour types. 

6.4.2 Effect of changing load or walking speed 

Comparisons between loads and walking speeds revealed significant main effects 

and interactions for several kinematic and kinetic parameters (Table 6.1). Compared to 

walking at a moderate pace, peak hip extension moment increased 46% when walking 

fast and carrying 30 kg of load, 37.7% when walking fast and carrying 15 kg of load, and 

21.8% when walking fast and carrying no additional load (Figure 6.3).  
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Table 6.1. Mean ± SD magnitudes for the joint angle and joint moment variables in each of 

the armour types. All kinematic variables are reported in degrees, while internal joint 

moments are reported in Nmkg-1 and work in Jkg-1. Shaded rows indicate significant 

differences in absolute magnitude of the variable between armour types. ROM=range of 

motion. *Values are significantly lower than values for TBAS. ‡Values are significantly 

higher than those for cARM1. 

 Armour type  Effect size 
(Partial η2)  TBAS cARM1 cARM2 pARM  

Kinematics       
Ankle plantar flexion 18.8 ± 5.5 19.2 ± 5.0 18.6 ± 5.3 18.5 ± 4.8  0.011 
Ankle dorsiflexion 10.9 ± 4.4 12.3 ± 4.1 12.1 ± 4.2 11.7 ± 3.8  0.017 
Knee flexion early stance 26.0 ± 5.1 26.2 ± 5.1 25.9 ± 4.6 26.4 ± 5.0  0.007 
Knee extension 1.9 ± 3.0 2.0 ± 3.2 2.8 ± 4.0 1.7 ± 3.8  0.014 
Hip flexion 35.9 ± 7.6 38.4 ± 5.9* 37.1 ± 5.6 38.8 ± 6.4*  0.055 
Hip extension 18.0 ± 5.9 15.4 ± 5.4* 16.8 ± 5.7 15.2 ± 5.6*  0.051 
Hip abduction 11.7 ± 3.4 11.7 ± 2.9 11.7 ± 2.8 12.3 ± 3.0  0.025 
Hip adduction 6.4 ± 2.5 6.1 ± 2.2 5.8 ± 2.5 6.6 ± 2.4  0.015 
Hip internal rotation 3.6 ± 5.1 0.4 ± 4.6* 0.1 ± 4.7* 1.8 ± 5.3*  0.065 
Hip external rotation 10.1 ± 5.5 10.0 ± 4.3 10.6 ± 4.2 10.5 ± 5.6  0.004 
Trunk flexion mean 20.2 ± 7.0 17.0 ± 7.1* 17.9 ± 8.3 16.4 ± 7.8*  0.057 
Trunk bending ROM 14.6 ± 4.1 11.0 ± 2.4* 11.2 ± 2.7* 13.5 ± 2.8*  0.232 
Trunk rotation ROM 20.4 ± 8.1 19.5 ± 5.3* 16.5 ± 3.9* 18.0 ± 4.5*  0.132 
Kinetics       
Ankle plantar flexion 1.95 ± 0.28 1.95 ± 0.24 1.88 ± 0.26 1.92 ± 0.23  0.020 
Ankle dorsiflexion 0.25 ± 0.21 0.24 ± 0.19 0.26 ± 0.21 0.24 ± 0.18  0.002 
Knee flexion 0.70 ± 0.23 0.73 ± 0.25 0.72 ± 0.23 0.68 ± 0.25  0.010 
Knee extension  0.48 ± 0.25 0.48 ± 0.28 0.50 ± 0.24 0.48 ± 0.24  0.002 
Knee adduction  0.78 ± 0.22 0.76 ± 0.27 0.76 ± 0.27 0.77 ± 0.24  0.001 
Knee abduction 0.37 ± 0.14 0.36 ± 0.13 0.37 ± 0.13 0.34 ± 0.14  0.009 
Knee internal rotation 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01  0.025 
Knee external rotation 0.17 ± 0.05 0.16 ± 0.06 0.16 ± 0.05 0.16 ± 0.05  0.015 
Hip flexion 1.13 ± 0.31 1.08 ± 0.35 1.21 ± 0.36‡ 1.18 ± 0.32‡  0.022 
Hip extension 2.16 ± 0.65 2.31 ± 0.79 2.22 ± 0.71 2.25 ± 0.71  0.004 
Hip adduction 0.99 ± 0.29 0.94 ± 0.25 0.93 ± 0.29 0.94 ± 0.25  0.009 
Hip abduction 0.61 ± 0.22 0.60 ± 0.21 0.61 ± 0.19 0.60 ± 0.19  0.002 
Hip internal rotation 0.17 ± 0.10 0.18 ± 0.10 0.17 ± 0.09 0.19 ± 0.09  0.045 
Hip external rotation 0.20 ± 0.06 0.20 ± 0.06 0.20 ± 0.05 0.20 ± 0.06  0.004 
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Figure 6.3. Percent change in the magnitude of joint moments and negative work between 

moderate and fast walking speeds when walking unloaded, carrying 15 kg, and carrying 30 

kg. Data from all armour types were aggregated. 

 Additionally, walking speed affected the observed peak knee extension moment and 

work absorbed at the knee (Figure 6.3). However, differences between walking speeds 

were less pronounced carrying 30 kg and 15 kg of load compared to no load (Figure 6.3). 

Linear regression showed a trade-off between hip extension moment and knee extension 

moment, such that an increase in one resulted in a decrease in the other (p<0.05, 

R2=0.13), but not for negative knee work in early stance (p>0.05, R2 = 0.03). These effects 

persisted regardless of walking speed and load configuration (Figure 6.4). 
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Table 6.2. Mean ± SD magnitudes for the joint angle and kinetic variables in each of the 

armour types for different walking speeds and loads carried. All kinematic variables are 

reported in degrees, while internal joint moments are reported Nmkg-1 and work in Jkg-1. 

Shaded rows indicate significant differences in absolute magnitude of the variable between 

walking speeds or loads and ROM=range of motion. 

Increasing carried load from 15 kg to 30 kg resulted in increased peak knee flexion, 

hip flexion, and trunk flexion (Table 6.2), but decreased the range of trunk rotation. 

Trunk flexion increased 10.7° when going from 15 kg to 30 kg of load and this was 

accompanied by increased hip extension, abduction, and internal rotation moments 

during weight acceptance (p<0.05). At the knee, carrying increased load resulted in 

greater peak knee extension and abduction moments, with energy absorbed at the knee 

in the early stance increasing 0.13 Jkg-1 when carrying 30 kg of load compared to 15 kg. 

In late stance, peak plantarflexion moment increased 20% and 36% from walking with 

no load to walking with 15 kg and 30 kg carried, respectively. 

 

 Walking Speed Effect Size 
(Partial η2) 

 Load Effect Size 
(Partial η2)  Moderate Fast  15 kg 30 kg 

Kinematics        
Ankle plantarflexion 18.4 ± 4.8 19.0 ± 5.3 0.004  19.3 ± 4.9 18.1 ± 5.1 0.011 
Ankle dorsiflexion 12.5 ± 4.1 10.9 ± 3.8 0.043  11.0 ± 4.0 12.4 ± 4.0 0.036 
Knee flexion 24.6 ± 4.5 27.8 ± 4.8 0.140  24.1 ± 4.1 28.4 ± 4.7 0.231 
Hip flexion 35.5 ± 5.9 40.1 ± 6.2 0.149  36.1 ± 5.9 39.5 ± 6.6 0.088 
Hip extension 16.1 ± 5.8 16.2 ± 5.7 0.000  15.8 ± 5.7 16.5 ± 6.2 0.005 
Hip abduction 11.7 ± 2.9 12.0 ± 3.2 0.001  11.9 ± 2.8 12.0 ± 3.1 0.000 
Hip adduction 6.7 ± 2.4 6.1 ± 2.5 0.012  6.2 ± 2.3 6.6 ± 2.6 0.006 
Hip internal rotation 0.7 ± 5.2 2.3 ± 4.9 0.029  1.3 ± 4.7 1.7 ± 5.1 0.001 
Hip external rotation 10.3 ± 5.3 10.5 ± 5.1 0.000  10.8 ± 5.0 10.0 ± 5.4 0.006 
Trunk flexion 20.3 ± 8.6 21.2 ± 8.8 0.004  15.4 ± 6.6 26.1 ± 7.1 0.396 
Trunk bending ROM 12.6 ± 3.1 13.0 ± 3.3 0.005  12.9 ± 3.2 12.7 ± 3.2 0.000 
Trunk rotation ROM 16.0 ± 4.6 20.6 ± 5.4 0.056  19.3 ± 5.6 17.2 ± 5.2 0.019 
Kinetics        
Ankle plantarflexion 1.88 ± 0.25 1.97 ± 0.24 0.043  1.80 ± 0.20 2.04 ± 0.24 0.251 
Ankle dorsiflexion 0.24 ± 0.19 0.25 ± 0.19 0.001  0.27 ± 0.20 0.21 ± 0.18 0.022 
Knee flexion -0.59 ± 0.22 -0.80 ± 0.23 0.194  -0.67 ± 0.24 -0.72 ± 0.25 0.016 
Knee extension 0.48 ± 0.25 0.49 ± 0.24 0.000  0.44 ± 0.23 0.53 ± 0.25 0.029 
Knee abduction 0.70 ± 0.23 0.84 ± 0.24 0.086  0.73 ± 0.23 0.81 ± 0.25 0.027 
Hip flexion -1.14 ± 0.33 -1.18 ± 0.34 0.004  -1.10 ± 0.30 -1.21 ± 0.35 0.030 
Hip extension 1.86 ± 0.59 2.62 ± 0.62 0.324  2.01 ± 0.62 2.47 ± 0.72 0.149 
Hip abduction 0.93 ± 0.26 0.96 ± 0.27 0.002  0.89 ± 0.25 1.00 ± 0.27 0.047 
Hip adduction -0.53 ± 0.17 -0.67 ± 0.20 0.115  -0.58 ± 0.20 -0.62 ± 0.19 0.008 
Hip internal rotation 0.19 ± 0.06 0.21 ± 0.06 0.117  0.15 ± 0.06 0.21 ± 0.06 0.118 
Hip external rotation -0.19 ± 0.06 -0.21 ± 0.06 0.033  -0.20 ± 0.08 -0.21 ± 0.10 0.016 
Negative knee work -0.52 ± 0.36 -0.63 ± 0.39 0.022  -0.54 ± 0.36 -0.67 ± 0.41 0.027 
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Figure 6.4. Linear regression comparing peak hip extension moment to peak knee 

extension moment and negative knee work in the early stance phase. Dotted regression 

lines and triangles represent data for moderate walking speed while solid lines and circles 

represent data for fast walking speed. Red coloured data are for 15 kg of external load and 

green coloured data are for 30 kg of external load. 

Similar to the effects of increasing load, walking faster resulted in participants 

adopting a more flexed trunk, increasing peak knee flexion, and absorbing more energy 

at the knee in early stance compared to moderately-paced walking (p<0.05). When 

increasing walking speed, there was a concomitant increase in peak hip extension, hip 

abduction, hip external rotation, and knee abduction moments in early stance, peak hip 

flexion and ankle plantar flexion moments in late stance, and peak knee flexion moment 

over the swing phase. 

6.5 Discussion 

The purpose of this study was to investigate the effects of load sharing, load 

magnitude, and walking speed on previously identified biomechanical risk factors for 

MSI. Motion capture data and GRFs were collected while soldiers walked on a treadmill 

at 1.53 m⋅s-1 and 1.81 m⋅s-1, and joint angles, moments, and work were computed. The 

results demonstrated that the largest increases in lower-limb joint moments occurred 

when increasing the load magnitude or walking speed, compared to changing load 
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distribution. Nonetheless, bearing load closer to the hips caused changes in gait 

biomechanics that may have important implications for reducing the risk of MSI. 

Supporting the first hypothesis, load sharing systems resulted in a more upright 

walking posture and reduced trunk and hip rotation ROM compared to TBAS (Table 

6.1). However, these postural adjustments at the trunk were not observed when carrying 

30 kg, suggesting heavy loads negate the observed effects. Nevertheless, the changes in 

joint angles between armour designs were similar to the changes observed when carried 

load was distributed close to and low on the body (Seay, Fellin, et al., 2014). The hip belt 

provides an external physical link between trunk and pelvis, thus providing a 

mechanism through which masses worn on the trunk are, in part, be borne by the pelvis 

(see section 5.4.2). However, mass on the trunk is in the same position relative to the 

hip joint, which may explain why no differences in hip and knee joint moments and 

negative knee work were observed between armour designs (Bobet & Norman, 1984). 

Such findings contrasted with our second hypothesis but were consistent with previous 

research (Ramsay et al., 2016; Silder et al., 2013). Despite this, under high mass and 

inertia conditions (i.e., when walking fast and carrying 30 kg) our results showed 5.9% 

and 7.5% reductions in ankle plantarflexion moment over the late stance phase for 

cARM1 and cARM2 compared to TBAS, respectively. With these systems, there was less 

trunk flexion and more hip flexion, which mat act to place the COM of the HAT and 

armour closer, in the horizontal direction, to the ankle joint centre (Figure 6.5), thereby 

decreasing peak ankle plantarflexion moment generated by gastrocnemius and soleus 

muscles.  

The load sharing systems enabled participants to walk with less trunk flexion, but 

did not negatively alter hip and knee joint kinetics compared to the standard issue TBAS 

(i.e., did not increase the magnitude of joint moments). This result contrasts with 

previous studies that reported increased knee moments, patellofemoral joint stress, and 

energy absorbed at the knee when participants walked with a more upright posture 

(Blackburn & Padua, 2009; Teng & Powers, 2014), similar to that seen when wearing load 

sharing systems. The disagreement in the results may be due to load sharing systems 

also increasing hip flexion, which would change the COM horizontal position relative to 

the knee joint centre (Figure 6.5), and lessen the negative effects observed in previous 



Chapter 6 

 

 

149 

studies when participants walked with reduced trunk flexion over the early stance phase. 

Future studies should manipulate trunk angle, and hip and knee joint angles, while 

walking with load to examine if there is a walking posture that minimises knee and hip 

joint kinetics. 

The observed kinematic and kinetic differences between load sharing and 

systems and TBAS may have implications for MSI risk. First, reduced peak plantarflexion 

moment suggests reduced forces in gastrocnemius and soleus muscles, and reduced 

peak stress within the Achilles tendon (Komi et al., 1992). In addition to decreasing 

Achilles tendinitis risk, possible lower co-activation of gastrocnemii driven by lower 

plantar flexion moments may lower knee joint contact forces and tibial compression, 

since the gastrocnemii muscles cross the knee and contribute to knee joint contact 

forces (Winby, Lloyd, Besier, & Kirk, 2009). Further studies using neuromuscular 

skeletal models informed from experimental muscle excitations are required to 

elucidate these potentially beneficial effects. Second, in providing stability through 

reduced hip frontal plane kinetic demands (i.e., hip abduction moment), wearing load 

sharing systems possibly reduced the need for peak hip internal rotation for load sharing 

systems compared to TBAS. Despite the low effect sizes potential limiting how 

meaningful the differences were, the lower magnitude hip internal rotation may be 

relevant to tibial torsion injuries as improper alignment of proximal joints can propagate 

to an inappropriate or altered tibial loading (Pohl, Mullineaux, Milner, Hamill, & Davis, 

2008). Such effects would be revealed in ankle internal/external rotation moments, 

however, our model did not allow for this to be determined. Nevertheless, previous 

epidemiologic studies have shown that a 7-8° reduction in hip internal rotation in 

physical examinations and 4° less tibial rotation is associated with increased risk of tibial 

stress fractures and medial tibial stress syndrome (Burne et al., 2004; Moen et al., 2012). 

Therefore, an optimal load sharing design should aim to reduce trunk flexion and ankle 

plantarflexion moment without restricting hip internal rotation. 

The large lower-limb joint moments observed during load carriage are similar to 

those reported for running (Mann, 1980; Scott & Winter, 1990), and have been associated 

with an increased risk of sustaining MSI (Wasserstein & Spindler, 2015). In comparison 

to the no load condition, carrying 30 kg resulted in larger peak hip and knee extension 
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moments, and negative knee work done in early stance by 75.2%, 26.2%, and 89.1%, 

respectively, which may increase risk of knee overuse injuries. However, more specific 

indicators of knee loading (e.g., contact forces or cartilage strain) along with higher 

fidelity and more predictive simulations (e.g., mechanobiology models) are required to 

relate these higher joint moments to measures of overuse knee injury symptoms (e.g., 

pain) or progression (e.g., cartilage degeneration). Increasing carried load also resulted 

in increased magnitude of the internal knee abduction moment compared to carrying 

less load. Results from the current study showed the magnitude of internal knee 

abduction moment increased with carried load, which is related to the onset (Smith et 

al., 2004) and progression of medial compartment knee osteoarthritis (Andriacchi & 

Mundermann, 2006). The different armour designs did not lower the internal knee 

abduction moment, and the risk of knee OA from this mechanism would not be 

mitigated. Without prospective studies testing how the magnitude of joint moments 

relates to knee overuse injury risk in soldiers, it is difficult to definitively show that 

greater exposure to carrying load increases injury risk compared to less exposure. Future 

studies demonstrating this relationship are welcomed but would be difficult to 

implement prospectively because so many other exposures that relate to injury risk 

cannot be controlled (e.g., physical activity type/duration/frequency). 
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Figure 6.5. Comparison of how trunk flexion angle is altered when walking with (A) TBAS 

armour type and (B) cARM1 armour type during fast walking with 30 kg of carried load. 

Conceivably, the horizontal distance (dx) from the GRF line of action to the ankle joint 

centre (i.e., moment arm) is reduced with cARM1, which possibly caused the 7.5% 

reduction in ankle plantarflexion moment compared to TBAS. 

Previous load carriage studies showed that knee extension moment was more 

sensitive to increases in carried load than hip extension moment (Dames & Smith, 2016; 

Quesada et al., 2000; Seay, Fellin, et al., 2014), with increases from no load conditions of 

approximately 200% when carrying 32 kg and 55 kg (Seay, Fellin, et al., 2014; Wang et 

al., 2013). This substantial increase in knee extensor moment suggests the quadriceps 

absorb more energy with increasing load, which may precipitate fatigue and, ultimately, 

increases the risk of knee injury (Dames & Smith, 2016; Seay, Fellin, et al., 2014). In 
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contrast, our results revealed a slight positive correlation between hip extensor 

moments and negative knee extension work in early stance, such that increases in knee 

energy absorption were met by increases in hip extension moment, while the magnitude 

of peak hip extensor moments was more than three times those of knee extensor 

moments. Therefore, results indicate that the increased biomechanical demands of 

heavy load carriage at faster walking speeds may be met by the hip joint, similar to shifts 

seen in running (Mann, 1980). A possible explanation for the conflicting findings in this 

study is that our participants walked up to 1.81 m⋅s-1 and carried up to 30 kg of load, 

whereas previous studies either had civilian participants carry smaller loads (e.g., 10-20 

kg) or military participants carry more load (e.g., 30-55 kg) while walking slower (e.g., 

1.25-1.67 m⋅s-1).  Therefore, in the current study there was a large inertial load due to 

possibly large HAT angular accelerations during faster walking. Nevertheless, based on 

these results, load carriage equipment design should focus on assisting or not impeding 

hip extensors to enable soldiers to better tolerate carrying heavier loads while marching, 

and physical conditioning programs for load carriage should include specific training of 

hip musculature. 

In the present study, redistribution of HAT borne loads by simply using hip belts 

seemed to improve posture without negatively influencing gait biomechanics. These 

findings should encourage designers to incorporate hip belts into new body armour 

models, as hip belts do not appear to worsen the biomechanical factors of walking gait 

that are associated with MSI in military forces. Although the effects of changing load 

distribution, load magnitude, and walking speed on MSI risk were not directly assessed 

in this study, previous studies have associated the biomechanical metrics tested in this 

study with increased MSI risk (Burne et al., 2004; Moen et al., 2012).  

No prospective studies have yet shown if any biomechanical factors that are 

altered because of load carriage relate to increased or decreased risk of MSI.  

Importantly, previously applied interventions have not explicitly targeted underlying 

biomechanical injury mechanisms and, unsurprisingly, these interventions continue to 

fail to reduce MSI incidence, or provide at best modest effects that could be attributed 

to placebo (Finestone et al., 2004; House, Reece, & Roiz de Sa, 2013; Knapik, Trone, 
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Tchandja, & Jones, 2014; Popovich et al., 2000). Evidence from successful injury 

prevention strategies implemented in other fields may help to inform military-specific 

injury prevention programs (Donnelly et al., 2012; Finch et al., 2016). For example, knee 

injuries in Australian football players have been successfully reduced by 50% through 

implementation of an evidence-based physical conditioning program (Finch et al., 2016). 

The program was developed after extensive laboratory investigations determined 

biomechanical factors predictive of injury, summarised by Donnelly et al. (2012), which 

were used to inform an intervention targeting these factors (Finch et al., 2016). Similarly, 

in regards to military load carriage, results provided here may contribute to an evidence 

base for developing a targeted intervention to physically condition soldiers and improve 

their tolerance to load carriage demands. 

The present study had limitations that should be acknowledged. First, net 

moments computed from inverse dynamics represent the summed effect of all agonist 

and antagonist muscles acting about a given joint. As such, analysis of net moments does 

not account for co-contraction of antagonist muscles, which increase with increasing 

carried load, i.e., vertical stiffness is achieved through linearly increasing co-contraction 

acting to resist limb collapse (Caron, Lewis, Saltzman, Wagenaar, & Holt, 2015), and it is 

known that different muscle recruitment strategies result in the same joint moments 

and joints angles (Buchanan & Lloyd, 1995; Pizzolato et al., 2015; Winby, Gerus, Kirk, & 

Lloyd, 2013). Future studies of load carriage should incorporate experimental measures 

of muscle activity to inform estimates of muscle joint loading and work or implement 

forward dynamic simulations to identify how muscle forces control and generate joint 

movement. Second, participants walked in ideal laboratory conditions on a treadmill to 

facilitate data collection and control for confounding variables. Recent studies have 

demonstrated overground and treadmill walking are quantitatively similar (Lee & 

Hidler, 2008; Riley et al., 2008). Further, the laboratory conditions did not replicate 

environmental factors such as heat, humidity, and uneven terrain, which would make 

the tasks more similar to the field conditions experienced by soldiers. Future studies 

may aim to undertake a similar protocol in the field using inertial measurement units 

provided the measurement accuracy is maintained. Third, we prescribed short bouts of 

walking and adequate rest to minimise any effects of fatigue, but we did not measure 
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physiological fatigue explicitly. Previous studies have demonstrated that >40 mins of 

walking are required to induce measurable signs of fatigue in gait (Quesada et al., 2000). 

However, the effects of load carried on a soldier’s gait biomechanics when fatigued may 

be different to what we have reported and this is a viable topic for a future study. 

6.6 Conclusion 

This study indicated that soldiers carrying heavy loads, even for short periods, 

experience kinematic and kinetic changes that may place them at high risk for 

developing overuse MSI. This study was the first to show that body armour load borne 

closer to the hips does not adversely affect hip, knee and ankle loading. Armour designs 

building upon the best features of those tested in this study may seek to optimise lower-

limb joint loading, although, further studies are required to determine design criteria. 

Additionally, the current results could be used to inform the prescription of physical 

training programs, i.e. hip extension/flexion strength training enabling soldiers’ to 

better tolerate carrying heavy loads. 
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7.1 Abstract 

Background: Training and operational objectives require soldiers to transport 

loads weighing >20 kg at high speeds for short bouts and at slow speeds over long 

durations. These tasks elicit high energetic costs, which may result in muscle fatigue, 

and decrease combat readiness. There is a proportional increase in both net metabolic 

energy rate and centre of mass positive work in response to either increased carried load 

or gait speed. Most of the increase in positive work is generated at the ankle and knee, 

and an increased reliance on knee muscles could precipitate quadriceps fatigue. Re-

distributing torso-borne load by using load sharing systems could increase hip and ankle 

joint contributions to forward progression and preserve normal knee work and power. 

Hypotheses: (H1) Using load sharing systems will cause an increase in total and 

hip generated positive work compared to not using load sharing systems. (H2) Relative 

contributions of each joint to total mechanical positive power will change for different 

carried loads and/or walking speeds. (H3) Compared to not using load sharing systems, 

using load sharing systems will shift the relative joint power contribution of the ankle 

to the hip. 

Study Design: Within-subjects, repeated measures 

Methods: Twenty Australian Army Reserve soldiers (29.5±7.1 yrs) participated. 

Each soldier donned a total of 12 body armour variations: six body armour systems 

(standard-issue Tiered Body Armour System, i.e., TBAS, and five load sharing systems, 

i.e., cARM1-2 and pARM1-3) × two load magnitudes (15 and 30 kg). Participants 

completed testing with the 12 armour variations over four different sessions. 

Participants walked on a force-plate instrumented treadmill (AMTI, Watertown, 

USA) for 10 minutes at both moderate (1.53 m⋅⋅s-1) and fast (1.81 m⋅⋅s-1) speeds, while an 11-

camera motion capture system (Vicon, Oxford, UK) collected 3D marker positions. A 

scaled full-body OpenSim model was used to estimate joint angles and moments using 

inverse kinematics and dynamics analyses, respectively. Hip, knee, and ankle 

mechanical joint work and power were then calculated. Repeated measures ANOVAs 
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were used to compare lower-limb positive mechanical joint power, and percentage 

contribution of each joint to total positive power between armour types, load 

magnitudes, and walking speeds. 

Results: Positive lower-limb joint work significantly increased with both speed 

(p<0.05) and carried load (p<0.05). As gait speed increased, positive mechanical hip 

power performed over the stance phase increased and ankle power decreased (p<0.05). 

As carried load increased, the ankle generated less power (p<0.05), offset by small but 

insignificant increases in knee and hip powers (p>0.05). Percent contribution of ankle 

and hip powers to total positive mechanical power changed between armour designs 

(p<0.05). Compared to using cARM1 with 15 kg of carried load, carrying 30 kg while using 

cARM1 armour caused significantly greater contributions of hip powers to total positive 

power, while knee and ankle powers both decreased insignificantly. 

Conclusion: This was the first study to report the effects of different body 

armour × load configurations and gait speeds on lower-limb mechanical joint powers 

and work. While total mechanical power was largely dictated by task demands (i.e., 

carried load and gait speed), shoulder and hip-borne load carriage caused increased hip 

joint contributions to total lower-limb joint power compared to primarily shoulder-

borne. These results may be used to inform an optimal armour configuration or physical 

training program to improve soldier performance. 
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7.2 Introduction 

Depending on training and operational requirements, soldiers transport 

equipment purposefully at high speed and slowly over long durations (e.g., 4-5 hours). 

In particular, long duration military load carriage tasks impose substantial metabolic 

costs that affect soldiers’ in-field capabilities (Beekley et al., 2007; Huang & Kuo, 2014). 

It has been shown that net metabolic energy rate increases proportionally with carried 

load during simulated marching (Quesada et al., 2000), which can decrease time to 

fatigue, the capacity of soldiers to maintain a given work intensity (Johnson et al., 1995), 

and soldier combat readiness (e.g., ability to perform explosive movements) following 

marching  (Knapik et al., 1997). Therefore, identifying efficient means to carry load 

would benefit soldiers operating in the field. 

Walking and carrying load increases metabolic cost potentially through 

increased muscle contraction-related consumption of energy substrates (Umberger & 

Rubenson, 2011). Indeed, studies have shown positive mechanical work increases 

approximately linearly with metabolic expenditure during loaded walking (Huang & 

Kuo, 2014; Pierrynowsi et al., 1981). Mechanical work performed by the human body 

describes the change in, or amount of, mechanical energy transmitted by muscle or 

external force(s) over time (Robertson et al., 2013). When muscles produce force while 

shortening (i.e., concentric) they generate positive work, while during lengthening 

contractions (i.e., eccentric) muscles do negative work (Donelan et al., 2002a). Recent 

studies have reported total and joint-specific work and powers increase in response to 

increased carried load during walking (Grenier et al., 2012; Huang & Kuo, 2014; Wang et 

al., 2013, Panizzolo et al. 2016) and running (Liew, Morris, et al., 2016a) tasks. Ankle 

muscles provide positive work during late stance to propel the body centre of mass 

(COM) forward, which also is a feature of unloaded gait as walking speed increases 

(Umberger & Martin, 2007). Hip muscles perform positive work to stabilise the large 

moment of inertia of the combined upper body and equipment mass and swing the 

trailing leg. Knee muscles perform greater positive work in rebound following ground 

impact and contribute to raising the body COM (Huang & Kuo, 2014). A limitation of 

previous load carriage studies is that only moderate loads (~15-20kg) isolated to one 
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portion of a backpack or COM were carried at relatively slow walking speeds, or 

exclusively during running. Additionally, the one study to use military-specific loads did 

not derive joint work using inverse dynamics, which is believed to better represent 

musculotendon work compared to calculating external COM work (Zelik & Kuo, 2012). 

Research is therefore required to examine how carried load and walking speed influence 

positive mechanical work during simulated marching in soldiers. 

Strategies to reduce or redistribute positive joint work and power have been 

investigated. Passive or active load assisting devices aid the wearer by supplying 

additional positive power, and have been shown to reduce metabolic cost during 

walking (Mooney et al., 2014; Panizzolo et al., 2016; Quinlivan et al., 2017). However, 

benefits have largely been outweighed by substantial manufacturing costs, device mass, 

poor portability and autonomy, and/or poor integration with other components of the 

soldier combat ensemble (Gregorczyk et al., 2010; Robertson et al., 2014). Overall, this 

has limited their practicality for training and field use.  

Simpler solutions to assist load carriage, such as incorporating a hip belt into 

body armour, an example of a passive load sharing device, could redistribute positive 

power to reduce metabolic cost without the limitations of bulky, powered assistive 

devices. Shoulder and hip-borne load carriage could increase contributions of hip 

muscles to forward progression of the body COM and preserve normal knee mechanical 

power compared to shoulder-borne, because relative moments of inertia would be lower 

with the load borne closer to hips (Winter, Ruder, & MacKinnon, 1990). Preferably most 

positive joint power should come from ankle plantar flexors, which are morphologically 

suited to generating power due to the advantageous elastic properties of Achilles tendon 

(i.e., it stores and releases energy when stretched and recoiled) (Lichtwark & Wilson, 

2008). During tasks more physically demanding than steady-state walking (e.g., load 

carriage walking), joint power could shift from an ankle dominant strategy to a hip 

dominant strategy, because hip muscles can generate larger moments and powers 

compared with ankle muscles. However, shifting power production to proximal joints 

would increase active work performed by muscle as hip-spanning gluteal muscles have 

very short tendons, while decreasing passive contributions to joint work normally 

generated by elastic components at the ankle (Neptune et al., 2009). Importantly, less 
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reliance on knee muscles to generate positive power could reduce time to fatigue during 

load carriage compared to relying on ankle and hip muscles, which have been shown to 

be less susceptible to fatigue during load carriage than knee muscles (Blacker et al., 

2013). Thus, a proximal shift in joint powers would have important implications for 

soldier performance, device design, and physical training prescription, but has yet to be 

investigated. 

The contribution of each joint to total positive power provides a measure of 

neuromuscular coordination. In unloaded walking, >80% of average positive joint power 

per stride has been shown to come from the ankle (~35%) and hip (~45%) joints (Farris 

& Sawicki, 2012; Rubenson et al., 2011; Umberger & Martin, 2007). This indicates positive 

work during walking is generated primarily by ankle plantar-flexors and hip 

flexors/extensors. When walking speed is increased, studies have shown the magnitude 

of each joint and/or muscle’s contribution to positive power increases proportionally, 

with relative contributions remaining similar (Dorn et al., 2015; Farris & Sawicki, 2012; 

Schache et al., 2015). This suggests an individual would similarly ‘scale-up’ joint positive 

powers as a neuromuscular strategy to compensate for increasing carried load and/or 

walking speed, yet this remains to be investigated. Soldiers carrying load may adopt 

different neuromuscular strategies with increasing load, similar to that shown during a 

walk-to-run transition (Brown, O’Donovan, et al., 2014), rather than modulating 

magnitudes of powers and maintaining relative contributions. Little is known about the 

effects of changing carried load and walking speed on relative contributions of hip, knee, 

and ankle joints to total mechanical positive power. Additionally, no studies have 

investigated if shoulder and hip-borne load carriage changes the joint contributions to 

total joint positive power.  

This study examined how lower-limb joint work and power magnitudes are 

modulated in different load configurations and walking speeds during gait. Load 

configuration includes both the type of load distribution (i.e., load sharing system or no 

load sharing system) and load magnitude. A secondary aim was to determine whether 

relative contributions of lower-limb joints to total mechanical positive power were 

affected by different load configurations and walking speeds. We hypothesised using 

load sharing systems will increase total positive work and positive hip work compared 
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to not using load sharing systems. Additionally, we hypothesised increasing carried load 

or walking speed will increase positive joint work and power magnitudes, while any 

combined load/speed effects will be additive. Finally, we hypothesised relative joint 

contributions to total mechanical positive power will be similar for different carried 

loads and/or walking speeds, but a shift towards the hips will occur when using load 

sharing systems compared to no load sharing. 

7.3 Methods 

7.3.1 Participants 

Twenty-one male soldiers (age: 29.5±7.1 years, height: 1.77±0.08 m, mass 82.8±12.1 

kg) were recruited from an Australian Army Reserve unit to participate. At the time of 

testing, participants were in good health and had no acute or chronic injuries. 

Participants gave their written informed consent to the protocol, which was approved 

by Australian Defence Human Research Ethics Committee (Protocol 756-14). 

7.3.2 Body Armour Conditions 

Testing comprised analysis of five different load sharing systems: two commercial 

(cARM1, cARM2) and three prototype (pARM1, pARM2, pARM3) designs, which were 

tested against the current Australian Army standard-issue Tiered Body Armour System 

(TBAS). The load was added to vests in pockets and pouches until a 15 kg configuration 

was reached. An additional 15 kg was then added in an assault pack, attached at vest 

rear, to achieve 30 kg of carried load. These loads represented Australian Army short-

duration combat loads. 

7.3.3 Procedures 

Participants completed a standardised treadmill walking protocol for each of the 

12 armour × load conditions (i.e., six body armour systems and two loads), as well as a 

baseline no-armour condition. These 13 experimental conditions were assigned to four 

laboratory-based testing sessions, and each session was separated by at least 3 days to 

minimise fatigue. For the baseline condition, participants wore a compression shirt, 
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standard athletic shorts, and their own military boots. During the first experimental 

session, participant anthropometry was assessed and treadmill walking for baseline and 

three different armour × load conditions were performed. In each of the three remaining 

sessions, participants completed treadmill walking three times for the other armour × 

load conditions. The baseline condition was always completed first, while the order of 

wearing other armour conditions was randomised and counterbalanced using a Latin 

square design. The walking protocol consisted of a 5-minute warm-up at 1.25 m⋅⋅s-1, 10-

minutes walking at 1.53 m⋅⋅s-1 (i.e., moderate), 10-minutes walking at 1.81 m⋅⋅s-1 (i.e., fast), 

and a 5-minute cool down at 1.25 m⋅⋅s-1. These speeds simulated administrative (i.e., 

moderate) and approach (i.e., fast) marching speeds used in the Australian Army. 

Following completion of walking tasks, participants rested for a minimum of 25-min and 

completed subsequent armour conditions assigned to the particular session. 

Whole-body 3D motion, sampled at 100 Hz, and ground reaction forces (GRFs), 

sampled at 1000 Hz, were acquired during treadmill walking for a 30-second epoch in 

the final minute of each walking speed. Recording data during the final minute ensured 

participants were familiarised with treadmill walking in the experimental condition 

(Lavcanska et al., 2005). To allow measurement of 3D motion, spherical, 14 mm diameter 

retro-reflective markers, and marker clusters were placed on the torso, and bilaterally 

on the head, arms, and legs of participants according to a marker set we previously 

developed  and validated (Lenton, Doyle, Saxby, & Lloyd, 2017). Marker and GRF data 

were concurrently and synchronously acquired using an 11-camera, 3D motion capture 

system (Vicon, Oxford, UK) and a split-belt, force-sensing treadmill (AMTI Compact 

Tandem, Watertown, MA, USA). Prior to treadmill walking, static standing calibration 

and pointer trials were acquired to measure 3D positions of 14 markers, which were later 

used to define joint centres and track segments during dynamic tasks. 

7.3.4 Data Analysis 

Raw marker trajectories from static and dynamic trials were cleaned using Vicon 

Nexus version 2.3. Native pattern and segment filling were used to interpolate marker 

trajectory gaps, provided gaps were <10 frames. Cleaned trials were then exported to 

Matlab and processed using a custom implementation of biomechanical processing 
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software (R2014b, The Mathworks) (Mantoan et al., 2015). Processing involved 

partitioning 30 second data epochs into individual right limb gait cycles, digital filtering 

of marker trajectories and GRFs using a using a 4th order zero-lag (Robertson & Dowling, 

2003) Butterworth filter at 10 Hz, and transforming data from the laboratory coordinate 

system to model coordinate system used in OpenSim (Delp et al., 2007). 

7.3.5 Biomechanical modelling 

For each participant, a generic scaled, 37 degree-of-freedom (DOF), 22 segment 

anatomic model (Rajagopal et al., 2016) was used to represent the head, torso, arms, 

pelvis, and lower-limb. The model included a six DOF pelvis, a three rotational DOF hip 

joint, and one rotational DOF knee and ankle joints. For the knee, non-sagittal rotations 

and tibial translations were prescribed as functions of knee flexion (Walker et al., 1988). 

During model scaling, each participant’s overall model mass was adjusted based on 

laboratory-measured body mass, while relative segment mass distributions were 

preserved. Scaled anatomic models were then used in OpenSim inverse kinematics (IK) 

analysis, which determined model kinematics by adjusting model general coordinates 

to minimise errors between model and experimental marker trajectories (Reinbolt et al., 

2005). Next, to allow OpenSim to solve for 3D knee joint moments, frontal and 

transverse plane DOFs were added to the knee. This modified model was used, along 

with model kinematics and experimental GRFs, to perform inverse dynamics analyses to 

compute net moments at the right hip, knee, and ankle joints. Ensemble-averaged data 

for a minimum of 10 gait cycles (ranging from 10-28 gait cycles) from each 30 s data 

epoch were created for each participant. Some gait cycles were removed after manual 

inspection revealed missing data and/or outliers. 

Joint work and power were calculated using standard computational methods. 

First, for each lower-limb joint, instantaneous joint angular velocities were calculated 

from the derivative of the joint angles with respect to time. Second, sagittal-plane hip, 

knee, and ankle joint power was determined by the dot product of joint moments and 

angular velocities (Rubenson et al., 2011). Joint power was normalised to each 

participant’s body mass (Wkg-1). Third, instantaneous joint power curves were split into 

power phases previously defined across the gait cycle (Winter, 1987). Positive power 



Chapter 7 

 

 

164 

phases defined for hip, knee, and ankle joints represented periods of energy generation, 

while negative power phases represented energy absorption, and were consistent 

between participants. Numerical integration of the instantaneous joint power curves 

within the defined phases at each joint enabled calculation of positive (𝑊𝑊;
<) and negative 

(𝑊𝑊;
=) joint work (Jkg-1), which was multiplied by two to approximate output from both 

limbs. Total right limb positive 𝑊𝑊>?>
<  and negative 𝑊𝑊>?>

=  work were determined by 

summing positive and negative hip, knee, and ankle joint work, respectively. Finally, 

positive and negative work terms were divided by stride cycle time to give positive (�̇�𝑊>?>
< ) 

and negative (�̇�𝑊>?>
= ) mass-specific mechanical power terms (Wkg-1) (Rubenson et al., 

2011). These terms represented energy generated and absorbed by the limbs during an 

average stride. This analysis was performed separately for stance and swing phases of 

the gait cycle, which were defined based on heel-strike and toe-off gait events. To 

compare relative contributions of each joint towards 𝑊𝑊>?>
<  and 𝑊𝑊>?>

= , each joint’s 𝑊𝑊;
< and 

𝑊𝑊;
= was expressed as a percentage of 𝑊𝑊>?>

<  and 𝑊𝑊>?>
= , respectively. 

In addition, all participants’ work and power metrics during load carriage were 

normalised to the baseline unloaded condition for each walking speed. For example, 

data obtained when carrying 15 kg and walking at 1.5 m·s-1 were normalised to the 

unloaded condition when walking at 1.5 m·s-1. This enabled straightforward comparisons 

of how joint work and power parameters deviated from normal walking for different 

loads and walking speeds. Absolute and relative total lower-limb and joint-specific 

positive and negative work per stride were averaged between participants for every 

armour type, load, and walking speed for statistical analyses. Due to the three prototype 

armour systems comprising similar design features (i.e., single strut located at the back) 

and being prototypes, the data from these were grouped into a single armour condition 

(pARM) for statistical comparisons. 

7.3.6 Statistical Analysis 

Statistical analysis was performed using R version 3.3.1 in R-Studio (RStudio, Inc, 

Boston, MA) v0.99.903. Outliers were first removed using Tukey’s method (Hoaglin et 

al., 1986) and missing data were imputed using values obtained from predictive mean 



Chapter 7 

 

 

165 

matching (Buuren & Groothuis-Oudshoorn, 2011). This data conditioning step was an 

appropriate method to generate a complete dataset for statistical comparisons (<5% data 

missing for any variable) (Royston, 2004). Shapiro-Wilk tests confirmed data were 

normally distributed. Three-way repeated measures ANOVA tests were performed to 

test for significant interactions between, and main effects of, armour type, carried load, 

and walking speed. Post-hoc paired t-tests were performed on significant interactions 

or main effects to identify specific differences. All p-values from post hoc tests were 

adjusted to control for multiple comparisons (Benjamini & Hochberg, 1995), and 

significance was set at p<0.05. Linear regression was used to test how hip, knee, and 

ankle total mechanical positive power in stance changed as a function of total 

mechanical positive power. Each regression was performed with a single slope across all 

participants, but with separate slopes for each load and walking speed combination (e.g., 

15 kg and moderate speed). Effect sizes (i.e., partial η2) were calculated for all the 

significant main and interaction effects, with small, medium, and large effects defined 

as η2 between 0.01 and 0.06, 0.06 and 0.14, and greater than 0.14 respectively 

(Richardson, 2011). 

7.4 Results 

7.4.1 Magnitude of total and joint work 

The ANOVA revealed no significant interactions or main effects of armour type 

for total positive work or joint work over the stance phase (Table 7.1). When expressed 

relative to baseline (i.e., unloaded walking), wearing any armour type increased total 

positive work done and work done by each joint over the stance phase, but there were 

no significant differences between armour types (p>0.05). Significant main effects of 

armour type were observed for total positive work over the swing phase (p<0.05, 

ηST=0.06), and positive hip work in swing (p=0.001, ηST=0.06). Specifically, compared to 

TBAS, positive hip work during swing increased 14.3%, 14.3%, 18.2% when wearing 

cARM1, cARM2, and pARM, respectively. 
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Table 7.1. Mean±standard deviation magnitudes for joint work variables in stance and 

swing phases comparing main effects of load sharing systems. All values are reported as 

Jkg-1. Data for each load sharing system are pooled for walking speeds and load 

magnitudes. *Indicates a significant main effect of armour (p<0.05).  1Variable 

significantly increased in magnitude compared to values obtained for TBAS (p<0.05). 

 Load sharing system  Effect size 
(Partial η2)  TBAS cARM1 cARM2 pARM  

Positive work stance 1.28 ± 0.33 1.35 ± 0.38 1.28 ± 0.37 1.27 ± 0.33  0.012 
Negative work stance* 0.70 ± 0.20 0.75 ± 0.22 0.76 ± 0.21 0.77 ± 0.20  0.023 
Positive hip work stance* 0.68 ± 0.27 0.75 ± 0.32 0.65 ± 0.29 0.67 ± 0.28  0.023 
Positive knee work stance 0.18 ± 0.08 0.17 ± 0.07 0.18 ± 0.08 0.18 ± 0.08  0.004 
Positive ankle work stance 0.31 ± 0.08 0.31 ± 0.06 0.30 ± 0.09 0.29 ± 0.07  0.009 
Positive work swing* 0.22 ± 0.05 0.24 ± 0.061 0.24 ± 0.061 0.25 ± 0.051  0.055 
Positive hip work swing* 0.18 ± 0.05 0.21 ± 0.06 0.21 ± 0.05 0.22 ± 0.041  0.060 

Significant main effects of load and walking speed were found for total and joint 

positive work (Table 7.2), with absolute magnitudes increasing when walking faster or 

carrying more load (Figure 7.1). Total positive work performed in stance was more 

sensitive to increases in carried load (ηST=0.19) than increases in walking speed (ηST=0.17). 

However, 24.3% more positive work was performed during fast walking compared to 

moderate walking, and increasing load from 15 kg to 30 kg resulted in an increase of 

16.0% (p<0.05). 

Total positive work per stride increased with carried load compared to values 

obtained from each participant’s unloaded walking. Relative to unloaded walking at 

both speeds, total positive work performed in stance increased 91.5±4.0% when 

participants carried 30 kg of load. Additionally, there were significant main effects of 

load for positive work generated at the hip, knee, and ankle (p<0.05) relative to unloaded 

walking. Compared to carrying 15 kg of load, carrying 30 kg of load resulted in 

significantly greater positive work relative to unloaded walking at the hip (87.1±4.3% vs. 

57.9±4.3%), knee (69.3±6.0% vs. 37.8±5.7%), and ankle (40.2±2.4% vs. 26.1±2.2%). 
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Table 7.2. Mean±standard deviation magnitudes for joint work variables comparing main 

effects of walking speed and carried load. *Indicates a significant main effect of speed and 

mass (p<0.05). 1Indicates significant difference from moderate speed (p<0.05). 2Indicates 

significant difference from no load. 3 indicates significant difference from 15 kg. 
  Walking speed Effect Size  Carried load Effect Size 
Variable  Moderate Fast Partial η2  No load 15 kg 30 kg Partial η2 

Positive work stance*  1.15±0.32 1.43±0.321 0.174  0.91±0.27 1.19±0.312 1.38±0.3523 0.193 

Negative work stance*  0.72±0.20 0.78±0.221 0.022  0.52±0.16 0.68±0.182 0.82±0.2123 0.122 

Positive hip work stance*  0.66±0.28 0.84±0.271 0.131  0.51±0.19 0.69±0.272 0.81±0.3023 0.071 

Positive knee work stance*  0.16±0.07 0.20±0.081 0.059  0.16±0.09 0.17±0.072 0.20±0.0823 0.052 

Positive ankle work stance*  0.29±0.07 0.31±0.081 0.035  0.24±0.07 0.29±0.072 0.31±0.0823 0.037 

Positive work swing*  0.22±0.05 0.26±0.051 0.101  0.18±0.05 0.22±0.052 0.26±0.0523 0.175 

Positive hip work swing*  0.20±0.05 0.22±0.051 0.032  0.15±0.04 0.19±0.052 0.23±0.0523 0.148 

Hip and knee work increased with increased total positive joint work (p<0.05), whereas 

ankle work did not (Figure 7.2). The correlation coefficient was much greater for hip 

work (R2=0.66) than for knee work (R2=0.33), indicating the hip was primarily 

responsible for generating more positive work to facilitate increased load and walking 

speed task demands. In swing, increased walking speed and carried load resulted in 

similar increased total positive work that was generated primarily by positive hip work 

during initial swing phase (Table 7.2). Compared to walking without load, the hip 

performed 14.9±1.6% and 37.6±1.9% more work in early swing phase when participants 

carried 15 kg and 30 kg, respectively. 
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Figure 7.1. Mean (lines) and standard deviation (shaded regions) joint angular velocities, 

moments, and powers for hip, knee, and ankle across the gait cycle (right foot strike to 

right foot strike) with different carried loads. Moments and power were normalised to body 

weight. Means were generated for all participants (N=20) and walking speeds. Arrows 

indicate locations in the gait cycle where significant differences in peak values between 

carried loads were found (p<0.05). Vertical lines denote times of toe-off for different carried 

load conditions (follow same line style as curves). 

7.4.2 Joint contribution to total mechanical positive power 

Hip and ankle joints were responsible for generating most of the energy during 

the stance phase of gait (Figure 7.3). A significant interaction was found between load 

sharing systems and load magnitude for the relative contribution of the hip to total 

mechanical positive power (p=0.013, ηST=0.03). Specifically, there was a greater percent 
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contribution from the hip to total mechanical positive power with 30 kg compared to 15 

kg of carried load for cARM1 armour type (p<0.05). All other load sharing systems had 

similar percent joint contributions between loads (p>0.05). 

There were no significant interactions between armour type, load, and walking 

speed for percent joint contributions to total mechanical positive power. A main effect 

of walking speed (p=0.01, ηST=0.02) was observed for percent contribution of hip to total 

mechanical positive power. Additionally, significant main effects of walking speed 

(p<0.05, ηST=0.03) and load (p=0.04, ηST=0.01) were found for the percent contribution of 

the ankle to total mechanical positive power. When increasing walking speed from 

moderate to fast, hip contribution to total mechanical positive power increased 2.3%, 

while ankle contribution decreased 2.6%. A similar decrease in ankle contribution was 

observed when carried load increased, but was offset by small increases in hip and knee 

contributions. 

Compared to moderate speeds, when participants walked faster the hip 

contribution significantly increased 2.0% and ankle contribution decreased 3.1% 

(p<0.05). Compared to carrying 15 kg, when participants carried 30 kg there was a 

significant reduction (2.1%) in percent ankle contribution to total mechanical positive 

power, but the reduction was balanced by nonsignificant increases in contribution from 

both hip and knee. 

 

Figure 7.2. Hip, knee, and ankle total positive work per stride versus total positive joint 

work per stride. Data points for moderate (i.e., green) and fast (i.e., red) walking speeds 
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are distinguished by colours, whereas data points for 15 kg (i.e., circle) and 30 kg (i.e., 

triangle) of carried load are distinguished by shapes. A significant positive relationship 

was shown for hip and knee work (p<0.05), whereas ankle work showed no relationship 

(p>0.05) to total positive work. The correlation coefficient displayed is the average of all 

data, as there were no significant differences between coefficients for individual carried 

load/walking speed combinations. 

 

Figure 7.3. Relative contributions of hip, knee, and ankle to stance phase total mechanical 

positive power for the different load sharing systems and carried loads. *Indicates 

significant difference in the contribution of hip to total positive power compared to the 

value obtained with 15 kg of carried load for load distribution system. 

7.5 Discussion 

The purpose of this study was to examine the effects of having shoulder and hip-

borne load instead of primarily shoulder-borne, different carried load magnitudes, and 

walking speeds on total and joint lower-limb power in soldiers during military-specific 

walking. This study also explored whether hip-borne load carriage, different load 

magnitudes, and walking speeds influenced hip, knee, and ankle contributions to total 

positive power, and these strategies were considered indicative of neuromuscular 
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coordination. Whole-body motion and GRFs were measured from soldiers as they 

completed treadmill walking at moderate and fast speeds. All participants completed 

testing with six different body armour systems and two (15 kg and 30 kg) load 

configurations. Using an inverse kinematics and dynamics approach, total and joint 

lower-limb positive and negative work and mechanical power per stride were 

determined and compared between experimental conditions. 

Contrary to our first hypothesis, no significant differences in stance phase 

positive work or lower-limb joint work were observed between load sharing systems, 

despite a main effect existing for positive hip work. This non-significant result means 

that shoulder-to-hip load transfer likely does not require greater muscular effort during 

walking compared to standard beltless designs. This finding is consistent with prior 

research (Devroey et al., 2007), and changes in coordination and energetics have only 

been shown when load was positioned close to extremities (e.g., hands, feet) compared 

to torso load placement (Browning, Modica, Kram, & Goswami, 2007; Schertzer & 

Riemer, 2014). Possibly, the expectation that kinetic parameters would be sensitive to 

small position changes in centrally located loads was incorrect, or trained soldiers can 

tightly regulate joint energetics with different armour designs under constant loads. No 

other study has compared joint work and power profiles between different body armour 

designs while holding carried load constant. Thus, further research is required to 

substantiate our results. Additionally, future studies could systematically manipulate 

load placement (e.g., backpack or torso-borne) and examine the effects on work and 

power profiles. 

Total and joint work magnitudes were largely determined by the amount of 

carried load and the walking speed. Our results suggest the effects of carried load and 

walking speed are largely additive, with greatest positive joint work occurring with the 

fastest walking speed and heaviest carried load condition. These observations 

corroborate previous research demonstrating proportional increases in total and joint 

work with increased carried load (Grenier et al., 2012; Griffin et al., 2003; Huang & Kuo, 

2014; Pierrynowsi et al., 1981). Additionally, incremental increases in carried load and 

walking speed have been shown to increase metabolic costs (Bastien et al., 2005), and 

confirm that the additional energy required for load carriage during walking is 
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augmented at faster speeds. Thus, to prolong load carriage performance, commanders 

should aim to reduce carried loads when missions require faster walking speeds 

compared to loads carried when missions require slower walking speeds.  

Unlike gross metabolic measures, joint energetics indicate specific physical 

accommodations to load carriage. As contracting muscle uses energy to generate power, 

analysis of joint energetics reveal which muscles/joints are responsible for greater 

metabolic cost. Our results showed >80% of positive power during stance came from the 

hip and ankle during load carriage, which is consistent with previous studies using 

backpack loads (Brown, O’Donovan, et al., 2014) and in unloaded walking (Farris & 

Sawicki, 2012; Rubenson et al., 2011). Unique to this study, increasing carried load not 

only scaled joint power requirements but also shifted relative joint contributions to total 

positive power from ankle and knee towards the hip. We observed a 7.7% shift in 

contribution to the hip when carrying load and walking fast compared to walking with 

no load. Additionally, regardless of load and walking speed condition, increases in total 

positive work were due primarily to increases in positive hip work, whereas proportional 

increases in positive knee and ankle work were not apparent. A trade-off between a hip- 

or ankle-dominated power profile has been observed when participants were verbally 

instructed to modify ankle push-off force (Lewis & Ferris, 2008), and when assistive 

torques were externally applied to the hip (Lenzi, Carrozza, & Agrawal, 2013), suggesting 

hip muscles (or an external actuator) compensated for reduced ankle plantarflexion 

power. We believe military boots are partly responsible for the observed shift, as they 

span the ankle and reduce ankle range of motion, thereby reducing the ankle joint’s 

ability to generate power. This proximal shift in power is not energetically preferred 

because ankle power strategies exploit series elastic components (i.e., tendon) to 

generative passive work (Robertson et al., 2014). Rather than saving energy, a proximal 

power shift may be a control strategy by which soldiers maintain forward progression 

without compromising stability during load carriage gait (Winter, 1995). 

Our results contrast with a previous study that reported the ankle contributed 

most to increased positive work demands of increased carried load (Huang & Kuo, 2014). 

However, directly comparing prior results to ours is difficult as the above-cited study 

had only eight civilian participants carrying backpack loads <20 kg while walking at 1.25 
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m⋅s-1. Brown and colleagues (2014) tested heavier loads (i.e., 20-40kg) with soldiers and 

showed no change in joint contributions to positive power compared to carrying no load, 

although they examined walk-to-run transition instead of steady-state walking (Brown, 

O’Donovan, et al., 2014). Comparatively greater task demands in this study (carrying 30 

kg and walking at 1.81 m⋅s-1) and using soldiers trained in load carriage may have been 

the reason for a shift in power generation towards the hip. Further research over a 

broader range of walking speeds and loads with soldiers is recommended to elucidate 

changes in joint positive power contributions.  

Despite finding no changes in absolute joint work parameters, results showed 

interactions between armour types and carried loads for joint contributions to total 

mechanical positive power. Partly confirming our third hypothesis, hip joint 

contribution to total mechanical positive power was 5.2% more when carrying 30 kg of 

load compared to 15 kg while wearing cARM1, compensating for 2.4% and 2.8% 

reductions in knee and ankle contributions, respectively. However, no differences were 

observed between armour types while carrying the same loads. Conceivably, shoulder-

to-hip load transfer did not change moment of inertia compared to TBAS, which would 

explain our lack of differences between armour types. Without measuring specifically if 

load was redistributed around the torso (e.g., changes in centre of mass and mass 

moment of inertia) in each armour type, we can only speculate on mechanisms causing 

this shift in power. Nevertheless, modulation of power production when wearing cARM1 

with a 30 kg load suggests neuromuscular coordination strategies in carried-load 

contexts are design- and load-specific. Consequently, tailoring physical training 

programs and assistive devices to match the neuromuscular requirements of a particular 

load configuration identified in this study could help prolong soldier performance. 

There were several limitations to this study that should be considered. First, the 

secondary knee abduction/adduction and internal/external rotations were solely 

determined from knee flexion/extension DOF in the knee kinematic model using the 

same regression equation for all participants. This was done because measuring 

secondary knee motions from skin-surface marker data is error prone (Benoit et al., 

2006). Ideally, subject-specific equations would be derived from medical imaging of each 
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participant’s knee (da Luz et al., 2017). Nevertheless, prescribing the secondary motions 

in this way for all participants and conditions tested would not have influenced within-

subject comparisons. Second, joint work derived from 3DOF inverse dynamics 

underestimate total musculotendon work (Neptune et al., 2009). Similar to others 

(Huang & Kuo, 2014), total negative joint work per stride in our study ranged from 54.7-

60.6% of total positive joint work per stride for loads and walking speeds tested. This 

suggests a considerable amount of negative work performed by musculotendinous tissue 

deformation was not captured (Zelik & Kuo, 2012). Determining passive contributions 

to positive energy generation, and incorporating measures of muscle activity into a 

musculoskeletal model to estimate musculotendinous forces, power, and work would 

provide more representative estimations of actual work than those presented here, and 

may further highlight the importance of hip musculature to positive power generation 

in load carriage walking (Zelik, Takahashi, & Sawicki, 2015). 

7.6 Conclusion 

In conclusion, this study was the first to demonstrate that different shoulder-to-

hip load transfer devices do not alter magnitudes of mechanical joint work and power 

compared to a design with no load transfer mechanism. However, results showed joint 

contributions to positive power may be design- and load-specific, meaning physical 

training programs and assistive devices should be designed based upon physical 

requirements of a particular armour type and/or carried load. To verify and extend our 

results, future studies could measure how joint powers and joint coordination change 

across a broader range of carried loads and walking speeds with more deliberate load 

perturbations. Additionally, understanding musculotendinous mechanics could lend 

deeper insight into strategies by which humans efficiently carry load, with implications 

for simple or complex device design, and physical training programs for load carriage. 
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Chapter 8 : General discussion 

This thesis had four specific purposes. The first was to develop and evaluate a 

new marker set that accurately and reliably quantified joint kinematics during load 

carriage. Developing this marker set was fundamental to this thesis as it formed an 

integral part of main data collection, which was the basis for subsequent thesis chapters. 

The second specific purpose was to evaluate the efficacy of candidate load sharing 

systems to reduce shoulder pressures and improve the wearer’s discomfort compared to 

current Australian Army standard-issue body armour. In addition to novelty, this 

information was important for the Australian Defence Forces as it can inform future 

armour procurement. Proceeding with a validated marker set, the third and fourth 

purposes were to determine the effects of changing where body armour load is borne, 

the load magnitude, and/or walking speed on biomechanical measures during simulated 

marching, i.e. walking on the treadmill. Specifically, the third purpose was to examine 

whether the above factors change measured joint angles, joint moments, and negative 

work performed in the milieu of biomechanical surrogates for overuse injuries in 

soldiers. The fourth purpose was to determine how the above factors influenced positive 

joint work and power, and joint contributions to positive power as surrogates of soldier 

in-field performance. 

The first purpose was addressed in Chapter 4 and resulted in the publication of a 

new marker set intended for use when body armour, or other equipment, interferes with 

traditional skin-surface marker placements (Lenton, Doyle, Saxby, & Lloyd, 2017). Prior 

to my work, no previous marker set was suitable for all body armour applications. 

Previous studies examining biomechanics in the presence of body-worn loads used 

simplified marker sets that excluded the pelvis and torso (Attwells et al., 2006; Birrell & 

Haslam, 2009), modified the equipment (e.g., cutting holes or designing equipment with 

holes) to allow marker placement (Caron et al., 2013), or relied on placing markers 

directly on body armour (Lenton et al., 2016). The reliability and repeatability of our 

marker set were comparable to marker sets developed specifically for obese populations 

during walking (Borhani et al., 2013; Lerner, Board, et al., 2014), and normal populations 

during load carriage in running (Liew, Morris, Robinson, et al., 2016). Combined, the 
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evidence from this work and other studies corroborate that defining anatomic 

landmarks relative to a rigid marker cluster positioned on the pelvis or sacrum, or 

markers mounted to a rigid frame extending from the sacrum can accurately measure 

joint kinematics during various modes of locomotion. While no marker set in optical 

motion capture fully overcomes errors arising from soft tissue artefact (Leardini et al., 

2005), ours reduced joint angle variability and permitted consistent anatomic landmark 

identification compared to markers placed atop body armour. Thus, using this new 

marker set together with a robust inverse kinematics procedure should reduce errors 

not only in instantaneous joint angles but also in their time-derivatives that are more 

sensitive to marker “vibration” error, such as angular velocities and accelerations 

(Winter, 2009). Moreover, use of said marker set should reduce errors in 

musculoskeletal modelling procedures that are sensitive to lower-limb alignment (e.g., 

joint contact forces). However, studies evaluating the accuracy of our marker set for 

these additional biomechanical outcomes are warranted to substantiate these claims.  

In Chapters 5, 6, and 7, the efficacy of different load sharing systems in relation 

to their reduction of biomechanical surrogates of injury risk and improvement of 

performance were compared. Results from Chapter 5 confirmed manufacturer claims 

that load sharing systems can effectively displace load borne by the shoulders and, by 

doing so, reduce shoulder discomfort compared to current-issue armour. Contact 

pressures from the body armours applied to the shoulders were measured and 

qualitative assessment of comfort and usability acquired from questionnaires. Not only 

did walking with armour designs incorporating a hip belt decrease mean and maximum 

shoulder pressures compared to a design without a hip belt, i.e., TBAS, 30% fewer 

participants experienced shoulder discomfort in cARM1 and pARM2. In general, these 

passive load sharing systems were equally effective in unloading the shoulders as an 

active/powered load sharing system (Park, Stegall, Zhang, et al., 2016) and, unlike most 

powered systems, can be easily integrated with existing soldier combat equipment. 

Results also indicated laterally concentrated shoulder pressures were associated with 1.3-

times greater likelihood of soldiers experiencing discomfort compared to an even 

distribution of shoulder pressures. These results provide researchers and manufacturers 

of load sharing systems two quantifiable goals when designing new systems: 1) reduce 
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absolute pressure magnitudes, and 2) ensure pressures are distributed close to the 

shoulder midline. Differences in pressure magnitude and location were also identified 

between load sharing systems, indicating that the load sharing systems we tested 

differed in their effectiveness. For example, cARM1 reduced maximum pressure in the 

lateral shoulder region compared to pARM1 across all participants. Thus, load sharing 

in cARM1 could be considered superior to pARM1, and the cARM1 design is 

recommended for procurement based solely on these analyses. 

Shoulder pressures and discomfort, while important for reducing the risk of 

upper body injuries, do not explain whether a soldier is more or less likely to experience 

a lower limb injury, nor are they sole limiting factors in soldier performance. Chapters 

6 and 7 examined the effects of load sharing systems on soldiers’ walking patterns (i.e., 

indicators of injury risk) and energetic requirements (i.e., indicators of performance 

maintenance). Findings from Chapter 6 revealed lower-limb joint moments increased 

when participants carried greater load and/or walked faster compared to carrying lighter 

loads or walking slower. The large lower-limb joint moments observed during load 

carriage were similar to those reported for running (Mann, 1980; Scott & Winter, 1990), 

which have been associated with an increased risk of sustaining MSI (Wasserstein & 

Spindler, 2015). Indeed, soldiers exposed to these high magnitude joint moments for 

many days, weeks, and months (as required during active duty) would be at an elevated 

risk of developing knee (Smith et al., 2004), tibia (Moran et al., 2013) and other 

musculoskeletal overuse injuries. 

These results showed for the first time that changing from primarily shoulder-

borne load carriage to shoulder and hip-borne load carriage does not negatively alter 

joint kinetics. Despite no change in knee work and moment magnitudes between 

armour types, load sharing systems improved the walking posture and, during the most 

intense walking condition (i.e., fast speed and carrying 30kg), reduced joint moment 

magnitudes. Indeed, the cARM1 design resulted in 16 % reduced ankle plantarflexion 

moment compared to the standard-issue TBAS design. Reduced peak plantarflexion 

moment suggests reduced forces in gastrocnemius and soleus muscles, and reduced 

peak stress within the Achilles tendon (Komi et al., 1992). In addition to decreasing 
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Achilles tendinopathy risk (Mahieu, Witvrouw, Stevens, Van Tiggelen, & Roget, 2006), 

possible lower activation of gastrocnemii, driven by lower the plantar flexion moments, 

may lower knee joint contact forces and tibial compression, because gastrocnemius 

muscles cross the knee and contribute to knee joint contact forces (Winby et al., 2009). 

For these reasons, it can be argued that these measures closely relate to the mechanisms 

involved in injury and, therefore, may be used to evaluate different load sharing designs 

in relation to MSI risk. This information and further analyses could improve our 

understanding of the mechanisms causing preferential reductions of joint moments in 

cARM1. However, joint moments are external joint measures and do not reflect internal 

forces experienced by MSK tissue, which are the required to assess the risk of MSI. 

Currently, internal biomechanical variables, such as articular contact forces and 

bone strains, cannot be measured. Articular contact forces arise due to semi-rigid 

contact between articulating surfaces within joints and, in intact native joints, cannot 

be directly measured in vivo. Instrumented prosthetic implants applied in hip, knee, and 

shoulder replacements (Kutzner et al., 2010; Westerhoff et al., 2009) provide in vivo 

measures of contact forces, essential for informing implant design. However, these 

devices are implanted in elderly individuals with advanced joint degeneration who are 

prohibited from performing vigorous physical activities post-arthroplasty. 

Consequently, the measured in vivo contact forces are not representative of habitual 

articular contact loading in young active adults. An alternative to direct measurement 

is to determine articular contact forces through electromyography-informed 

neuromusculoskeletal models. These computational models require measurements of 

an individual’s anatomy, external joint biomechanics, and muscle activation 

patterns  (Lloyd & Besier, 2003). Indeed, incorporating the action of muscles, driven by 

muscle activity, is essential to predicting articular contact forces, as muscles have been 

shown to contribute >50% to medial and lateral tibiofemoral compartment contact 

forces during walking and sporting movements. (Saxby et al., 2016; Winby et al., 2009). 

Thus, electromyography-informed neuromusculoskeletal models can be used to 

determine articular contact forces experienced during load-carriage with different 

armour designs, potentially revealing differences in internal tissue loading not detected 

using external joint biomechanics.  
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Importantly, the musculotendon forces determined through electromyography-

informed neuromusculoskeletal models can also be used to examine tibial stresses and 

strains during load carriage. Unfortunately, this type of model has not been applied in 

load carriage research. A recent study demonstrated that increasing carried load 

increased maximum and cumulative tibial stress (Xu, Silder, Zhang, Reifman, & 

Unnikrishnan, 2017), which is strongly associated with tibial degradation and fracture 

risk (Milgrom, Simkin, Eldad, Nyska, & Finestone, 2000). However, the musculotendon 

forces were derived through static optimisation and not from experimental muscle 

activity, which suggests the reported tibial stresses were underestimated. This is because 

static optimisation attempts to minimise muscle activation which, apart from being 

non-physiological, cannot predict variations in muscle activation patterns and co-

contraction evident in different tasks and between different people (Buchanan & Lloyd, 

1995; Buchanan, Lloyd, Manal, & Besier, 2004). Examining internal biomechanical 

parameters, such as articular contact forces and tibial stresses and strains using data 

collected in this thesis with electromyography-informed neuromusculoskeletal models 

could elucidate how load bearing at the hips influences tibial stress fracture risk. 

Moreover, applying these external joint biomechanics, along with measures of daily load 

stimulus (Ahola, Korpelainen, Vainionpaa, & Jamsa, 2010) into mechanobiology models 

of bone modelling (Beaupré, Orr, & Carter, 1990) has the potential to identify soldiers at 

risk of stress fracture or stress syndrome in basic training or while deployed. Given that 

tissue stresses and strains are physically coupled to the mechanisms of tissue 

remodelling, they will better predict soldiers at risk of MSI than generic whole-body 

measures such as body mass index. A mechanistic framework for predicting individuals 

at risk of developing knee osteoarthritis has been presented (Gardiner et al., 2016), and 

can be used to develop personalised treatment strategies for managing MSI symptoms, 

or for avoiding injury altogether by being used to develop strength and conditioning 

programs. 

Reducing positive work and power performed by muscles during load carriage 

may improve soldier longevity by reducing muscular fatigue because muscles use less 

metabolic energy to perform mechanical tasks (Umberger & Rubenson, 2011). To this 

end, we studied the effects of different load sharing systems and walking speeds on total 
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lower-limb power, the powers generated at hip, knee, and ankle, and the percent 

contribution of each lower-limb joint to total power. This study was the first to report 

that different load sharing systems and load magnitudes elicit different joint power 

contributions strategies. While total power generated was largely dictated by task 

demands, load sharing systems elicited different joint power profiles depending on 

carried load magnitude. Carrying 30 kg with cARM1 armour type caused a significantly 

greater hip contribution to positive power compared to 15 kg, and resulted in reduced, 

but nonsignificant, contributions from the knee and ankle. Generating power and 

balancing load about the hips is preferred because of the large cross-sectional area of 

gluteal muscles, whereas relying on the ankle joint for power production is a less 

favourable method to maintain stability. Given the changes were armour type and load 

specific, physical training programs and assistive devices should specifically address the 

physical requirements of the load sharing system and/or carried load. This specificity in 

training and design is necessary to enable the greatest effects on soldier capability. 

Our findings could be used to design a targeted physical training program to 

improve the capacity of Australian soldiers to carry load. Developing a targeted physical 

training program for load carriage requires knowledge of the primary joints and muscle 

groups responsible for moving with load. Previous studies have suggested physical 

training programs for load carriage should incorporate strengthening of muscles 

spanning the knee joint (e.g., quadriceps) because these are believed to be susceptible 

to fatigue (Blacker et al., 2013; Seay, Fellin, et al., 2014; Seay, Frykman, Sauer, & 

Gutekunst, 2014). In contrast, our results and another recent study (Xu et al., 2017) 

suggest hip extensors and flexors are more important targets for strength training 

compared to knee muscles. We showed the hip contributes 60-70% of the positive power 

during load carriage walking followed by the ankle (20-30%), and knee (10%). 

Substantial hip contributions to total positive power provide clear evidence that physical 

training programs should emphasise hip extensor strength and power development to 

provide neuromuscular benefits specific to military load carriage applications. This type 

of program has the potential to optimise load carriage performance in both recruit and 

seasoned soldiers. 
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In addition to targeted strength training programs, our experimental data 

collection and analysis approach could form part of a design evaluation framework 

(Table 8.1). In this framework, the procurement of new load sharing systems should 

include an iterative phased approach that is informed using quantitative and qualitative 

data. If the design fails during any phase, it does not proceed to the next phase, thereby 

saving considerable experimental data collection. Some of these phases could be 

complemented with computational modelling of the designs, however, it is currently 

not feasible to rapidly generate computational models of body armour.  

Results presented in Chapters 5, 6, and 7 indicate Australian soldiers may use 

load sharing systems without risk of reduced capability (Table 8.2). Moreover, using load 

sharing systems should immediately benefit soldier capability, as combined results 

revealed no perception variables and only total hip work over the swing phase for which 

load sharing systems elicited a response considered worse than TBAS (in this case, 

greater than normal positive hip work is considered a performance decrement). Given 

the increase for load sharing systems ranged from 14-22% compared to TBAS, and only 

16.7% of total positive work during walking occurred over the swing phase, we believe 

this result would not affect soldier performance. The best performing design in relation 

to reducing biomechanical surrogates of MSI risk and soldier performance was cARM1 

(Table 8.3). Compared to the standard issue TBAS armour, the cARM1 design effectively 

reduced load borne on the shoulders, perceived shoulder discomfort, frontal plane joint 

moments, and ankle plantarflexion moment, while allowing greater shoulder ROM and 

an improved walking posture. No other system provided all the benefits of cARM1. 

Therefore, we sought to understand the particular design features of cARM1 that may 

have caused these biomechanical changes.  

It appears that load sharing system efficacy is dependent upon its design features. 

These include the mechanisms used to redirect load bearing to the hips (e.g., one strut 

positioned at back or one on each side), belt size, mesh material, design-wearer 

interaction, and design fit (Bryant et al., 2001). The number of struts connecting the 

torso vest and hip belt was identified as an important design feature. Wearing armour 

with two struts (e.g., cARM1 and cARM2) connecting the torso vest to hip belt compared 

to designs with one strut (pARM1-3) resulted in 16.7% less maximum shoulder pressures 
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(Figure 8.1). Additionally, when carrying 30 kg of load, designs with two struts resulted 

in 5.7% less hip work throughout the swing phase compared to designs with one strut. 

Moreover, cARM1 and cARM2 designs improved more biomechanical surrogates of MSI 

and soldier performance compared to pARM designs. However, the pARM2 system was 

more effective in reducing shoulder and hip discomfort than the cARM1-2 systems. This 

may be related to the wider hip belt and shoulder straps being perceived as more 

comfortable by wearers, whereas the cARM2 system with a narrow hip belt resulted in 

poor ratings of hip discomfort. Thus, a new design replicating and extending the benefits 

of combined one- and two-strut systems could provide greater benefits than any single 

design tested. 
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Table 8.1. Proposed arm
our design evaluation fram

ew
ork for testing new

 load sharing system
s 

Testing phase 
Q

uantitative outcom
e m

easures 
Q

ualitative outcom
e 

m
easures 

H
ow

 to m
easure 

Phase 1: Initial evaluation 
to assess m

ajor design 
flaw

s. M
ost arm

our types 
w

ill not pass phase 1 if 
they have m

ajor design 
flaw

s. 

D
oes the system

 increase the 
soldier’s profile (i.e., m

ake them
 

appear bigger)? 
Is the system

 adjustable? H
ow

 can it 
be adjusted? 
H

ow
 m

uch does the system
 w

eigh? 
W

hat are the shoulder strap and hip 
belt dim

ensions? 
 

H
ow

 does the system
 integrate 

onto the soldier, and w
ith 

other parts of the soldier 
com

bat ensem
ble? 

W
ill the system

 require 
soldier’s to have a certain 
am

ount of strength to use it 
successfully? 
D

oes the new
 system

 feel 
com

fortable w
hen w

orn? 
D

oes the new
 system

 im
pede 

the ability to em
ploy a 

personal w
eapon, or access 

vital equipm
ent? 

D
oes the new

 system
 increase 

risk of a snag or trip hazard? 
 

Form
, fit, and function 

questionnaire 
Subject m

atter experts w
ho 

have experience using the 
equipm

ent 

Phase 2: Laboratory 
testing to determ

ine how
 

it affects biom
echanics 

during sim
ulated 

m
arching 

M
axim

um
 and average shoulder 

pressure 
Trunk, hip, knee, and ankle joint 
angles 
H

ip, knee, and ankle joint m
om

ents 
and pow

ers 
Percent contribution of each joint to 
total average positive pow

er 

Perception of load transfer 
from

 shoulders 
R

atings of perceived exertion 
Perceived discom

fort at the 
shoulders, back, and hips 
Perception of how

 m
uch the 

system
 im

pedes soldiers 
adopting the follow

ing 

Shoulder pressure pads 
O

ptical m
otion capture and 

ground reaction forces as 
inputs into an O

penSim
 

m
usculoskeletal m

odel 
W

ireless surface 
electrom

yography w
ith dual 

electrodes 
H

eart rate sensor and strap 
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Testing phase 
Q

uantitative outcom
e m

easures 
Q

ualitative outcom
e 

m
easures 

H
ow

 to m
easure 

Surface electrom
yography of low

er-
lim

b m
uscles 

H
eart rate to determ

ine 
physiological exertion 

postures: Standing, sitting, 
kneeling, and going prone 
A

cceptability of system
 during 

sim
ulated m

arching  

Perception, discom
fort, 

acceptability, and usability 
questionnaires 

Phase 3: Field testing to 
determ

ine how
 it affects 

the ability to perform
 

m
ilitary-specific 

occupational tasks. This 
could be done using an 
obstacle course (e.g., from

 
load effects assessm

ent 
program

) including 
m

oving through a tunnel, 
sprinting, m

oving up and 
dow

n stairs, m
oving 

through w
indow

s and 
over w

alls, low
 craw

ling 
etc. 

Tim
e to com

plete obstacle course 
Tim

e to com
plete individual 

com
ponents of the obstacle course 

V
ideo analysis of m

ovem
ent 

lim
itations caused by each 

com
ponent of the obstacle course 

H
eart rate  

 

V
isual observation of w

hether 
the new

 system
 im

pedes the 
soldier’s ability to w

alk, jog, 
run, perform

 m
anual handling 

tasks, or navigate obstacles. 
Perception of load taken off 
shoulders 
R

atings of perform
ance (e.g., 

speed, m
obility, agility) during 

obstacle course 
If the stability of the load, load 
bulkiness, and load w

eight are 
acceptable 
Perceived shoulder, back, and 
hip discom

fort 

O
bstacle course sim

ulating 
com

m
on soldier tasks 

V
ideo recording device, such as 

a standard video cam
era 

Tim
ing gates 

Perception, discom
fort, 

acceptability, and usability 
questionnaires 
 

Phase 4: Integration of all 
variables to score the load 
sharing system

 

Statistical m
ethods (e.g., principal 

com
ponent analysis or factorisation) 

to rank the load sharing system
 

against the current standard or a 
benchm

ark system
 

C
onsultation w

ith subject 
m

atter experts (e.g., form
er 

soldiers/ defence m
em

bers) to 
determ

ine m
ost im

portant 
variables from

 an end-user 
perspective 
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Table 8.2. Percentage difference from
 TBA

S for peak values of m
ost m

easured variables in each of the load sharing system
s. The m

ovem
ent 

speeds and loads have been aggregated into a single score per arm
our type. N

 = 80 for each variable. The effect size of the value for each 

arm
our type com

pared to TBA
S w

as calculated w
ith 95%

 confidence intervals (C
I). Sm

all effects (i.e., 0.2 to <0.5) are highlighted in yellow
, 

w
hile m

edium
 effects (i.e., 0.5 to <0.8) are highlighted in green. There w

ere no large effects (i.e., > 0.8).  
 

A
rm

our type 
 

cA
R

M
1 

cA
R

M
2 

pA
R

M
1 

pA
R

M
2 

pA
R

M
3 

 
D

ifference 
Effect size [C

I] 
D

ifference 
Effect size (C

I) 
D

ifference 
Effect size (C

I) 
D

ifference 
Effect size (C

I) 
D

ifference 
Effect size (C

I) 
PO

W
E

RS  
N

egative hip 
5.7 

0.13 [-0.18, 0.45] 
14.2 

0.34 [0.02, 0.65] 
8.7 

0.21 [-0.10, 0.53] 
12.8 

0.32 [0.00, 0.63] 
9.2 

0.13 [-0.08, 0.55] 
N

egative knee  
-5.91 

0.48 [-0.80, -0.16] 
-5.38 

0.42 [-0.73, -0.10] 
-2.52 

0.19 [-0.50, 0.13] 
-0.92 

0.07 [-0.39, 0.24] 
-4.34 

0.33 [-0.64, -0.01] 
N

egative ankle  
12.62 

0.36 [0.04, 0.68] 
6.32 

0.18 [-0.14, 0.49] 
1.38 

0.38 [-0.28, 0.35] 
-4.03 

0.11 [-0.43, 0.2] 
6.28 

0.17 [-0.15, 0.48] 
Positive hip 

-1.56 
0.13 [-0.44, 0.19] 

-1.27 
0.10 [-0.41, 0.22] 

-4.44 
0.32 [-0.64, 0.00] 

-0.02 
0.00 [-0.32, 0.31] 

2.73 
0.23 [-0.08, 0.55] 

Positive knee  
2.83 

0.09 [-0.23, 0.40] 
5.19 

0.16 [-0.16, 0.47] 
6.00 

0.19 [-0.12, 0.51] 
-1.51 

0.05 [-0.37, 0.26] 
-0.29 

0.01 [-0.32, 0.3] 
Positive ankle  

3.37 
0.11 [-0.21, 0.42] 

1.27 
0.04 [-0.28, 0.35] 

9.50 
0.27 [-0.05, 0.58] 

0.94 
0.03 [-0.28, 0.34] 

-7.32 
0.25 [-0.57, 0.06] 

W
ork positive  

4.81 
0.16 [-0.15, 0.48] 

2.16 
0.07 [-0.24, 0.39] 

-2.61 
0.07 [-0.39, 0.24] 

-2.02 
0.10 [-0.41, 0.22] 

6.40 
0.23 [-0.09, 0.54] 

W
ork negative  

8.33 
0.32 [-0.63, 0.00] 

10.93 
0.40 [-0.72, -0.08] 

14.96 
0.52 [-0.84, -0.2] 

5.49 
0.24 [-0.55, 0.08] 

9.61 
0.36 [-0.68, -0.05] 

M
O

M
EN

TS 
H

ip flexion 
-3.78 

0.13 [-0.44, 0.19] 
7.28 

0.24 [-0.07, 0.56] 
0.81 

0.03 [-0.29, 0.34] 
5.65 

0.20 [-0.12, 0.51] 
6.85 

0.25 [-0.06, 0.57] 
H

ip extension 
6.77 

0.20 [-0.52, 0.11] 
2.72 

0.09 [-0.40, 0.23] 
4.29 

0.14 [-0.45, 0.18] 
1.12 

0.04 [-0.35, 0.28] 
6.91 

0.22 [-0.53, 0.10] 
H

ip abduction 
-2.92 

0.08 [-0.40, 0.23] 
-1.34 

0.04 [-0.35, 0.27] 
-4.04 

0.12 [-0.44, 0.19] 
0.57 

0.02 [-0.30, 0.33] 
-5.19 

0.16 [-0.47, 0.16] 
H

ip adduction 
-5.08 

0.18 [-0.13, 0.50] 
-6.12 

0.21 [-0.11, 0.52] 
-1.93 

0.07 [-0.24, 0.38] 
-5.21 

0.19 [-0.13, 0.50] 
-7.29 

0.26 [-0.06, 0.58] 
H

ip internal rotation 
3.96 

0.03 [-0.34, 0.29] 
-0.35 

0.09 [-0.23, 0.40] 
11.64 

0.08 [-0.40, 0.23] 
1.54 

0.16 [-0.48, 0.15] 
19.49 

0.19 [-0.12, 0.51] 
H

ip external rotation 
0.78 

0.07 [-0.24, 0.39] 
-2.31 

0.01 [-0.32, 0.31] 
2.31 

0.22 [-0.10, 0.53] 
4.84 

0.03 [-0.29, 0.34] 
-5.38 

0.35 [0.03, 0.67] 
K

nee flexion 
4.28 

0.12 [-0.19, 0.44] 
3.49 

0.11 [-0.21, 0.42] 
-2.96 

0.09 [-0.41, 0.22] 
-5.08 

0.14 [-0.46, 0.17] 
-0.35 

0.01 [-0.32, 0.30] 
K

nee extension 
0.28 

0.01 [-0.32, 0.31] 
4.58 

0.09 [-0.40, 0.22] 
-0.83 

0.02 [-0.30, 0.33] 
-0.27 

0.01 [-0.31, 0.32] 
2.34 

0.05 [-0.36, 0.27] 
K

nee adduction 
-1.60 

0.05 [-0.26, 0.36] 
-2.64 

0.08 [-0.23, 0.40] 
1.21 

0.04 [-0.35, 0.27] 
-2.41 

0.08 [-0.24, 0.39] 
0.36 

0.01 [-0.33, 0.30] 
K

nee abduction 
-1.63 

0.04 [-0.36, 0.27] 
0.48 

0.01 [-0.30, 0.33] 
-5.15 

0.14 [-0.45, 0.17] 
-1.77 

0.04 [-0.36, 0.27] 
-14.36 

0.38 [-0.70, -0.06] 
K

nee internal rotation 
2.36 

0.08 [-0.24, 0.39] 
0.83 

0.10 [-0.22, 0.41] 
3.96 

0.06 [-0.25, 0.38] 
-0.07 

0.16 [-0.48, 0.15] 
1.65 

0.17 [-0.14, 0.49] 
K

nee external rotation 
-2.39 

0.09 [-0.22, 0.41] 
-2.92 

0.03 [-0.28, 0.35] 
-1.98 

0.14 [-0.18, 0.45] 
5.30 

0.00 [-0.32, 0.31] 
-5.27 

0.06 [-0.25, 0.38] 
Ankle plantar flexion 

-7.21 
0.35 [0.03, 0.67] 

-3.73 
0.27 [-0.05, 0.58] 

-1.01 
0.07 [-0.24, 0.39] 

-1.81 
0.14 [-0.17, 0.46] 

-1.60 
0.12 [-0.19, 0.44] 

Ankle dorsiflexion 
-2.42 

0.03 [-0.34, 0.28] 
5.22 

0.06 [-0.25, 0.38] 
-6.35 

0.08 [-0.39, 0.23] 
4.06 

0.05 [-0.26, 0.36] 
-9.77 

0.12 [-0.43, 0.20] 
KIN

EM
A

TICS  

H
ip flexion 

7.02 
0.37 [0.05, 0.69] 

3.51 
0.19 [-0.13, 0.50] 

9.03 
0.46 [0.14, 0.78] 

6.52 
0.35 [0.03, 0.66] 

6.95 
0.34 [0.03, 0.66] 

H
ip extension 

-14.75 
0.47 [0.15, 0.79] 

-6.61 
0.21 [-0.11, 0.52] 

-21.45 
0.63 [0.31, 0.96] 

-10.71 
0.33 [0.01, 0.64] 

-9.21 
0.28 [-0.04, 0.59] 
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D

ifference 
Effect size [C

I] 
D

ifference 
Effect size (C

I) 
D

ifference 
Effect size (C

I) 
D

ifference 
Effect size (C

I) 
D

ifference 
Effect size (C

I) 

H
ip abduction 

-7.60 
0.21 [-0.53, 0.10] 

-10.89 
0.28 [-0.60, 0.03] 

5.13 
0.13 [-0.18, 0.45] 

-4.74 
0.13 [-0.44, 0.19] 

3.08 
0.09 [-0.23, 0.40] 

H
ip adduction 

0.20 
0.01 [-0.32, 0.31] 

-0.02 
0.00 [-0.31, 0.31] 

2.18 
0.08 [-0.39, 0.24] 

8.60 
0.34 [-0.66, -0.02] 

3.95 
0.14 [-0.46, 0.17] 

H
ip internal rotation 

-89.99 
0.66 [-0.99, -0.35] 

-103.67 
0.77 [-1.10, -0.44] 

-70.76 
0.50 [-0.82, -0.18] 

-32.24 
0.23 [-0.54, 0.09] 

-51.96 
0.36 [-0.68, -0.05] 

H
ip external rotation 

-0.88 
0.02 [-0.30, 0.33] 

5.63 
0.12 [-0.43, 0.20] 

1.91 
0.03 [-0.35, 0.28] 

7.09 
0.12 [-0.44, 0.19] 

5.90 
0.11 [-0.42, 0.21] 

K
nee flexion 

-0.18 
0.04 [-0.35, 0.28] 

1.53 
0.27 [-0.04, 0.59] 

3.60 
0.67 [0.35, 0.99] 

2.82 
0.58 [0.26, 0.90] 

3.08 
0.60 [0.28, 0.92] 

K
nee extension 

8.17 
0.05 [-0.36, 0.26] 

50.38 
0.27 [-0.58, 0.05] 

-23.41 
0.12 [-0.19, 0.44] 

-4.24 
0.02 [-0.29, 0.34] 

11.41 
0.07 [-0.38, 0.25] 

Ankle plantar flexion 
1.87 

0.07 [-0.38, 0.25] 
-1.41 

0.05 [-0.27, 0.36] 
0.02 

0.00 [-0.31, 0.31] 
0.97 

0.04 [-0.35, 0.28] 
-6.57 

0.25 [-0.07, 0.56] 
Ankle dorsi flexion 

12.27 
0.31 [-0.01, 0.63] 

10.76 
0.27 [-0.04, 0.59] 

8.16 
0.22 [-0.10, 0.53] 

1.71 
0.05 [-0.27, 0.36] 

9.44 
0.25 [-0.07, 0.57] 

Trunk flexion 
-16.96 

0.53 [0.21, 0.85] 
-12.96 

0.38 [0.06, 0.70] 
-19.86 

0.60 [0.28, 0.92] 
-15.88 

0.44 []0.12, 0.75 
-11.42 

0.33 [0.02, 0.65] 
Trunk extension 

-16.02 
0.41 [0.09, 0.73] 

-11.40 
0.27 [-0.05, 0.58] 

-28.63 
0.70 [0.38, 1.02] 

-19.48 
0.43 [0.11, 0.75] 

-11.95 
0.28 [-0.04, 0.60] 

Trunk bending 
-40.78 

0.93 [-1.26, -0.60] 
-21.60 

0.47 [-0.79, -0.16] 
-12.93 

0.29 [-0.61, 0.02] 
-13.81 

0.31 [-0.63, 0.01] 
-2.00 

0.04 [-0.36, 0.27] 
Trunk rotation 

2.04 
0.04 [-0.28, 0.35] 

-22.99 
0.39 [-0.70, -0.07] 

-30.57 
0.52 [-0.85, -0.21] 

-21.18 
0.37 [-0.69, -0.05] 

-14.76 
0.26 [-0.58, 0.06] 

RAN
G

E O
F

 M
O

TIO
N

 
H

ip flexion  
4.46 

0.53 [0.07, 0.99] 
2.49 

0.26 [-0.18, 0.73] 
0.72 

0.08 [-0.37, 0.53] 
-4.00 

0.43 [-0.89, 0.03] 
2.48 

0.26 [-0.20, 0.71] 
Trunk flexion  

-0.33 
0.05 [-0.50, 0.41] 

-0.63 
0.10 [-0.55, 0.35] 

1.22 
0.19 [-0.26, 0.64] 

0.15 
0.03 [-0.42, 0.48] 

0.72 
0.11 [-0.35, 0.56] 

Shoulder flexion 
-0.16 

0.02 [-0.47, 0.44] 
-0.32 

0.03 [-0.48, 0.42] 
2.29 

0.26 [-0.19, 0.71] 
2.87 

0.27 [-0.19, 0.72] 
1.27 

0.11 [-0.34, 0.56] 
Shoulder abduction 

2.90 
0.24 [-0.21, 0.70] 

5.10 
0.41 [-0.06, 0.86] 

4.41 
0.36 [-0.10, 0.81] 

7.65 
0.64 [0.18, 1.10] 

1.64 
0.14 [-0.31, 0.59] 

SH
O

U
LD

ER
 PR

ESSU
RE

 
M

ean force  
-18.02 

0.46 [-0.77, -0.14] 
-17.78 

0.45 [-0.77, -0.13] 
-28.91 

0.62 [-0.95, -0.30] 
-28.79 

0.75 [-1.07, -0.42] 
-17.12 

0.43 [-0.75, -0.11] 
M

ax pressure  
-20.44 

0.61 [-0.94, -0.29] 
-19.55 

0.58 [-0.90, -0.26] 
-5.72 

0.13 [-0.44, 0.18] 
-17.94 

0.53 [-0.85, -0.21] 
11.97 

0.31 [-0.11, 0.62] 
M

ean pressure  
-15.19 

0.34 [-0.66, -0.03] 
-16.69 

0.38 [-0.69, -0.06] 
-26.79 

0.52 [-0.84, -0.20] 
-29.10 

0.68 [-1.01, -0.36] 
-18.40 

0.44 [-0.75, -0.12] 
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Table 8.3. Load sharing system benefits to soldier capability compared to current-issue 

TBAS armour. Injury indicates an armour system may decrease injury risk, whereas 

performance indicates an armour system may improve soldier performance. Benefits listed 

significantly better for the identified armour designs compared to TBAS. These benefits 

could be considered a target for an optimal load sharing design to achieve. 

Variable Armour type(s) Benefit to capability 
Reduced average shoulder pressure cARM1-2, pARM Injury 
Reduced maximum shoulder pressure cARM1-2, pARM Injury 
Reduced shoulder discomfort cARM1-2 Injury/Performance 
Reduced maximum pressure in lateral shoulder cARM1 Injury 
Reduced mean trunk flexion cARM1-2, pARM Injury 
Reduced hip abduction moment with 30 kg cARM1, pARM Injury 
Reduced ankle plantarflexion moment with 30 kg cARM1-2 Injury 
Greater shoulder abduction range of motion cARM1-2, pARM Performance 
Greater positive power from hips with 30 kg cARM1 Performance 

In addition to design features, our analyses identified that correct vest fit is 

important to reducing joint work and shoulder pressure. Relative changes to total 

positive work from unloaded walking were examined for each armour type when 

participants rated vest fit as acceptable versus unacceptable (Figure 8.1). Participants 

wearing pARM2 and TBAS who rated vest fit unacceptable performed substantially 

greater positive total work compared to participants rating vest fit acceptable. Moreover, 

for pARM3, in which >60% of participants rated vest fit as unacceptable, maximum 

shoulder pressures were highest compared to other armour types. Combined, these 

findings advocate using personalised armour designs to ensure correct fit, or designs 

with sufficient adjustability to accommodate many soldier shapes and sizes.  
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Figure 8.1. (A) Relative change (mean ± standard error) in total work from baseline 

condition for each armour type (%). (B) Maximum shoulder pressure (mean ± standard 

error) for armour types categorised based on how many struts connected torso vest to hip 

belt (kPa). All values were categorised based upon participants rating vest fit acceptable 

or not acceptable. Values were aggregated for carried load and walking speed. 

8.1 Limitations  

Although individual study limitations were described within each respective 

thesis chapter, general limitations applying to biomechanical modelling and 

experimental methods require further discussion. Biomechanical modelling limitations 

refer primarily to assumptions made to simplify procedures, whereas experimental 

limitations pertain to data collection. 

Biomechanical modelling was limited to using generic anatomical models that 

were personalised to each participant through linear scaling (Winby, Lloyd, & Kirk, 

2008) and not subject-specific, built from magnetic resonance images (MRI). In the 

current thesis, time and cost constraints prevented acquisition and processing of MRI 

data. As a result, joint angle and moment estimates may differ to those generated from 

subject-specific models due to differences in joint-axes positions and orientations, joint 

articulations, as well as body segment mass and inertial properties (Gerus et al., 2013). A 
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potential intermediate approach between linearly scaled and full subject-specific models 

would be to use statistical shape models, such as those built from the Musculoskeletal 

Atlas Project (MAP) (Zhang et al. 2014). The MAP client uses statistical shape modelling 

to best match motion capture data to a repository of full body bone scans, and generate 

surface geometry and joint centres more representative of the participant than default 

geometries and joint centre predictions that are provided with OpenSim models. 

Additionally, knee abduction/adduction and internal/external rotations were prescribed 

using the same regression equation for all participants. Subject-specific models and 

regression equations should ideally be derived from medical imaging of each participant 

(da Luz et al., 2017). However, Reinbolt et al. (2007) found similar inverse dynamics 

results during gait between models incorporating subject-specific joint and inertial 

properties and models with generic values. This suggests external kinematic and kinetic 

outputs from this thesis could be similar to values obtained from subject-specific 

models. Furthermore, because of the within-subject study design, all comparisons 

between armour types and loads were relative. As such, we believe statistical differences 

and inferences made from these differences would not have changed if subject-specific 

models were used. 

Another limitation is that the dynamic interaction between body armour and 

each soldier was not measured/modelled during walking. Such an approach would have 

involved measuring motion of the armour with respect to the person, equipment inertial 

parameters (e.g., mass centre and moment of inertia), and contact points between the 

armour and wearer. Instead, differences in joint moments between designs were 

assumed to be represented in the ground reaction forces as we could not run forward 

simulations due to large residual loads from the upper body. Given the large volume of 

experimental trials collected and processed for this thesis, devoting considerable time 

to computational methods (e.g., forward dynamics analysis) that almost always require 

troubleshooting was not feasible. 

Collecting experimental data was limited by time and equipment constraints. 

First, a testing protocol with short walking bouts and adequate rest was deliberately 

selected to minimise any chance of participants experiencing acute or cumulative 
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fatigue, respectively. While physiologic (e.g., oxygen consumption) or muscular (e.g., 

contraction dynamics) fatigue was not explicitly measured, previous studies have 

demonstrated that >40 mins of walking without rest are required to induce signs of 

fatigue in soldiers (Blacker et al., 2013; Quesada et al., 2000; Rice, Fallowfield, Allsopp, & 

Dixon, 2017). Second, incorporating dynamic ultrasound measures in the study protocol 

may have allowed measurement of passive contributions to positive work, which is 

important for assistive device design. Total negative joint work per stride in this thesis 

ranged from 54.7-60.6% of total positive joint work per stride for the loads and walking 

speeds tested. This suggests a considerable amount of negative work performed by soft 

tissue deformation was not captured (Zelik & Kuo, 2012). Determining passive 

contributions to positive energy generation, and incorporating measures of muscle 

activity into a musculoskeletal model to estimate musculotendinous forces, power, and 

work would provide more representative estimations of actual work than those 

presented here, and may further highlight the importance of hip musculature to positive 

power generation in load carriage walking (Zelik et al., 2015). 

8.2 Delimitations 

A priori decisions were made for this project that limit the scope and 

generalisability of findings but were necessary to maintain project feasibility. First, only 

male infantry reserve soldiers were recruited to participate. This sample was selected for 

three reasons: females constitute <10% of total Australian Army population, the local 

unit assisting with the project had mostly infantry soldiers, and we knew these soldiers 

were familiar with heavy load carriage. Second, experimental testing sessions were 

confined to the laboratory to facilitate repeatable, controllable and reliable data 

collection. Introducing environmental factors such as heat, humidity, and uneven 

terrain would make the task more representative of field conditions than laboratory 

conditions, however, studies are needed to establish protocols that accurately and 

reliably measure kinematics and kinetics whilst in the field. As an intermediate 

alternative, studies could introduce environmental factors by performing laboratory-

based data collection in environmental chambers and on treadmill’s capable of 
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simulating uneven terrain (e.g., Caren system, Motek, The Netherlands). Third, 

candidate body armour systems were selected prior to study commencement by 

DiggerWorks, and we had minimal input into which systems were selected. Thus, 

designs different to those tested could already exist or have been developed during this 

thesis. This delay between prototype testing and results generation is justification for 

real-time evaluation of biomechanical parameters (see discussion below) for prototype 

designs (Pizzolato, Reggiani, Modenese, & Lloyd, 2017). 

8.3 Recommendations for future research 

Results from this thesis and previously identified limitations (and delimitations) 

have led to several recommendations for future research. These have been classified 

under the subheadings “experimental” and “biomechanical modelling”. 

8.3.1 Experimental 

Future experimental studies of load carriage should incorporate muscle activity 

and dynamic ultrasound measures. These specific measures will enable accurate 

estimation of musculotendon work, including passive contributions from the Achilles 

tendon, which may be sensitive enough to discriminate between devices or armour 

designs with small differences in external joint biomechanics. However, including these 

additional measures would further complicate translation of studies into the field, 

because of issues with practicality and data fidelity. Taking laboratory-based 

measurements of load carriage walking into the field is a plausible future direction with 

growing accessibility and accuracy of inertial motion units (IMUs). In conjunction with 

improved neural network algorithms predicting ground reaction forces from motion 

data (Oh, Choi, & Mun, 2013), kinematic data from IMUs could be used to drive 

musculoskeletal models and generate similar outcome variables to those presented in 

this thesis along with internal measures of joint loading discussed earlier. Substantial 

work is first required to not only measure motion in the field but establish valid and 

reliable measurement protocols to ensure field-based measures maintain similar 

accuracy to laboratory-based measures. 



Chapter 8 

 

 

 

192 

Recent advances in subject-specific musculoskeletal simulations (Gerus et al., 

2013) and ability to run these in real-time (Pizzolato, Reggiani, et al., 2017) have opened 

the door to rapidly generate personalised musculoskeletal models. Future studies could 

incorporate subject-specific musculoskeletal parameters into their models to enhance 

estimation of joint moments and understand muscle contribution to movement 

mechanics and energetics (Sartori, Rubenson, Lloyd, Farina, & Panizzolo, 2017). The 

development and application of these technologies will provide rapid, highly novel, and 

personalised feedback on musculoskeletal loading and performance, all of which can 

feed into the design and development process of personalised load carriage equipment. 

In this thesis, joint moments, work, and power were sensitive to changes in load 

magnitudes and walking speeds. However, these configurations do not represent all 

carried loads and walking speeds encountered by soldiers. In fact, loads can exceed 60% 

body weight and missions require walking speeds ranging from a slow march to running 

(Orr, Pope, et al., 2015). Future research could test a broader range of carried loads and 

walking speeds, as well as different gradients and terrains. Research could also examine 

how carried load and load distribution affects movement mechanics and energetics in 

other tasks often performed by soldiers, such as crawling, jumping, and rapid 

acceleration or deceleration (Brown, O'Donovan, et al., 2014). 

8.3.2 Biomechanical modelling 

Challenges in acquiring experimental data to analyse load carriage equipment 

effectiveness has led researchers to employ computational simulations. Simulations 

enable one to analyse the effects of different design parameters on the biomechanics 

and energetics of movement (Uchida et al., 2016). In subsequent analyses, we plan to 

incorporate a device (i.e., armour) on to the anatomical model, to which additional load 

will be added. After accounting for dynamic inconsistencies between measured ground 

reaction forces and accelerations estimated from marker kinematics, we will run 

forward-driven simulations in OpenSim (Donnelly et al., 2012). These simulations will 

provide estimates of muscle excitations producing the measured motion, which are 

essential for modelling load experienced by individual bones or tissues (e.g., tibia, knee). 
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Additionally, individual muscle excitation profiles can be used to calculate differences 

in muscle metabolic expenditure between designs and loads. While outside the scope of 

this thesis, these measures more closely associate with lower-limb MSI risk and soldier 

performance than external joint moments and powers. 

8.4 Conclusions 

This thesis updated current load carriage research by first developing a marker 

set compatible with a broader range of torso worn equipment than had previously 

existed, and second by applying this to the evaluation of current standard issue, 

candidate, and proto-type body armour designs. In addressing the extent to which load 

sharing systems could influence soldier capability, we have established an evidence-base 

for improving load sharing designs and recommendations for a physical training 

program to improve load carriage performance (Figure 8.2). 

 

Figure 8.2. Summary of important design features in developing a new load sharing 
system. A combination of quantitative and qualitative are used to inform the design. 

Evidence from our analyses suggest that the best design is cARM1, however, a 

new design should incorporate features from different load sharing systems. First, the 

design should have the torso vest and hip belt connected with two-struts to replicate the 

reduced ankle plantarflexion moments, shoulder pressures, and positive hip work 
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throughout the swing phase obtained with cARM1. Second, the design should have 

similar shoulder strap and hip belt width to pARM2 for improved shoulder and hip 

comfort. Third, shoulder straps should be positioned closer to the shoulder midline, as 

with cARM1, to reduce the risk of soldiers experiencing shoulder discomfort. Finally, due 

to improper fitting preventing shoulder-borne load reduction, strut length and hip belt 

customisation are required to personalise and correct the fit. With this information, we 

have an evidence-base for improving load sharing system design, and have engaged with 

industrial design specialists who are currently working to design and fabricate a novel 

load sharing system for use by Australian soldiers. We believe this evidence-based 

design will provide immediate benefits to soldier capability, and ultimately fulfil our 

obligation to help our forces prevail.
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